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Abstract

ŽRecent developments with gaseous divertors in tokamaks have led to prospects of less energetic ion bombardment 10’s
.of eV of material surfaces in the divertor region. The present experiments were undertaken with the objective of studying

hydrocarbon formation due to HqrDq impact on graphite for energies extending down to the 10 eV range. Mass
spectrometry in the residual gas was used to measure the hydrocarbon formation rates as a function of pyrolytic graphite

Ž . Ž . q q Ž 18 qŽ q. 2temperature 300–1000 K and ion energy 10–200 eVrH or D for mass-analysed H and D beams 10 H D rm3 2
.s providing a unique opportunity to also investigate isotopic effects. The results indicate that, as the ion impact energy is

Ž .reduced, a reduction in the maximum chemical yield Y is observed and the broadening of the temperature dependencem

profile for hydrocarbon formation leads to significant erosion for low-energy impact at room temperature. The room-temper-
ature methane and total chemical yields display maxima at about 50 eV and decrease as the ion energy is further reduced.

Ž .Where kinetic effects are expected to affect the erosion process, viz., low energy -25 eV rnear-room temperature, and
Ž .higher energies )50 eV rnear T , an isotopic yield ratio, Y rY of about 1.5–2 was measured. Under all otherm D H

conditions studied, this ratio was near unity. Furthermore, it is evident that the dominating erosion mechanisms at low
Ž .energies -100 eV differ from those occurring for higher energy impact. q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Graphite and other carbon-based materials are excellent
candidates for plasma-facing applications in tokamaks.
Unfortunately, particle impact leads to erosion of these
materials. Erosion reduces the component lifetimes, dilutes
the fuel, and increases the plasma impurity level. Carbon
can be eroded by both physical and chemical mechanisms.
Physical sputtering, which involves the ejection of lattice
carbon atoms, contributes to erosion for hydrogenic impact

w xenergies above ;40 eV 1 and is independent of the
graphite temperature. This process has been studied exten-

w xsively and several reviews are available 2,3 . For tempera-
tures exceeding ;1200 K, radiation enhanced sublimation
Ž .RES , which also involves the displacement of carbon

) Corresponding author.

lattice atoms due to energetic particle impact, starts to
dominate. In the case of RES, displaced carbon atoms
diffuse to the surface from where they can be thermally
released, leading to an erosion yield which increases

w xmonotonically with temperature 3 . In addition to physical
sputtering and RES, there exists a mechanism whereby,
under hydrogenic impact, hydrocarbon formation occurs in
graphite and the thermally enhanced release of these hy-
drocarbons leads to erosion yields which, under some
conditions, can be significantly greater than physical sput-

w xtering 4 . This process is called chemical erosion.
The chemical erosion characteristics of graphite have

Žbeen extensively studied for energetic impact 100 eV–3
.keV in laboratory experiments. Recent reviews of these

w xresults are available 4,5 . Current divertor technology,
however, has led to significantly reduced impact energies
in the range of 10’s of eV. Difficulties in producing
relatively intense low-energy beams have resulted in com-

0022-3115r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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paratively fewer laboratory investigations into the chemi-
cal erosion of graphite for ion impact below 100 eV. The
limited results show, however, that the chemical erosion
yield is not dramatically suppressed even for ion energies

w xbelow the threshold for physical sputtering 6–10 . Using a
mass-analyzed ion gun and an electrostatic lens specially

Ž .designed for low energy operation down to ;10 eV , we
have undertaken a study of the chemical formation of
hydrocarbons produced by hydrogenic impact of carbon, as
a function of impact energy, carbon temperature and hy-
drogenic species. In two earlier papers, we have presented

q Žresults on CD production during 20–400 eV D i.e.,4 2
q. w x10–200 eVrD impact on graphite 9 , and CH , C H4 2 x

and C H hydrocarbon production during 30–600 eV Hq
3 y 3

Ž q. w x Ži.e., 10–200 eV H impact on graphite 10 . We note
that we identify the impacting species as Dq and Hq even
though the ionic charge is associated with the Dq and Hq

2 3
.molecular ions. Comparison of these studies with other

w xlow-energy results 7,8 has lead to some large discrepan-
cies, particularly with respect to the isotopic differences in
the Hq and Dq induced erosion yields. In the present
study, we have directly compared the two isotopes using
improved diagnostic sensitivity and calibration capabilities.
As an extension of this work, a model based on atomistic

w xmechanisms has also been formulated 11 .

2. Experiment

2.1. Experimental facility

( )2.1.1. Ultrahigh Õacuum UHV system
All experiments were performed in an ultra-high vac-

uum facility pumped by a 360 lrs Leybold turbomolecular
pump. A schematic diagram of the experimental facility is
shown in Fig. 1. After atmospheric exposure, the entire

Fig. 1. Schematic diagram of the experimental facility. Ions
produced in the source are extracted and transmitted through the
Wien filter and electrostatic deceleration lens. The ion beam
impacts the graphite specimen at normal incidence and the hydro-
carbon products are detected in the residual gas using a quadrupole

Ž .mass spectrometer QMS .

UHV facility was baked at ;500 K for at least 24 h. If
Ž .water levels remained high, a ‘hot’ ;1800 K tungsten

Ž .ring filament, producing thermal H8 D8 -atoms via contact
Ž .dissociation of H D molecules in a hydrogen backfill of2 2

10y4 Torr, was operated for a further 24 h. The H8 atoms,
via chemical reactions with wall impurities, led to a subse-
quent reduction of the gaseous impurities in the residual
gas. The pressure was monitored by Bayard–Alpert type
ionization gauges and the system routinely achieved ulti-
mate pressures of -5=10y10 Torr consisting mainly of
H and CO, with much smaller contributions from H O2 2

and CO .2

2.1.2. Mass-analyzed ion gun
ŽAn electron-impact extraction type ion source SPECS

.IQE 12r38 was used to produce fairly intense hydrogenic
Ž q q.H and D ion beams. A differentially-pumped Wien-3 2

Ž .type velocity filter SPECS , installed after the focusing
stage of the ion source, ensured that the transmitted ions
were mass selected. The ion source and filter together
imposed limits on the useable energy ranges for both

Ž q. Žprotium 400 to 700 eV H and deuterium 900 to 13003
q. q q q qeV D . It was not possible to obtain H , H , D or D2 2 3

beams with sufficient beam current to conduct experi-
ments. Unfortunately, these energy ranges were still too
high to perform low-energy erosion experiments, charac-
teristic of the divertor region of a tokamak, and so it was
necessary to decelerate the beam.

When working with intense ion beams, it is often
difficult to simply decelerate the beam at the target since
space-charge effects lead to rapid expansion of the beam
and a subsequent loss of current density. A common
approach used to overcome this problem is to transmit the
beam through an electrostatic lens in order to focus the
ions against space-charge forces.

In the present experiments, a five-element electrostatic
lens was designed and installed between the Wien filter
and the graphite specimen. A single-pin probe was used to
profile the transmitted beam in order to optimize the
applied lens element potentials. A small flux of electrons,
presumably secondaries produced in the lens, was also
measured on the specimen, producing a small negative
offset to the beam profiles. In the case of deuterium, it was
found that the lens could transmit 100% of the filtered
beam at final energies of 200 eVratom, and 80% of the
filtered beam for final energies of 10 eVratom. The beam
exhibited a Gaussian profile resulting in spot sizes of 3–4
mm in diameter. Similar results were obtained for protium.
The obtainable current densities were 1–3 = 1018

qŽ q. 2H D rm s.

2.1.3. Graphite specimen
ŽA single graphite specimen as-deposited pyrolytic

.graphite, HPG99, manufactured by Union Carbide was
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used for all of the experiments. This polycrystalline
graphite exhibits both micro and macro porosity, has a
mosaic spread of ;308, and a density of 2200 kgrm3.
Temperature variation of the graphite specimen was
achieved by resistive heating, and the temperature was
monitored by an optical pyrometer which was calibrated
against a type-C tungsten–rhenium thermocouple. Follow-
ing exposure to air, the specimen was baked at 1100 K for
12 h. Annealing at ;2000 K for 30 s was performed
between experiments where the ion energy was changed,

w xin order to remove radiation-induced damage 12 .

2.2. Experimental procedure

The graphite specimen was located 50 mm downstream
of the electrostatic deceleration lens. The mass-selected
beams of Dq and Hq ions impacted on the specimen at2 3

normal incidence. When these low-energy molecular ions
break up, upon striking the graphite surface, there may be
an uneven sharing of the energy between the atoms, on the
order of the molecular binding energy, a few eV. It is also
possible that the atoms in the molecular ion do not act
independently in the near-surface region and this may
affect the hydrocarbon formation process. The fact that
different molecular ions have been used for H and D may
also have an effect. The beam intensity was measured on
the specimen and small corrections were made for the
contributions of secondary electrons originating in the
deceleration lens which reached the specimen. These cor-
rections were based on the beam profiles discussed in
Section 2.1.2. As well, secondary electron emission from
the specimen was suppressed by the high voltage applied

Žto the specimen typically )200 V higher than the last
. 18 qŽ q. 2lens electrode . Ion fluxes of ;1=10 H D rm s

were used in all of the experiments discussed below. There
was no evidence of beam divergence at low energies to
suggest an electrically insulating layer was being formed
on the graphite surface due to the low energy ion implanta-
tion.

It should be noted that electron-impact ion sources of
the type used in the present experiments have energy

w xspreads of -1eV 13 and so the decelerated beam was
not energy analyzed. An error of "5 eV is estimated for
the energy of the Hq and Dq molecular ions due to3 2

difficulties in measuring the specimen bias potential. This
implies energy uncertainties of "1.7 and "2.5 eV for the
Hq and Dq, respectively. An upper limit of the neutral
content of the beam can be obtained from an estimate of
the fraction of the beam undergoing charge exchange in
the lens: ;6.5=10y4. In fact, only a small percentage of
this number is expected to impact the specimen. Measure-
ments, based on D retention, have placed an upper limit on
the neutral fraction striking the target at 10y4. This should
make the synergistic contribution from energetic particles

w xnegligible 14 .

2.2.1. Residual gas analysis
All reaction products were monitored in the residual

gas using an Extranuclear quadrupole mass spectrometer
Ž .QMS in the test chamber. Care was taken to ensure that

Žthe background hydrogen pressure which has been found
.to affect the quadrupole sensitivity was kept nearly con-

stant during the erosion experiments. The sensitivity of the
Ž .QMS was calibrated in situ against known leaks of CH D ,4

Ž . Ž .C H D , and C H D . The sensitivities for the other2 4 3 6
Ž Ž . Ž . Ž . .reaction products C H D , C H D and C H D , as2 2 2 6 3 8

well as their cracking patterns, were inferred using a
combination of leak bottles and previous calibrations of a

w xsimilar QMS 14 .
Data acquisition was accomplished using a National

Instruments ATMIO16 board and the LabWindows user
interface environment. The erosion product spectrum anal-
ysis was accomplished using a matrix analysis technique

w xdescribed elsewhere 14 .

2.2.2. Wall contribution to the 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
may subsequently be desorbed and detected by RGA. This
may be called the wall contribution to the erosion signal
and should be subtracted from the detected QMS signals to
obtain the true chemical erosion yields. In practice, it is
not always necessary to make this correction since, for
high energy Hq, Dq impact, the reflection coefficient is

w xsmall 15 and the chemical erosion yield of graphite is
high, so the wall contribution to the total signal is negligi-
ble. In the present experiments, however, the opposite is
true. For low incident ion energies, the reflection coeffi-

w xcient is relatively higher 15 and the erosion signals are
relatively lower so that the wall contribution may actually
dominate the measured signal. It becomes necessary then
to quantify and subtract the wall contribution in order to
obtain the true erosion yields.

In the present experiments, the wall contribution was
determined in the following manner. The graphite speci-
men was annealed at 1200 K for ;10 s, in order to
thermally desorb the hydrogen in the specimen, and then
allowed to cool to room temperature. The ion beam was
then turned on and a fast rise was observed in the hydro-
carbon signals, with a time constant of ;3 s, followed by
a long slower increase with an energy-dependent time
constant of ;20–100 s. Now, for the energetic hydrogen
impact on graphite, there is essentially 100% retention of
the non-reflected particles until a fluence corresponding to

w xthe saturation of the implantation zone is reached 16,17 .
Thus, immediately after the beam is turned on, the graphite
specimen is not hydrogenated and the initial steep rise
cannot be due to hydrocarbons originating from the speci-
men. There is, however, an abundance of hydrocarbon
precursors found on the vacuum chamber walls due to the
history of particle bombardment resulting in carbon sput-
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tering, and this initial steep rise can be attributed to
hydrocarbon formation resulting from the interaction of the
reflected hydrogen with the walls. The subsequent long
steady signal increase is due to hydrocarbons originating

from the specimen as its hydrogen inventory approaches
steady state. Within experimental error, the measured wall
contribution was found to be independent of the graphite
specimen temperature. It was not, however, independent of

q Ž . q Ž .Fig. 2. Hydrocarbon yields as a function of temperature for H a,c,e , and D b,d,f impact at energies of 10, 15, and 25 eVratom. The
lines through the data serve to aid the reader.
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ion energy; the background contribution to the measured
signal was ;30% for 200 eV impact, and ;75% for 10
eV impact. It should be noted that where the calculated

Ž y3 Ž ..yields are small -10 moleculerH D small errors in
calculating the wall contribution may lead to large relative
errors in the reported yields.

q Ž . q Ž .Fig. 3. Hydrocarbon yields as a function of temperature for H a,c,e , and D b,d,f impact at energies of 50, 100, and 200 eVratom. The
lines through the data serve to aid the reader.
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3. Experimental results

Chemical erosion experiments were conducted for Hq

q Žand D impact at six energies 10, 15, 25, 50, 100, and
.200 eVratom and the hydrocarbon spectra, as a function

of the graphite temperature, are presented in Figs. 2 and 3.
From these figures, it is clear that methane is the predomi-
nant erosion product regardless of the impacting isotope,
ion energy, or graphite temperature. In general, the

Ž . Ž .C H D and C H D molecular yields are the smallest,2 2 3 8

while the remaining heavier hydrocarbon yields are roughly
equal. Of course, one must consider the number of carbon
atoms in the molecular species when determining their
relative contribution to the total chemical erosion yield.

The presentation and discussion of the experimental
results will cover the temperature dependence of the
methane and total chemical erosion yields, the energy
dependence of the methane, heavier hydrocarbon, and total
chemical erosion yields for both H and D. Also provided
are isotopic comparisons of the chemical erosion yields as
a function of energy for the total chemical yields. Finally,
the present data are compared with previously published
low-energy results.

3.1. Temperature dependence

In Fig. 4a, the methane yield due to Hq impact is
shown as a function of temperature for each of the 6
impact energies. Similar results for Dq impact are pre-
sented in Fig. 4b. In general, we observe that the tempera-
ture profiles are more peaked at the higher energies and

Ž .there is a strong dependence in the peak yield Y on ionm

energy. For Hq impact at 200 eV, Y ;0.036 CH rHq,m 4

and this is reduced to ;7.7=10y3 CH rHq at 10 eV.4

The corresponding values for Dq impact are Y ;0.061m

CD rDq at 200 eV, and ;8.9=10y3 CD rDq at 104 4

eV.
Similar observations can be made for Fig. 4c,d where

the total chemical yields are shown for Hq and Dq

Ž .impact. In the case of protium impact Fig. 4c , the
maximum yield is reduced from ;0.056 CrHq at 200 eV

q Žto ;0.018 CrH at 10 eV. For deuterium impact Fig.
. q4d , the maximum chemical yields are ;0.089 CrD

and ;0.023 CrDq at 200 eV and 10 eV, respectively.
The increase in the maximum methane and total chemi-

cal yields with increasing impact energy indicates the
possible role that damage deposition, in the form of broken

Ž . Ž .Fig. 4. Methane a,b , and total chemical erosion c,d yields, as a function of specimen temperature for 6 selected ion impact energies. For
ŽŽ Žall figures in this paper, Y is the total number of C-atoms detected divided by the incident flux, i.e., Y s CH q2 x C H qC Hchem chem 4 2 2 2 4

. Ž .. Ž .qC H q3 x C H qC H r H , with a similar expression for D. The lines through the data serve to aid the reader.2 6 3 6 3 8
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carbon–carbon bonds, plays in increasing the concentra-
tion of hydrocarbon groups attached to the graphitic net-
work in the near-surface region. The thermally activated
release of these groups is thus enhanced at higher tempera-
tures.

We also note in Fig. 4 that the temperature at which the
maximum yield occurs, T , increases with increasing ionm

energy. This suggests that the thermal release of hydrogen,
which serves to reduce the hydrocarbon yield at higher
temperatures, is delayed by kinetic processes associated
with the energetic particles. This shift in T has beenm

Ž 18 2 .noted in previous low-flux -5=10 rm s erosion

w xexperiments 6,14 , but not when higher fluxes were used
w x7,8,18,19 , suggesting that there is a saturation effect in
this process.

3.2. Energy dependence

The energy dependence of the methane, heavier hydro-
carbons, and total chemical erosion yields at four selected
temperatures for both Hq and Dq impact is shown in Fig.
5. Key features of this figure are noted below.

Ž . Ž .1 At room temperature Fig. 5a,b , we note that the
methane yield exhibits a shallow maximum near 50 eV for

q Ž . qFig. 5. Methane, heavy hydrocarbon, and total chemical erosion yields as a function of incident particle energy for H a,c,e,g , and D
Ž . w x w Ž .qxb,d,f,h impact at four selected specimen temperatures. The heavy hydrocarbon yield, Y s C r H D , is the difference betweenheavy heavy

the total chemical yield and the methane yield. The lines through the data serve to aid the reader.
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both Hq and Dq impact, where the methane yield values
are ;6.6=10y3 CH rHq and ;9.5=10y3 CD rDq,4 4

respectively. At these low temperatures, it is unlikely that
thermal release of methane plays a role in the observed
yield. Instead, this behaviour is consistent with the process
of kinetic ejection of weakly bound surface methyl ligands

w xhypothesized by Roth and Garcıa-Rosales 20 . As the ion´
energy is increased from 10 eV, one might expect an
increase in the rate of kinetic ejection as more energy is
transferred to these surface methyl groups. As the ion
energy is further increased, however, it seems likely that
implantation of the ions reduces their interaction with
these surface groups.

If we consider the heavier hydrocarbon production at
room temperature, we observe that the yields are only
moderately dependent on the impacting energy suggesting
an additional release mechanism which relies on some sort
of electronic or lattice excitation process. The nature of

Žthis release mechanism is unknown at this time. TRVMC
w xion–surface interaction calculations 21 for 10–25 eV

HqrDq impact on carbon indicate an approximate equal
sharing of incident ion energy between electron energy
loss and phonon excitation; at this energy, no nuclear

.damage occurs.
The total chemical erosion yields at room temperature

exhibit essentially the same behaviour as that of methane
alone, only moderated by the heavier hydrocarbon contri-
butions which are less dependent on impact energy. This
general trend is also observed at the other temperatures
studied.

Ž . Ž .2 For impact at 500 K Fig. 5c,d , we note that,
within experimental error, the methane and heavy hydro-
carbon yields are virtually coincident and relatively inde-
pendent of energy over the range studied here. Conse-
quently, the total chemical erosion yield is nearly a con-
stant at this temperature.

Ž .3 For temperatures near the peak for the methane
Ž .yield due to energetic impact, 700 K Fig. 5e,f , we

observe an increase in the methane yield between 10 and
200 eV which approaches an order of magnitude. Presum-
ably, kinetic ejection of surface groups may still occur, but
it is the thermal release of methane which is dominating
the observed yield. Clearly then, kinetic processes associ-
ated with the energetic ions, including damage deposition,
lead to the enhanced methane yield. These processes and

w xothers are discussed more fully in 11 . If we consider the
heavier hydrocarbon yields, we note that the increase
between 10 and 200 eV is much less dramatic. This raises

Ž .a few possibilities; i the thermal release rate for these
Ž .ligands is smaller, ii the heavy hydrocarbon groups pro-

duced at greater depths are broken up as they move to the
w x Ž .surface 22,23 , or iii the kinetic effects of the energetic

ions lead to preferential formation of methyl groups in the
implantation zone.

qŽ q.For H D impact at 700 K, we also note that heavy
hydrocarbons become more important as the ion energy is

q Ž .reduced. In the case of H impact Fig. 5e , heavy hydro-
carbons account for ;35% of the total chemical yield at
200 eV, and this increases to ;50% at 50 eV and ;70%

q Ž .at 10 eV. For D impact Fig. 5f , the heavy hydrocarbon
yield again accounts for ;30% of the total yield at 200
eV and ;50% for all energies F50 eV. The slight
difference between the isotopes for energies below 50 eV
falls within experimental errors. Similar hydrocarbon ratios

w xhave been noted previously 7,14,24,25 .
Ž . qŽ q. Ž4 For H D impact proceeding at 1000 K Fig.
.5g,h , thermal release of hydrogen results in reduced

Ž .chemical yields note change in scale . The yields exhibit a
peak near 50 eV. Since we would expect kinetic ejection to

w xbe negligible at these high temperatures 11,20 , this local
maximum suggests a possible correlation between the dis-
tributions of both the ions and the damage they deposit.
For ion energies producing the greatest overlap of these
distributions, significant heavy hydrocarbon formation and
release may still be possible, even at 1000 K. The trends

Fig. 6. Isotopic comparison of the total chemical erosion yields, as
a function of impact energy, due to Hq and Dq impact at four
selected specimen temperatures.



( )B.V. Mech et al.rJournal of Nuclear Materials 255 1998 153–164 161

for Hq, where the heavy hydrocarbon production exceeds
that of methane between 10 and 80 eV, and Dq, where

Ž .methane dominates for all energies 10 to 200 eV , is
puzzling. Given the larger relative errors in this region, the
observed differences may not be significant.

3.3. Isotopic effects in the chemical erosion of graphite

In the present experiments, we have a unique opportu-
nity to determine the isotopic effect on the chemical
erosion yield of graphite over a range of impact energies
and specimen temperatures. Here, we will discuss the
isotopic effect on the total chemical erosion yields.

In Fig. 6, the total chemical yield is plotted as a
qŽ q.function of H D energy for four selected temperatures.

We note that, over most of the energyrtemperature range
explored, the isotopic effect is small. We observe only two
regions where the isotopic effect approaches or falls out-
side the limits imposed by experimental uncertainties.

Ž .Namely, low energy -25 eV impact at room tempera-
Ž .ture and higher energy )50 eV impact near T .m

Since the chemistry of the two isotopes is essentially
the same, we expect isotopic differences to arise from

Ž .kinetic effects. For room-temperature impact Fig. 6a ,
hydrocarbon production is likely to be due to kinetic

ejection of weakly bound surface hydrocarbons. This is
especially true for low-energy impact below the threshold
for physical sputtering. For such collisional phenomena,
we expect that the heavier deuterium ions would be more
efficient at transferring their energy to hydrocarbon lig-
ands. If we consider the simple case of an elastic binary
head-on collision between the impacting isotope and the
corresponding methyl group, we determine that a deu-
terium ion would transfer 36% of its energy, while a
protium ion would transfer 23.4% of its energy to the
methyl radical. The ratio of energy transfer due to D vs. H
is ;1.5. Thus, it seems reasonable to expect an isotopic
effect in this low-energy and low temperature regime. The
experimental measurements are consistent with this ex-
pected effect. Ion implantation negates this effect at higher
energies.

Ž .For impact proceeding near T ;700 K Fig. 6c ,m

thermal release of hydrocarbons dominates the erosion
yield. Thus, any kinetic effects on the concentration of
hydrocarbon ligands in the implantation zone should ap-
pear as isotopic effects. The most obvious of these is
damage deposition in the form of broken carbon–carbon
bonds, which serves to increase the concentration of hy-
drocarbon ligands in the implantation zone. We expect that
deuterium would deposit more damage than protium and

Ž . Ž . qŽ q.Fig. 7. Comparison of the present experimental data at 300 K, for methane a,b , and total chemical erosion c,d yields due to H D
w x w ximpact on graphite, with previous ion-beam 7–10,20 and higher flux density plasma-device 18,19 results.
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this would explain the isotopic effect observed for higher
energy impact at 700 K. For low-energy impact, damage
deposition is not a factor and since thermal release domi-

Ž .nates over kinetic ejection at this temperature T , there ism

no isotopic effect observed.
In general, we conclude that the isotopic effect in the

total chemical yield is about 1.5–2 for the low-energy
Ž . Ž-25 eV rnear-room temperature and higher energy )

.50 eV rnear T cases, where kinetic effects are expectedm

to affect the erosion process. For the remaining cases
studied, no isotopic effects were observed.

3.4. Comparison with preÕiously published data

3.4.1. At room temperature
In Fig. 7, we compare the present results with previ-

ously published low-energy methane and total chemical
erosion yield data, for impact proceeding at room tempera-
ture.

If we consider the methane yields due to Hq impact
Ž .Fig. 7a , we observe that the TEXTOR Sniffer Probe

w x w xexperiment 19 and previous ion-beam results 10,20
show very good agreement with the present data. If we

q Ž .consider D impact Fig. 7b , however, we note that,
while there is good agreement between the present data

w xand most previous results 8,9,19 , the methane yields
w xdetermined by Roth and Bohdansky 7 are higher by up to

a factor of ;3 or more than the present yields.

When discussing the total yields, we must distinguish
between the total chemical yields and the total erosion
yields. Experiments using mass loss measurements provide

Ž .the total sputtering chemicalqphysical yield so we have
to add the physical sputtering contribution to the present
results in order to effect a comparison. Other experiments
using RGA or LOS measure the total chemical erosion
yields, hence, both the total chemical and the total sputter-

Ž .ing chemicalqphysical yield curves are shown in Fig.
7c,d.

If we consider the total chemical erosion yield due to
q Ž .H impact Fig. 7c , we note again that the TEXTOR

w xresult 19 shows good agreement. Our previous ion-beam
w xdata 10 using a similar experimental setup, but with a

different quadrupole, are higher by a factor of 3–4 in the
energy range of 15 to 25 eV, but agree well elsewhere.
After careful consideration of the potential errors associ-
ated with the small C H and C H signals in these2 x 3 y

previous experiments, we feel that it is more appropriate to
extend the lower ends of these room-temperature error bars
down to the methane yield values. In the present experi-
ments, a more accurate quadrupole was used to alleviate

Ž .some of these difficulties. The total chemicalqphysical
w xyields measured in PISCES 18 and by Roth and Bohdan-

w xsky 7 are a factor of 1.5 to 2 times smaller than those
observed in the present experiments. The higher fluxes
used in these previous experiments may account for some

Žof the discrepancy. The effect of flux density on chemical

Y Ž . Ž . qŽ q.Fig. 8. A comparison of the present experimental data at T , for methane a,b , and total chemical erosion c,d yields due to H Dm
w x w ximpact on graphite, with previous ion-beam 6–10,14,20,24,27 and higher flux density plasma-device 18,19 results.
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erosion is uncertain, however, there may be some evidence
w x .of reduced yields at high flux density 4,26 . Also, uncer-

tainties in determining the ion flux, energy and energy
distributions in plasma experiments may account for some
of the difference between the PISCES yields and our

q Ž .results. For D impact at 300 K Fig. 7d , the present total
w xyield data agree well with the TEXTOR 19 results and

w xthe low-energy PISCES 18 data. The PISCES yields at
higher energies are lower than the present values, corrected

w xto include physical sputtering. Previous ion-beam data 7
agree well for impact energies above 50 eV, but are a
factor of 3–4 higher than the present data at lower ener-
gies.

3.4.2. At T X
m

In Fig. 8, the methane and total yield data are shown
q q X Ž Xfor H and D impact at T T s temperature corre-m m

.sponding to T in a particular experiment . If we considerm
Ž .the methane yields Fig. 8a,b , we note that there is, in

wgeneral, very good agreement between previous 6,8–
x10,14,19,20,24,27 and present results. Once again, how-

q w x Ž .ever, the D results of Roth and Bohdansky 7 Fig. 8b
are higher by a factor of 2–2.5.

q X Ž .For H impact at T Fig. 8c , there is strong agree-m
w xment between previous ion beam data 10,14,20,24 and
w xthe present results, while the TEXTOR 19 and PISCES

w x18 results are a factor of ;2 lower. Still, considering the
Ž 22 q 2 .much higher flux ;10 D rm s employed in these

q Žexperiments, the agreement is good. For D impact Fig.
.8d , the agreement between the present data and the high

w xflux results obtained in plasma devices 18,19 is good.
w xThe ion-beam results of Roth and Bohdansky 7 , however,

are higher again by a factor of 1.7–3.

4. Conclusions

A comprehensive study of the chemical erosion of
pyrolytic graphite due to low-energy Hq and Dq impact
has been performed. Experimental measurements were
made of the methane and heavier hydrocarbon erosion
yields due to protium and deuterium impact in the energy

qŽ q.range of 10 to 200 eVrH D and graphite temperatures
in the range of 300 to 1000 K, for a flux density of 1018

Ž . 2H D rm s. The use of both protium and deuterium as
impacting species has allowed for a systematic study of the
isotopic effect on chemical erosion of pyrolytic graphite.

As the incident Hq or Dq energy is reduced, the
methane yield as a function of graphite temperature broad-
ens such that significant yields are observed even for
impact at room temperature. Such behaviour has been

w xnoted previously 7,10 . This room temperature yield evi-
dently depends on kinetic ejection of near surface methyl
radicals and is not energy independent below 100 eV, but

instead peaks for impact energies near 50 eV. For the
incident Hq and Dq flux density used in the present

Ž 18 qŽ q. 2 .experiments 10 H D rm s , the maximum yield
Ž . Ž .Y , and the temperature at which this occurs T , shiftm m

downwards as the impact energy is reduced below 200 eV.
The downwards shift in Y with decreasing ion energy hasm

w xbeen observed in several previous experiments 6–8,14 ,
but the shift in T has only been noted for relatively lowm

q Ž 18 q 2 . w xincident H fluxes -5=10 H rm s 6,9,10,14 .
As the graphite temperature increases above 300 K,

thermally activated chemical processes become important
and lead to an enhancement in the methane yield regard-
less of the incident particle energy. As well, for impact
energies in excess of ;40 eV, damage deposition result-
ing in broken carbon–carbon bonds further enhances the
methane yields at higher temperatures.

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 T shift downwards with decreasing ionm m

energy. The contribution of the heavy hydrocarbons, which
is less dependent on impact energy, tends to have a
moderating effect on many of the trends observed for
methane production. For plasma-facing graphite surfaces
in reactors, where we desire low erosion yields, we con-
clude that it is more important to control graphite tempera-

Ž .ture near 300 K or 1000 K than it is to reduce ion energy,
although there is still an advantage to lower energy impact.
From an engineering standpoint, it may 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 experimental errors, the isotopic effect on the
total chemical erosion yield is less than a factor of 2, with
yields due to Dq impact being higher for the most part.
The only regimes where the isotopic effect approaches a
factor of 1.5–2 are for 10 eV impact at room temperature

Ž .and higher energy )50 eV impact near T . For all otherm

temperatures and energies the isotopic effect was not
significant. These values agree reasonably well with the

w x w xfactor of ;2 observed in TEXTOR 19 and PISCES 18 ,
but are significantly lower than the factor of ;5 deter-

w xmined by Roth and Bohdansky 7 . Based on energy
transfer and damage deposition considerations, we do not
expect an isotopic enhancement of greater than a factor of
2 for Dq impact over Hq; this is consistent with our
present observations.
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