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Since graphite material is still a candidate for parts of planned fusion devices as ITER, the chemical erosion by
hydrogen isotopes is a major concern.

At energies of the impinging hydrogen below 100 eV, a strong isotope effect of the chemical erosion of carbon at
low temperature is observed by hydrogen and deuterium ion impact. This effect is diminished at elevated temperatures
around 800 K. For energies of the impinging hydrogen ion around 200 eV, only a minor isotope effect is observed in
the maximum erosion yield at temperatures around 750 K. At low temperatures, the chemical erosion yields for these
ion energies are much smaller than those for ions below 100 eV. Hydrogen/deuterium ions with energies of 1 keV and
above show no isotope effect at all.

Also in fusion devices as JET, TEXTOR and JT-60 an isotope effect in the chemical erosion of carbon materials is
observed. The erosion yield in deuterium plasmias-00-50eV) is 1.3—1.5 of that in a hydrogen plasma.

The multi-step process of chemical erosion of carbon materials by hydrogen isotopes is reasonably understood. The
isotope effect is mainly caused by the radiation damage of the incident ions and by the ion-induced release process.

KEYWORDS: isotope effects, chemical erosion, hydrogen, deuterium, graphite, carbon materials, implantation,
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I. Introduction ture and material propertiés? Such complex behavior can-
. . . not be studied in a fusion devise, it has to be investigated in
The chemical erosion of graphite or any carbon-based ma-

terial by hydrogen isotopes is an important problem in th\é\{e" defined ion or atom beam experimeRtdhe total ero-

field of plasma-surface interaction of nuclear fusion. Th 3ion is hereby determinated by the weight loss of the target or

most promising fusion reaction is that of deuterium and tri_yeroding a certain thickness with respect to the incident ion

tium leading to a 14 MeV neutron and a 3.6 MeV alpha parf_Iuence. The reaction product spectrum is mostly determined

ticle and after neutralization to a helium atom. The most a(;)_y.mass s_pectro.metry (_aither in the residual gas or directly in
vanced fusion device is the tokamak. A major concern of tha line-of-sight, differentially pumped quadrupole mass spec-

) . .
tokamak is the high particle load concentrated on limiters C}Fom.eter‘? n cgrtam cases also optical spegtroscopy hgs'been
divertor plates. Such high particle fluxes are favorable for hef:‘-pp“EECI especially emission spectroscopy in front of limiters
’ or of divertor plateg) For a determination of the hydrocarbon

lium pumping, but problematic for heat removal and for th? mation, CH (CD) bands around 430 nm are used in relation

0
H, H, (D, or Dy).B) However, the CD bands are overlaid

erosion by the particles. Carbon material is used in the pres%%[
day tokamaks for such high heat load components and is s |y D, bands depending on plasma conditions. An overesti-

a candidate for the divertor plates of the planned fusion de-_ - . ! )
vices as ITER due to its good thermomechanical propelr)ties:.matlon of the CD light by 20% is possibte.
A major concern is the chemical erosion and as a consequerh:e
the tritium retentiorvia codeposition of the formed hydrocar- "
bons. For an understanding and modeling of the impurity con-

tent and transport in the plasma boundary of fusion devicas Results from |on Beam Experiments

the Impurlty sources have to be knOWn, espECia”y the forma- In F|g 1 the total erosion y|e|d of graphite at room tem-
tion yields and their dependence on the impinging hydrogeserature by H/D* ion beam impact is shown as a func-
isotopes as the main plasma constituents. For the modelifgn of incident ion energy by weight loss measureméfits.
of the behavior in fusion reactors, most of the data have tphe chemical erosion yield is the difference between physical
be extrapolated from hydrogen/deuterium behavior to the dgpuyttering (solid lines) and the measured total erosion. Be-
pendence on tritium. In this paper, an overview will be giverow 100 eV, a clear isotope effect of the chemical erosion of
on the isotopic effects in the chemical erosion of graphite byarbon is observed by hydrogen and deuterium ion implanta-
hydrogen and deuterium ion impact. tion. Furthermore, the chemical erosion at room temperature
Chemical erosion of carbon materials by hydrogen is & negligible for incident energies above 300 eV. Within the
complicated multi-step process and depends on the energiatter of the data these results are confirmed in later experi-
and flux density of the impinging hydrogen, surface temperanents also by weight logd)
The temperature dependence of the chemical erosion for
*Corresponding author, Tel+49-2461613113, Fax.+49- 200 eV H(D*) and for low energetic H(D™) (10 and 15 eV)
2461612660, E-mail: E.Vietzke @fz-juelich.de

Results on Isotope Effects in the Chemical
Erosion
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Fig. 1 Energy dependence of the total erosion yield (chemical ero-
sion and physical sputtering) of graphite at room temperature by
H* (D) /D'_'\ 0.15 A
The lines are calculated physical sputtering yiéfis. I 1
S,
©
shown inFig. 2 is obtained by two different methods: by an- %’ 01 -
alyzing the reaction product spectrum in the residual gas in 5 ]
Fig. 2(a}? and by weight loss measurements in Fig. 2{b). @
The isotopic effect in both sets of curves follows the same ,_%
trend. For low energetic HD™), there is a nearly constant =
isotope effect in the yields from 300K up to the maximum. é 0.05 -
At temperatures above the maximum yield this effect is di- J] 1
minished. For 200eV E(D™), the yield at 300K is nearly o
equal for both isotopes; but in the maximum around 750 K
the yield for D" is 50% larger than for H. Not shown here,
for energies at 1 keV and above, also the isotope effect in the 0 ' T
250 500 750 1000

maximum vanishe$? However, the absolute yields by the
weight loss method in Fig. 2(b) are always around a factor
of two higher than the results obtained by mass spectromer. 2 Total chemical erosion yield by HD*) impact on graphite

try in the residual gas. Furthermore, the isotope effect in the as a function of specimen temperature for 200, 15 and 10eV ion
chemical erosion for low energetic'fD™) at 300 K observed  energy obtained by two different methods: by analyzing the re-
by mass spectrometry is smalléfp¢ ~2x Yy+) than that by action product spectrum in the residual gas in Fig.’2{and by
weight l0ss ¥p+~6x Yy+). In Ref. 11) is shown that a frac-  weight loss measurements in Fig. 2(b)

tion of the chemically eroded particlesd. radicals) stick to The flux densities were between 1<B0'*/m*s. The lines
the vessel surface and will not reach the residual gas. Thisthrough the data serve to aid the reader.
explains, that the chemical erosion yield obtained by mass

spectrometry in the residual gas is lower than that by weight-

Temperature [K]

loss. sion or the divertor plate by hydrogen and deuterium plasmas
is observed in the fusion experiment JET (§ég. 3)'4 us-
2. Resultsin Fusion Devices ing again emission spectroscopy and the newest results on

Using CD emission spectroscopy at a externally heated tdb¢ CD-band structur®. Even after correcting the possible
limiters, the CQ) formation was measured as function of thePverestimation of the CD bands an isotope effect remains, the
target temperaturk) The yield is between 3-5% and the tem-Yield ratio isY®/Y"=1.3-17. An similar result is seen in
perature dependence is more flat until 1,000 K compared I&XTOR by spectroscopy of the emitted light from a test lim-
ion beam results. But in principle, the temperature depeffer™ which is easier accessible. Also Kubpal. report an
denceis Comparab|e to ion beam results. observed iSOtOpe effect in the chemical erosion in the divertor

Very recently, an isotope effect in the total chemical eroof JT-60:°
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by deuterium ion impact within two branches: the thermal reac-
tion around the maximum of 700K and the surface reaction for
low energetic D-ions and at low temperatures
The first step for both branches: Radiation damage provides
open bonds on which thermalized D-ions form &0 complexes.
In the thermal reaction, the 2nd and main step is the release 9f CD
after D, abstraction above 400K at the implantation depth. The
3. The Reaction Mechanism final step in the thermal reaction is the ion-induced and thermal
The chemical erosion of carbon by impact of hydrogen release of CRfrom CD;-adsorbed complexes during the penetra-
or its isotopes (in the following | will only use the expres- tion to the surface. In the surface reaction, the second and final
sion hydrogen meaning mostly hydrogen and its isotopes) is astep is the ion-induced release of £fom near surface Cp-C
multi-step proces&* Obviously, two branches are responsi- complexes:?-:2
ble for the hydrocarbon formation: the so called surface reac-
tion with the yieldYg at low temperature and low energetic
hydrogen ions and the thermal reaction wWith,m around the would result in a different energy distribution as observed in
maximum. The 1st step for both branches is a modificatioRef. 22) and would not be reduced with increasing hydrogen
of the near surface layer up to the implantation depth. The réon energy. Most probably it is a direct hydrogen ion reac-
diation damage provides open bonds and the thermalized Hign with near surface Cp-C complexes. The isotope effect
drogen ions react on open bonds to form4£D complexes. of the surface reaction can be explained by the radiation dam-
The mechanism of the thermal reaction branch is relativelgge depending on the ion mass and by the ion-induced release
early proposet!) and later detailed elucidated byiigpers from near surface complexes.
and his groug®'® seeFig. 4. The reaction occurs at in-
ner surfaces at the end of the implantation depth where thél. Conclusion
thermalized hydrogen atom undergoes an abstraction reac-

tion, forming H, and an intermediate radical center which can flgs;ggdrzgr;?othri;ﬁe;nslcilcfsrzi\?g t?)t ggiigﬁﬁﬁ{fﬁf&ﬁ;t
above 400K release GH The maximum of this reaction is y asp )

reached around 700 K and—important for our discussiongjgﬁ ITe?g;t?gthri)r?]blear:[iIcslethfleu)e(X(;reanps?tlZ[;OQXOfergtee?js;Jgrei Ef’:_)'
no dependence on the hydrogen isotope is observed for @%n )r/eactor divgrtopr especially whether orpnot a flux den-
reaction steg? The final step occurs on the penetration to’. I espe y ) .

sity dependence exists with reduces yields at high vaiftles.

the surface. The Cyidsorbed atinner surfaces is released aIs‘he other unsolved problem is the deposition of hydrocarbon

CH, from the adsorbed state ion-induced as well as thermal% lecul he di | hei iahborh |
driven2%-22) The observed isotope effect is explainable by tha'© cou'es on the divertor plate and their neighborhood lead-
0 to an unacceptable tritium inventory.

radiation damage depending on the ion mass or by the pél? From the above reviewed results we have to conclude: a

which is released by ion impact. clear isotope effect exists in the chemical erosion of carbon
The mechanism of the surface reaction is not undersm%éi\terlials bp hydro er? Iandldeuterium alnd has t(|) be taken into
in detail, but can be described quite simply. After the modi- y hydrog

fication of the surface in a 1st step, GB mainly relased account in modeling the chemical erosion of graphite in a

by ion impact from near surface GBC complexes. This deuterium-tritium plasma.
ion-induced effect is not a physical sputtering process which

Fig. 3 Hydrocarbon erosion yields as a function of the integrated
ion fluxes from H and D plasmas to the outer divertor
The incident flux is calculated from Langmuir probes (solid
points) and from R (open points}®
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