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Surface-induced interactions of projectile ions CDs*, C;D,*, C;D4*, C2Ds*, C2Dg*, and Ar* with room-
temperature (hydrocarbon-covered) surfaces of carbon-fibre-composite (CFC) were investigated over
the incident energy range of the projectile ions from a few eV up to about 100eV. Mass spectra of the
product ions and their dependence on the incident energy of the projectiles were obtained. The results
showed that the extent of fragmentation of the incident molecular ions and their chemical reactions at
surfaces (in case of radical cations) were similar to the interactions of these ions with room-temperature
carbon (HOPG) surfaces and indicate that the hydrocarbon coverage of the surfaces primarily determines
both the energy transfer at surface and its chemical reactivity. The only substantial difference was that
the present mass spectra contained a certain amount of sputtered alkali ions K* and Na*, most probably
contaminants of the CFC material from the process of their production. Mass spectra obtained with the
projectile ion Ar* contained sputtered ions from the surface material, namely alkali ions K* and Na* and
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the usual ions characterizing sputtering of surface hydrocarbons.
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1. Introduction

Efficient operation of fusion devices requires the use of plasma
facing materials of the first wall compatible with the operating con-
ditions of reactor grade plasmas. Understanding interaction of ions
with the material of the first wall is one of the challenges of the
present fusion research. Information on surface processes of hydro-
carbons and other ions, most likely vacuum contaminants in plasma
devices, are essential as atomic and molecular data for modelling
predictions of the ITER (International Thermonuclear Experimen-
tal Reactor) system. These data should include interaction with a
variety of surfaces of materials that could be suitable materials for
fusion vessels.

In our earlier work we studied interaction of hydrocarbon ions
C1-C3, C6, C7, and some other non-hydrocarbon ions with room-
temperature (and in some cases heated) surfaces of carbon [1-5],
tokamak tiles [6], tungsten [7], beryllium [8] and, for comparison,
stainless steel [9-13] and various types of diamond [14]. Surface-
induced dissociation of the projectile ions in inelastic collisions
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with surfaces, chemical reactions at surfaces, and sputtering of
surface material was observed. Information on energy partition-
ing in surface collisions [15,16] could be derived. Data on survival
probabilities of ions colliding with room temperature and heated
surfaces of the above materials were obtained [1,2,4,7] and corre-
lations between the survival probability and ionization energy of
the projectile ions on different surfaces were derived [7,8].

The results showed that at room temperature the studied sur-
faces were covered with a layer of hydrocarbons that determines
many basic properties of the ion-surface interactions (extent of
fragmentation, chemical reactions at surfaces) and the quality
of the underlying surface is reflected in smaller or larger devia-
tion from these characteristics (extent of fragmentation, inelastic
energy losses, survival probabilities).

The role of hydrocarbon coverage of room-temperature surfaces
is of importance in plasma and fusion devices and considerable
effort has been directed to its investigation to control the impurity
level of the fusion plasmas caused by erosion of the first wall. The
growth of hydrocarbon C:H films by deposition of different neu-
tral hydrocarbon species and properties of these films have been
investigated [17]. The presence of hydrocarbons can be detected by
sputtering or by observation of chemical reactions of some hydro-
carbon ions at surfaces [18].

One of the surfaces of interest for possible use in fusion research
is the surface of carbon-fibre-composite (CFC). In this communica-
tion we describe results obtained in our study of the interaction of
selected C1(CD3*), C2 (C3Dy*, CoD4*, CoD5s*, C;Dg*) and some non-
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Fig. 1. Schematics of the tandem mass spectrometer BESTOF (details see text).

hydrocarbon (Ar*) ions with this surface held at room temperature.
The aim was to find similarities or differences in the ion-surface
behaviour of the CFC surface in comparison with other (carbon)
surfaces.

2. Experimental
2.1. Apparatus

The experiments were carried out with the tandem mass spec-
trometer BESTOF described in detail in our earlier papers [19,20].
In brief, the instrument consists of a double-focusing two-sector-
field mass spectrometer (reversed geometry, Varian MAT CH5-DF)
combined with a linear time-of-flight mass spectrometer (Fig. 1).
Projectile ions were produced in a Nier-type ion source (the origi-
nal commercial mass spectrometer source) by electron ionization
(75eV energy) on molecules of the gas under study. The ions
produced were extracted from the ion source region and acceler-
ated to 3 keV for mass and energy analysis by the double-focusing
two-sector-field mass spectrometer. After passing the mass spec-
trometer exit slit, the ions were refocused by an Einzel lens and
decelerated to the required incident energy, before interacting with
the target surface. Shielding the target area with conical shield
lenses minimized field penetration effects. The incident impact
angle of the projectile beam was kept at 45° and the scattering
angle was fixed at 46° (with respect to the surface). The incident
energy of ions impacting on the surface was defined by the poten-
tial difference between the ion source and the surface. The energy
spread of the primary ion beam was determined by measuring the
(reflected) ion signal as a function of the increasing positive surface
potential in the same geometry. The energy spread of the primary
beam of the projectile ions was in the range of 250 to 300 meV (full-
width at half-maximum). A fraction of the product ions formed at
the surface exited the shielded chamber through a 1 mm diameter
orifice. The ions were then subjected to a pulsed deflection-and-
acceleration field that initiated the time-of-flight analysis of the
ions. The second mass analyzer was thus a linear time-of-flight
(TOF) mass selector with a flight tube of about 80 cm length. The
mass selected ions were detected by a double-stage multi-channel
plate connected to a multi-channel scaler (time resolution of 10 ns
per channel) and a computer. The product ion intensities were
obtained by integration of the recorded signals. The pressure in the
ion source was 2-6 x 10~8 Torr, the bakeable surface chamber and
the TOF analyzer were maintained under ultra-high vacuum condi-
tions (102 Torr) by a turbo-pump. However, even these ultra-high
vacuum conditions did not exclude deposition of a layer of hydro-
carbons on the surface, whenever the valve between the sector field
mass spectrometer and the surface chamber was opened and the
pressure in the surface region increased to the 108 Torr range.

Mass spectra of the product ions from collisions of the projectile
ions with the CFC surfaces kept at room temperature were recorded
at a series of incident energies and relative abundances of the prod-
uct ions were plotted as a function of the projectile ion energy
(energy-resolved-mass-spectra, ERMS curves).

2.2. CFC surface

The carbon-fibre-composite used was of the type NB-31,
obtained from the Max-Planck Institute of Plasma Physics in Garch-
ing. The samples of this carbon-fibre-composite material were kept
during the experiments at room temperature. Under these con-
ditions, the surfaces were covered with a layer of background
hydrocarbons, despite a surface chamber vacuum of the order of
2 x 1079 Torr. The occurrence of H-atom transfer reactions between
radical projectile ions (C;D4* etc.) and terminal H-atoms of the
hydrocarbons on the surface [1-3,7,8,16] is a strong evidence for
this surface coverage.

3. Results and discussion
3.1. Ar*

Mass spectra of product ions from collisions of Ar* (energies up
to 100eV) with the CFC surface at room temperature (Fig. 2, left)
may contain ions from sputtering of the surface material and from
the chemical reaction of H-atom transfer with the surface hydrogen

Ar* 4+ CH;-S — ArH* +°CH,-S (1)

Assuming an average bond strength of H-CH,—in the terminal
group of surface aliphatic hydrocarbons of 2.1 £ 0.3 eV [1] reaction
(1) is exothermic by about 1.6eV and may occur. However, the
intensity of m/z 41 in the spectra does not exceed considerably the
intensities of ions at m/z 42 and 43 that should result from sputter-
ing of surface hydrocarbons. The ratio of intensities at m/z 41/43 is
1.5-1.7 for collisions of Ar* of incident energies of 30-100 eV with
room-temperature CFC (see Fig. 2) and this ratio is similar to the
ratio of intensities at m/z 41/43 from collisions of CD3* with room-
temperature CFC (see also Fig. 3 later on), 1.6 (at 30eV) and 3.0 (at
75eV), where no reaction analogous to reaction (1) can occur and
the contribution of carbon chain build-up reactions leading to C3
ions is negligible [1]. Therefore, it appears that reaction (1) does
not contribute significantly to the intensity of the ion of m/z 41
and product ions at m/z 40-43 result from sputtering of the surface
hydrocarbons.

Product ions at m/z 23 (Na*) and m/z 39 (K*) indicate the pres-
ence of alkali ions. However, the intensity at m/z 39 is likely to
contain contributions from both sputtered K* and sputtered hydro-
carbon ion C3Hs*. Contribution of the sputtered hydrocarbon ion
may be estimated from experiments on Ar* collisions with other
surfaces in which no alkali ions were detected. From studies of
Ar* collisions (incident energy 30-100 eV) with room-temperature
(hydrocarbon-covered) plasma-sprayed tungsten surfaces [21] and
O-terminated diamond surface [14] it follows that the ratio of sput-
tered ion intensities I(C3H3™)/I(C3Hs*) (m/z 39/43) is 0.6-1.0. If we
correct the intensity of m/z 39 by subtracting this contribution of
the intensity at m/z 43, the remaining intensity at m/z 39 should be
that of K*. This intensity is then slightly larger than the intensity of
sputtered Na* (m/z 23). The data are summarized in Fig. 2, left

The remaining product ion in the mass spectra from Ar*-CFC
collisions are sputtered hydrocarbon ions at m/z 27 (C;H3*) and 29
(C2H5+), 41 (C3H5+) and 43 (C3H7+), 55 (C4H7+) and 57 (C4H9+), and
at higher incident energies small amount of ions at m/z 67 (CsH7™*),
69 (CsHg*) and 71 (CsHq1*). These closed-shell cations are typi-
cal for sputtering of surfaces covered with alkanes, indicating that
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Fig. 2. Product ions from collisions of Ar* with room temperature CFC surface. Left: mass spectra at the incident energy of Ar* of 30eV and 100eV. Upper right: relative
abundance of the sum of all sputtered hydrocabon ions, the sum of the abundance of both alkali ions, K* + Na* (dashed line), and the K* and Na* abundance as a function of
incident energy of Ar*. Lower right: relative abundance of different hydrocarbon ions as a function of the incident energy of Ar* (alkali ions not shown).

the CFC surface was covered at room temperature with a layer of
background hydrocarbons.

The spectra show measurable amounts of sputtered ions only
at incident energies above about 20eV. Fig. 2 (upper right) gives
the relative amount of K*, Na*, and the sum of hydrocarbon ions
as a function of the incident energy (ERMS curves of product ions).
The relative amounts of these sputtered components do not change
significantly over the incident energy range 30-100 eV: the relative
abundance of all hydrocarbon ions increases from about 75% to 85%,
while the relative amount of the sputtered alkali ions decreases
from about 15% to 10% and their ratio K*/Na* is 1.2 +0.15.

Fig. 2 (lower right) provides then the ERMS curves for the
individual sputtered hydrocarbon ions (normalized to the total
intensity of all ions, both hydrocarbon and alkali ions). A small
decrease of m/z 29 vs. 27, 43 vs. 41, and 57 vs. 55 indicates that
part of the sputtered ions further dissociates. The ERMS curves in
Fig. 2 show only the relative abundances of the product ions, their
absolute intensities decrease with decreasing incident energy and
below about 20 eV no measurable amounts of sputtered ions could
be observed.

3.2. CD3*

Mass spectra from collisions of CD3* with the room temperature
CFCsurface (examples see Fig. 3) show even at large incident energy
a considerable contamination by projectile ions CD3* deflected by
surface charges. This can be well seen in comparison with earlier
obtained spectra on this machine [10] in collisions of CH3* with
room temperature stainless steel surface or spectra from collisions
of CD3* with room temperature carbon (HOPG) surface [1]. Besides
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Fig. 3. Mass spectra of product ions from collisions of CD3* of incident energiy 30 eV
and 75 eV with a room-temperature CFC surface.
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that, the spectra show other phenomena observed in the above
mentioned previous studies, namely

(i) Collision-induced dissociation of the projectile ion to give frag-
ment ions CD,* (m/z 16) and CD*(m/z 14) in reactions

CD3* +S — CDy* +D (2)
CD3* +S — CD* +D, (3)

It has been shown in previous studies that the product ions
of dissociation reactions have similar velocity distributions as
the inelastically scattered undissociated projectile ion, indicat-
ing that the dissociation occurs after the interaction with the
surfaces as a unimolecular process.

(ii) A chemical reaction of H-atom transfer with surface hydrocar-
bons

CD3Jr + CH3—S — CD3HJr + 'CHz—S (4)

is endothermic by about 2.5eV and most probably does not
take place (no trace of CD3H* was observed). A very small
contribution of ions of odd masses m/z 17 (CD,H") and its
fragments (of which CDH* can be observed at m/z 15) pre-
sumably come from an exchange reaction with H-atoms of the
surface

(iii) Sputtering of the surface material giving rise, similarly as in Ar*
collisions, to contributions of sputtered alkali ions at m/z 23
(Na*) and m/z 39 (K*), and sputtered hydrocarbon ions at m/z
27,29,39,41,and 43; a correction of m/z 39 for the contribution
of sputtered C3H3* (see above) does not change the intensity

of m/z 39 significantly.

(iv) A small contribution of chemical carbon chain build-up reac-
tions between the projectile ion and terminal groups of
hydrocarbons on the surface, leading to partially deuterated
ions CyX3*%, C2X4*, and C3X3* (X=H,D) that overlap with the
sputtered hydrocarbon ions as mentioned in (iii). A detailed
discussion of these reactions has been given in Ref. [1] on the
basis of data from collisions of CH3*, 13CH3*, and CD3* with
aroom-temperature carbon surface. The previously suggested
mechanism of C2 product ion formation [1] assumed a reaction
between CDs* and terminal CHs-group of surface hydrocar-
bons

CD3* 4+ CH3-CH-S — CH,D-S + [CD-CH3*] — X3 +X» (5)

with X=H,D. However, the presence of m/z 30 and 33 in
the mass spectra from CD3;*-CFC collisions indicates another
possible mechanism, namely

CD3* +CH3-CHy-S — *CH,-S + [CD3-CH3**] - GoX4t* + X (6)

The most important difference between collisions with the
room-temperature (hydrocarbon-covered) CFC surface and the
room-temperature carbon (HOPG) surface concerns the sputtering
of alkali metal ions, that was not observed on the carbon (HOPG)
surface. The sputtering of alkali ions increases with increasing inci-
dent energy of CD3* from 4% of all product ions at 20eV to 80%
of all product ions at 100eV. The relative amount of K* vs. Na*
shows a decrease over this collision energy range, too, from a
value for the ratio of 2.5 at 30eV to about 1.7 at 100eV. While
at low collision energies fragmentation and chemical reactions
of the projectile ion represent a substantial part of the product
ions, above 75eV sputtering and formation of alkali metal ions
dominates.

3.3. GuDy*, GoDy4*, CoDs*, CoDg”

Mass spectra of product ions from collisions of projectile
ions CyDy*, CD4*, C3Ds*, CoDg* with the room temperature
(hydrocarbon-covered) CFC surfaces show basically similar prod-
uct ions that were observed in collisions of these ions with room
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Fig. 4. Mass spectra of product ions from collisions of C;D,*, C;D4*, C;Ds*, and
C,Dg* with a room-temperature CFC surface at the incident energy of the projectile
ions of 30eV.

temperature (hydrocarbon-covered) surfaces of carbon (HOPG)
[2,5] or even tungsten [7] or stainless steel [14] (data for C;D4*
only). In general, there is a difference between the interaction of
radical cations (like C;D,*, C3D4%, C;Dg*) and closed-shell ions
(like C,Ds*). While the closed-shell ions exhibit only surface-
induced dissociations of the projectile ions and sputtering of the
surface material, the radical cations show in addition chemical
reactions of H-atom transfer and carbon chain build-up with sur-
face hydrocarbons (formation of C3 ions). Data in Fig. 4 give,
as an example, mass spectra of ion products from collisions
of C,Dy*, CyD4*, CyDs*, and C;Dg* at the incident energy of
30eV.

The mass spectrum of products from C,Ds5* collisions indicates
only fragmentation of the incident ion (m/z 34, almost fully frag-
mented) to the product ions at m/z 30 (C;D3*) and 28 (CyDy*).
The closed-shell C;Ds* has a higher survival probability than the
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other C2 ions under investigation (about 1% with respect to 0.1%
for C,D,*) and the sputtering processes are seemingly suppressed
in the scale of Fig. 4 (C;Ds*).

Mass spectra of product ions from collisions of C,D,*, C;D4*, and
C,Dg* show both fragmentation products at even masses below the
almost fully fragmented molecular ion and products of reactions of
H-atom transfer with the hydrocarbon on the surface (fragment
ions at odd m/z, and the respective statistical contributions at the
relevant even masses). The reactivity of C;Dg* for H-atom transfer
appears to be much lower than the reactivity of C;D,* and C;D4*.
The peak at the incident ion mass shows in all cases a split structure:
the peak of ion intensity shifted by a fraction of m/z to a lower
mass is due to fast ions of full incident energy, deflected in front of
the surface by surface charges without making a surface collision
(see Section 2.2) and was not taken into consideration in evaluating
the product of surface interactions. Formation of C3 products [2] in
reactions of the projectile radical cation with the terminal CH3-
groups of the surface hydrocarbons seems to play a minor role at
this incident energy.

The data on product ions from collisions of the C2 hydrocar-
bon ions with the CFC surface as a function of incident energy
are summarized as ERMS curves in Fig. 5. The ERMS curves show
the relative abundance of inelastically scattered undissociated
projectile ions, the sum of all fragment ions (both direct frag-
mentations and products of chemical reactions with surface and
their fragmentation), and product ions from sputtering of the sur-
face material. The fraction of sputtered ions, barely observable at
the incident energy of 30 eV, increased significantly with the inci-
dent energy. The sputtered ions are the usual hydrocarbon ions
(see Section 3.1) and the alkali metal ions Na* and K*. At 75eV
the alkali ions represented 60-70% of all product ions in case
of C;D,%, C,D4*, and CDs*, similarly as in collisions of CD3*. In
collisions with C;Dg* the fraction of alkali ions was only about
30%.

4. Conclusions

The mass spectra of product ions from collisions of the
CD3*, CDy*, CyDy4*, C3Ds*, CoDg* hydrocarbon ions with the
carbon-fibre-composite (CFC) surface kept at room temperature
(hydrocarbon-covered) show a similar extent of fragmentation and
similar chemical reactivity with the surface as these ions exhibited
with a room-temperature carbon (HOPG) surface and, for that mat-
ter, all hydrocarbon-covered surfaces so far studied by us (stainless
steel, tungsten, and diamond). This finding indicates that the energy
transfer and chemical reactivity of these surfaces is basically deter-
mined by the hydrocarbon surface coverage, in agreement with
many previous findings [1-4,7,14,22].

The only substantial difference is in the sputtering of the sur-
face material that shows the presence of alkali metal contaminants
(presence of Na*, K* ions) originating presumably from the process
of preparation of CFC surfaces of this type.

The results from collisions of Ar* with the room tempera-
ture CFC surface are in agreement with these findings. These
collisions lead mostly to sputtering of the surface material and
show the presence of both alkali ions Na* and K* and the
typical hydrocarbon ions sputtered from hydrocarbon-covered
surfaces.
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