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Surface-induced interactions of the projectile ion C2D4
� with room-temperature (hydrocarbon

covered) stainless steel, carbon highly oriented pyrolytic graphite (HOPG), and two different
types of diamond surfaces (O-terminated and H-terminated) were investigated over the range
of incident energies from a few eV up to 50 eV. The relative abundance of the product ions in
dependence on the incident energy of the projectile ion [collision-energy resolved mass
spectra, (CERMS) curves] was determined. The product ion mass spectra contained ions
resulting from direct dissociation of the projectile ions, from chemical reactions with the
hydrocarbons on the surface, and (to a small extent) from sputtering of the surface
material. Sputtering of the surface layer by low-energy Ar� ions (5-400 eV) indicated the
presence of hydrocarbons on all studied surfaces. The CERMS curves of the product ions
were analyzed to obtain both CERMS curves for the products of direct surface-induced
dissociation of the projectile ion and CERMS curves of products of surface reactions. From
the former, the fraction of energy converted in the surface collision into the internal
excitation of the projectile ion was estimated as 10% of the incident energy. The internal
energy of the surface-excited projectile ions was very similar for all studied surfaces. The
H-terminated room-temperature diamond surface differed from the other surfaces only in the
fraction of product ions formed in H-atom transfer surface reactions (45% of all product ions
formed versus 70% on the other surfaces). (J Am Soc Mass Spectrom 2009, 20, 927–938) © 2009
American Society for Mass Spectrometry

Over the last two decades, research on low-
energy ion-surface interactions has grown sub-
stantially. Attention has been focused on se-

lected physical and chemical processes stimulated by
the impact of slow ions with incident energies up to 100
eV [1–5]. The amount of incident energy converted
during these collisions into projectile internal energy is
of the order of a typical chemical bond energy in mole-
cules and thus can cause bond dissociation. As such,
studies of slow ion-surface interaction can yield valuable
information pertaining to the projectile or to the surface or
to the nature of the ion-surface interaction.
Besides being of fundamental importance, surface

interactions of molecular ions, especially of small hy-
drocarbon ions, are relevant for technological applica-
tions, such as plasma-wall interactions in electrical
discharges and fusion plasmas [6, 7]. Hyperthermal

plasma particles may collide with solid surfaces such as
limiters and diverters in fusion devices, thereby eroding
the material by chemical and physical processes.
Charged and neutral particles emitted from the surfaces
may interact with the plasma and hit the surfaces again.
Hydrocarbon ions turned out to be an important com-
ponent of these secondary ions. Moreover, hydrocar-
bons are also emitted in large quantities into the Earth’s
atmosphere, and some of them belong to a gaseous
group known as greenhouse gases. They can be very
easily ionized in the atmosphere by photoionization,
and this process has been suggested as a source of
energetic charged particles both in the terrestrial iono-
sphere and in the interstellar medium [8]. These charged
particles are assumed to react on the surface of dust
grains present in these media [9] and thus ion-surface
interactions are of importance in this connection, too.
Reactive collisions of slow ions with surfaces have

been studied in an effort to characterize molecular ions
and to investigate the ion-surface interaction processes,
i.e., surface-induced dissociation (SID), charge ex-
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change reactions (CER), and surface-induced reactions
(SIR). SID has been developed as an alternative tool to
gas-phase collision-induced dissociations (CID) to
study the fragmentation of polyatomic ions in tandem
mass spectrometry [3, 4, 10–13]. Ion-surface collisions
lead to a transfer of kinetic energy into the internal
modes of the projectile ion, causing fragmentation that
can be used to characterize the projectile ion or the
surface [3, 10, 14]. The overall energy balance in an
ion-surface collision can be written as

Etot�Etr�Eint�E’int�E’tr�E’surf (1)

where Etr is the translational energy of the incident
projectile ion, Eint is its initial internal energy, E’int is the
internal energy of the surface-excited projectile ion after
the collision, E’tr is its translational energy, and E’surf is
the energy absorbed by the surface. Over the past 15 y,
several terms in eq 1 were investigated to characterize
their effect on the fragmentation process of polyatomic
projectile ions in surface collisions. The fraction of
impact energy transformed during a surface collision
into internal energy of the projectile ion was the subject
of several studies for a variety of projectiles and for a
number of different surfaces [3–5, 15–21].
In the current work, we have investigated two

types of diamond surfaces [O(air)-terminated and
H-terminated] obtained from the �-BeSt coating com-
pany, where a new process for manufacturing nanome-
ter thick diamond coatings has been recently developed
[22]. The H-terminated diamond surface topped with
bound H atoms is expected to be hydrophobic, nonad-
sorbing, and nonreactive. Alternately, termination of
the diamond surface with air caused bonding of the
empty top bonds with oxygen or OH (N does not stick
to diamond) and thus the O(air)-terminated diamond
surface behaves hydrophilic.
Our interest in the present study was focused on

comparison of the two different diamond surfaces with
stainless steel and carbon (HOPG) surfaces. The inci-
dent ion used was the radical cation C2D4

�. The surfaces
were studied at room temperature and thus one had to
expect that the surfaces would be covered by a layer of
hydrocarbons as shown earlier in our experiments with
stainless steel [23] and HOPG [24]. The aim of this study
was to find out whether the collisions of the projectile
ions with HOPG and the two diamond surfaces at room
temperature, the hydrophobic H-diamond and the hy-
drophilic O-diamond surface, would lead to different
results or whether the effect of the hydrocarbon cover-
age would be dominant, and whether the nature of the
underlying surface would affect the hydrocarbon ad-
sorption. The earlier studied room-temperature stain-
less steel surface was used as a standard hydrocarbon-
covered surface for comparison. The results for room-
temperature HOPG surface (studied here at a different
incident angle than in [24] were complemented by
results on heated (600 °C) surface, where the hydrocar-
bon coverage was effectively removed [18, 24].

Mass spectra of product ions from collisions of
molecular ions C2D4

� with these different surfaces were
investigated using two different ion-surface appara-
tuses in Innsbruck and in Prague. The projectile ions
were produced by electron impact ionization of ethane
(C2D6) molecules in low-pressure ion sources, their
incident energy range was from a few eV to 55 eV and
the incident angle was 45°. The deuterated species
C2D4

� was used to allow for distinguishing between
direct fragmentation of the projectile ion, product ions
resulting from chemical reactions of the projectile with
the surface (reaction products), and sputtered ionic
species from the surface.
Collisions of C2H4

� with hydrocarbon covered stain-
less steel surface have been investigated previously in
Innsbruck [23] in studies of the influence of the initial
internal energy of the projectile ions on the collision
energy resolved mass spectra (CERMS curves). A scat-
tering study [24] of C2Hn

� and C2Dn
� (n � 2, 3, 4, 5)

hydrocarbon ions and their interaction with heated
(clean) and room-temperature (hydrocarbon covered)
HOPG surfaces was carried out in Prague. In these
measurements [24] the projectile ions C2H4

� and C2D4
�

were formed by electron bombardment on ethylene mol-
ecules and the incident angle was 30 [0] (with respect to
the surface). Survival probabilities of the hydrocarbon
projectile ions, their fragmentation processes, and chemi-
cal reactions at the surface were determined.

Experimental

The experiments described in this study were carried
out on two different ion-surface devices, one in Inns-
bruck and one in Prague. The compatibility of the two
different machines in providing comparable mass spec-
tra on hydrocarbon-covered surfaces was shown in
earlier joint experiments [23–27]. The mass spectra of
product ions from both machines showed, within the
experimental error, good agreement.

Innsbruck Experiments

The relative abundance of product ions in dependence
on incident projectile ion energy (CERMS curves) were
measured with the tandem mass spectrometer BESTOF
described in detail in our earlier papers [10, 28]. In brief,
it consists of a double focusing two-sector-field mass
spectrometer (reversed geometry) combined with a
linear time-of-flight mass spectrometer. Projectile ions
were produced in a Nier-type ion source (a commercial
CH5 mass spectrometer source operated normally at
pressures of about 4.10�6 Torr) by impact of 100 eV
electrons on ethane (C2D6) molecules. The ions pro-
duced were extracted from the ion source region and
accelerated to 3 keV for mass (and energy) analysis by
the double-focusing two-sector-field mass spectrome-
ter. After passing the mass spectrometer exit slit, the
ions were refocused by an Einzel lens and decelerated
to the required incident energy before interacting with
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the target surface. Shielding the target area with conical
shield plates minimized field penetration effects. The
incident impact angle of the projectile beam was kept at
45o 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 potential
difference between the ion source and the surface. The
energy spread of the primary ion beam was determined
by measuring the (reflected) total ion signal as a func-
tion of surface potential. The energy spread of the
primary beam of C2D4

� 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 a linear time-of-flight
mass selector with a flight tube of about 80 cm in 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 integra-
tion of the recorded signals. The surfaces with a size of
�5 � 10 mm were polished stainless steel surface (SS),
O-terminated diamond (DO), and H-terminated dia-
mond (DH) surfaces. The diamond surfaces were at-
tached to a surface holder, whereas the stainless steel
surface formed a part of the holder. The surface holder
could be rotated 360° and vertically moved to change
the surface of interest. The experiments were performed
at room temperature, so it was expected that surfaces
would be covered by background hydrocarbons despite
a surface chamber vacuum of the order of 2� 10�9 Torr.

Prague Experiments

Mass spectra of product ions from collisions of C2D4
�

with room-temperature and heated carbon (HOPG)
surfaces were measured with the Prague beam scatter-
ing apparatus EVA II modified for ion-surface collision
studies. Applications of the apparatus to the surface
studies was described earlier [5, 16–18, 26, 29]. In the
present experiments, the projectile hydrocarbon ions
were formed by bombardment with 80 eV electrons on
deuterated ethane C2D6 in a low-pressure ion source.
Ions were extracted from the ionization chamber, accel-
erated to about 150–200 eV, mass analyzed by a 90°
permanent magnet, and decelerated to the required
energy in a multi-element deceleration lens. The
resulting beam of mass selected C2D4

� ions had an
energy spread of 200 meV, full-width-at-half-maximum
(FWHM), angular spread of 1.6° (FWHM), and geomet-
rical dimensions of 0.4 mm � 1.0 mm when leaving the
exit slit. The beam was directed towards the carbon
target surface under a pre-adjusted incident angle �S �
45° (with respect to the surface, same as in the Inns-
bruck experiments). Ions scattered from the surface
passed through a detection slit (0.4 mm � 1.0 mm) into
a stopping potential energy analyzer. After energy

analysis the ions were focused and accelerated to 1000
eV into a detection mass spectrometer (a magnetic
sector instrument), and detected by counting the ions at
the output of a Galileo channel multiplier. The primary
beam exit slit, the target, and the detection slit were
kept at the same potential during the experiments and
this equi-potential region was carefully shielded by
�-metal sheets. The incident ion beam source-target sec-
tion could be rotated about the scattering center with
respect to the detection slit to obtain angular distributions.
Translational energy distributions of product ions could
be measured at different scattering angles. The mass
spectra of product ions were recorded with the stopping
potential set at zero in the maximum of the angular
distribution (in the experiments reported here at the
scattering angle �’S � 25°, with respect to the surface).
The carbon surface target was a 5 mm � 12 mm

sample of HOPG from which the surface layer was
peeled off immediately before placing it into vacuum.
The sample was mounted on a stainless steel holder
located 10 mm in front of the exit slit of the projectile ion
deceleration system. The carbon target surface kept at
room temperature was covered with a layer of hydro-
carbons randomly adsorbed from back-streaming ro-
tary pump oil molecules or their fragments, as shown in
our previous publications and indicated by the occur-
rence of H-atom transfer [16–18, 24, 26] and carbon
chain build up (formation of C3 ions) reactions [18, 24].
In another set of experiments, the carbon surface was
heated to 600 °C and under these conditions the con-
centration of hydrocarbons on the surface decreased
more than 100-times, as indicated by the absence of the
products of the above mentioned surface chemical
reactions [18, 24] (see also results in Table 1).

Results

Collisions of C2D4
�

Mass spectra of product ions resulting from interactions
of C2D4

� with three of the investigated surfaces, SS, DO,
and DH were measured on the Innsbruck machine
BESTOF for several incident energies from a few eV up
to at least 30 eV (in case of SS up to 55 eV) to obtain the
collision energy resolved mass spectra of product ions
(CERMS curves). The data are summarized in Table 1 as
relative intensities of the particular ion in question (Ii)
divided by the sum of all product ions (	Ii), i.e., as
Ii/	Ii. The corresponding data are plotted in Figure 1a,
c, d. The Innsbruck data were supplemented with mass
spectra of product ions from collisions of C2D4

� with
carbon (HOPG) surface kept at room temperature and
heated to 600 °C, measured on the Prague apparatus
(Table 1 and Figure 1b).
The data in Table 1 and the CERMS curves in Figure

1 for collisions of C2D4
� with room-temperature SS,

diamond DO and DH, and HOPG surfaces show sev-
eral similarities. The mass spectra of product ions show
the presence of
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Table 1. Mass spectra of product ions from surface collisions of C2D4
� in dependence on incident energy (ion abundance in %

of Ii/	Ii)

Incident energy [eV]

C2D4
� stainless steel surface

m/z Ion 2,7 5,2 6,2 7,2 8,7 10,2 12,7 15,2 17,7 20,2 25,2 30,2 35,2 40,2 45,2 55,2

15 CDH� 0,9 0,5 1,4 1,5 2 2,6
16 CD2

� 1 1,1 1 2 2,2 2,3
17 CD2H� 1,4 1,9 1,9 2,2 2,1 1,8
18 CD3

� 1,1 1,2 1,3 1,3 0,8 0,8
27 C2D2H� 1,2 1,8 3,7 6,3 9,2 10,3 13,2 15,6
28 C2D2

� 1,5 3,2 8,8 14,2 14,6 16 13,3 11,8 11,7 11,3 12,5 13,2 14,4 12,6
29 C2D2H� 1 2,1 5,8 13,9 20,6 27,4 28,2 29,5 23,7 23,1 18,9 17,3 16,3
30 C2D3

� 0,9 1,6 6 10,1 15,1 24,3 28,9 33 29,8 26,5 21,1 19,1 14,1 8,5
32 C2D4

� 100 99 96,1 91,8 77,2 59,3 39,1 20,4 15,1 8,2 3 1,4 0,9 

33 C2D4H� 1 1,6 2,5 5,8 10,5 9,8 8,1 4 2,6 1,2 0,3 0,4
39 C3H3

� 0,5 1,6 2,6 3,1 3,6 5,3 7
40 C3DH2

�/C3H4
� 1 1,7 1,2 1,4 4,2 4,3 4,5 4,9 5

41 C3D2H�/C3H5
� 1,5 2,6 2,7 5,4 5,4 8,9 8,5 10,9 10,7 12,1

42 C3D3
�/C3H6

� 1,2 2,1 1,1 1,5 2,2 2,3 2,9 2,1 2,7 2,9
43 C3D2H3

�/C3H7
� 1,8 2,5 2,3 2,5 2,3 3,5 4 5 4,6 5,7

44 C3D3H2
� 1,9 1,5 1,5 1,4 0,9 1,2 0,6 1,3 1 1,1

45 C3D4H� 1,1 1 0,8 0,7 0,8 0,5 1 1,1 1 1,3
55* C4DxHy

� 0,7 1,7 1,2 1,1 1,3 2 2,4
57* C4DxHy

� 0,6 0,5 1,4 1,6 1,8 1,8 2,1

*x � 0–4; y � 1, 3, 5, 7, 9.

C2D4
� diamond-oxygen surface

m/z Ion 3.4 6,4 8,4 9,4 10,4 12,4 15,4 20,4 25,4 30,4

27 C2DH� 1,9 5,1 6,2
28 C2D2

� 8 11,2 12,6 18,7 18,6 18,1 15,9 14,9
29 C2D2H� 7,5 15,4 20 25,3 26,5 24,2
30 C2D3

� 2,8 8,9 18,2 25,2 30 31,5 29
32 C2D4

� 100 100 92 79,8 60,6 31,4 13,8 5,8 2,9 1,6
33 C2D4H� 6,2 10,4 16,3 10,2 4,2 0,9
40 C3DH2

�/C3H4
� 2 2,7 3,6 5

41 C3D2H�/C3H5
� 2,2 2,8 5,5 9,2

42 C3D3
�/C3H6

� 2,8 2,5 2,2 3,5
43 C3D2H3

�/C3H7
� 1,7 4,4 4 4,6

44 C3D3H2
� 3,4 2,3 1,9 1,8

C2D4
� diamond-hydrogen surface

m/z Ion 3.3 6,3 8,3 9,3 10,3 11,3 12,8 14,3 16,3 18 20,3 25,3 30,3

27 C2DH� 3,9 4
28 C2D2

� 0,7 1,2 2 3,8 6,8 9,7 17,1 21,5 21,4 20,7 21,4
29 C2D2H� 2,7 7 8,8 12,4 15,2 16,3
30 C2D3

� 0,3 0,9 1,4 3,7 8,4 15,6 20,7 32,9 35,9 35,2
32 C2D4

� 100 100 99,3 98,5 97,1 94,4 88,6 78,1 58,4 46,6 22,6 7,6 6,7
33 C2D4H� 0,4 0,9 1,1 1,9 2,4 3,1 2,7
40 C3DH2

�/C3H4
� 1,2 1,9 3,3

41 C3D2H�/C3H5
� 1,5 3,7 5,1

42 C3D3
�/C3H6

� 1,3 2,4 2,6
43 C3D2H3

�/C3H7
� 2,2 4,5 3,9

44 C3D3H2
� 1,3 1,7 1,6

C2D4
� carbon (HOPG) surface (room temperature and heated)

m/z Ion 6.5 8.5 9.5 10.5 12.5 16.3 31.3 46.3

Room temperature surface
27 C2DH� 1.1 2.0 5.5 10.4
28 C2D2

� 1.7 4.3 15.1 11.4 19.6 15.1 13.2 19.7
29 C2D2H� 10.9 11.0 23.9 20.4 23.5 26.0 21.4
30 C2D3

� 1.0 6.5 15.1 1’8.2 27.3 32.2 32.2 22.1
32 C2D4

� 97.3 64.3 48.6 38.1 22.4 12.2 1.0 0.4
33 C2D4H� 11.9 10.3 7.4 8.2 6.2

(Continued)
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1. Undissociated projectile ions C2D4
� (m/z 32), the

relative concentration of which decreases with in-
creasing incident energy from 100% at very low
incident energies to less than a few % above 20 eV
(with the exception of the DH surface);

2. Fragment ions at m/z 30 (C2D3
�), 28 (C2D2

�), and a
small amount at m/z 16 (CD2

�); these product ions
are formed by simple direct dissociations of the
surface-excited projectile ions and the main dissoci-
ation pathways are

C2D4
� ¡ C2D3

� �D (2a)

C2D4
� ¡ C2D2

� �D2 (2b)

C2D4
� ¡ CD2

� �CD2 (2c)

As reported earlier [2, 3, 15] and shown in our previous
papers [16–18, 24, 26], the fragmentation of the surface-

excited polyatomic projectile ion occurs after the inter-
action with the surface in a unimolecular way. The
relative abundances of these ions include statistical
contributions from reactive processes (see the next point);

3. Fragment ions C2 and C1 at odd massesm/z 33, 29, 27,
15; these ions contain one hydrogen atom from the
surface hydrocarbons and are formed in chemical
reactions of H-atom transfer between the projectile ion
and hydrocarbons on the room-temperature surfaces
(H-S) and decay via unimolecular dissociation reac-
tions of the excited C2D4H

� ion formed, as discussed
in detail earlier [24, 30]. The main dissociation path-
ways are

C2D4
� �H-S ¡ C2D4H

� � -S (3a)

C2D4H
� ¡ C2D2H

�(C2D3
�)�D2(HD) (3b)

Table 1. Continued

Incident energy [eV]

39 C3H3
� 3.2 4.5

40 C3DH2
�/C3H4

� 0.8 3.0 4.2
41 C3D2H�/C3H5

� 4.9 6.0 8.8
42 C3D3

�/C3H6
� 2.4 1.6 2.6

43 C3D2H3
�/C3H7

� 0.6 1.1 1.6

Heated surface
28 C2D2

� 35.1 18.6 22.6
30 C2D3 42.6 78.7 77.4
32 C2D4

� 22.3 2.7 0

Figure 1. CERMS curves of product ions from collisions of C2D4
� with room-temperature surfaces of

(a) stainless steel, (b) carbon (HOPG), (c) diamond-O, (d) diamond-H.
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C2D4H
� ¡ CDH�(CD2

�)�CD3(CD2H) (3c)

The C2DH
� fragment ion observed is most probably

formed via further dissociation of C2D2H
� to

C2DH
� � D in a process with a rather high activa-

tion energy (see also later on CERMS curves for neat
reaction products); the pathway C2D4H

� ¡ C2D3H
� �

D¡ C2DH
� � D2 (�D) does not seem probable due

to practical absence of m/z 31 (C2D3H
�) in the mass

spectra. The fragmentation of these reaction prod-
ucts contributes statistically [24, 30] to the abun-
dance of product ions at even masses (C2D3

�, C2D2
�,

CD2
�).

4. Product ions C3Xn
� (n � H, D) at m/z 39–44; these

products are a mixture of pure surface-sputtered
hydrocarbon ions and carbon-chain build-up chem-
ical reactions between the projectile ions and termi-
nal CH2

� groups of the surface hydrocarbon, as
discussed in detail in our previous paper [24].

However, there are also differences in the spectra
and CERMS curves for the four investigated surfaces.
The main difference is that in case of the room-
temperature DH surface the relative abundance of
the incident ion C2D4

� is considerably larger at higher
incident energies than for the other surfaces. While
the CERMS curve for C2D4

� (m/z 32) decreases to 50%
at incident energies 10–11 eV for the SS, DO, and
HOPG surfaces, for the DH surface it reaches 50%
only at 17–18 eV, and at 25–30 eV the fraction of C2D4

�

is higher (7%–8%) than for the other three surfaces
(less than 3%). The increased amount of the nondis-

sociated incident ion in interactions with the DH
surface, in comparison with the other surfaces, may
seem to imply a lower incident-to-internal energy
transfer for collisions with the DH surface than with
the other three surfaces.

Collisions of Ar�

We used the technique of sputtering as a tool to see
differences or similarities of the SS, DO, and DH sur-
faces at room temperature. Sputtering of ions is the
basis of secondary ion mass spectrometry (SIMS), a
standard method in surface studies [1, 31]. More re-
cently, sputtering by Cs� ion of keV energies has been
used successfully to characterize soft-landed biomolec-
ular ions [32, 33].
In our experiments, an intense Ar� ion beam of

incident energy from tens to 400 eV made it possible to
reach the level of physical sputtering and to detect the
secondary ion mass spectra of the sputtered ions. The
mass spectra of the sputtered ions are summarized in
Table 2 for incident energies up to 75 eV and for higher
incident energy of 400 eV.
The respective CERMS curves of the sputtered ions

(including the incident Ar� ions) are summarized in a
simplified form in Figure 2. The points represent the
sum of CnHx

� (where n � 1, 2, 3, 4, and 6) ions in the
same n-group, i.e., “26–29” is the sum of the relative
abundances for product ions of m/z � 26, 27, 28, and 29.
The product ions with relative abundance lower than
2.5% over the whole incident energy range were not

Table 2. Dominant scattered product ions from surface collisions of Ar� with stainless steel, diamond–oxygen and
diamond–hydrogen surfaces in dependence on incident energy (ion abundance in % of Ii/	Ii–relative abundance). Relative
abundance of dominant product ions of every Cn group (with the highest abundance) is bolded

Surface
Range of incident

energies
Cn group of

hydrocarbons m/z Stainless steel Diamond–oxygen (air) Diamond–hydrogen

Up to 75 eV C2Hx 27 25 20 18

28 33 7
29 25 20 10

C3Hx 39 15 10 8
41 15 15

43 10 15 25

45 8
C4Hx 55 3 4

57 4 4
C6Hx 72 5

73 5 10 15

74 4
400 eV Physically sputtered

product ions
15 9 20
28 63 55

29 21 24
30 6
23 31
39 33

40 5
52 6
56 9
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included in Table 2. The C5 group of hydrocarbons has
not been observed in any spectra.
The CERMS curves for all three investigated surfaces

show similarities in relative abundance of C2 and C3
hydrocarbon ions (about 40% at incident energies above
40 eV), only for the DH surface the abundance of C2
ions seems to be somewhat lower (30%). A significant
difference is a sudden increase of the C2 group on the
DO surface at low incident energies between 5 and 30
eV. A closer inspection shows that this increase is due to
a specific increase ofm/z 28 in this region. This ion is most
probably the sputtered CO� ion and may indicate the
presence of larger amounts of oxidized carbon com-
pounds on the DO surface, in comparison with other
investigated surfaces. The presence of the oxidized com-
pounds (ketones, alcohols) as well as the increased abun-
dance of the C6 group hydrocarbon ions (aromatic hydro-
carbons) in the spectra with DO and DH surfaces may
reflect the history of preparation of these surfaces.
In comparing CERMS curves in Figures 1 and 2, one

has to take into consideration that the absolute survival
probability of Ar� ions on a hydrocarbon-covered
room-temperature HOPG surface is only 0.005% [34],

while that of C2D4
� ion is about 1% [24], i.e., 200-times

larger. Assuming that the sputtering efficiency of low-
energy Ar� and C2D4

� are comparable, the relative
abundance scale in Figure 2 (relative to the Ar� projec-
tile) must be reduced 200 times to fit the relative
abundance scale in Figure 1 (related to the C2D4

�

projectile). Thus, the sputtered ions of relative abun-
dances of tens of percents in Figure 2 represent less than
1% in the relative abundance scale of Figure 1. Similar
conclusions on the relative role of sputtered ions can be
obtained from data on CD4

� collisions with room-
temperature HOPG surfaces [18].

Data Analysis and Discussion

Direct Dissociative Processes

The measured abundance of the product ions from
collisions of the projectile ion with different surfaces
contains contributions from two major surface pro-
cesses: ions from direct dissociative processes of the
surface-excited projectile ion and ions from surface
chemical reaction of H-atom transfer (including their
dissociation products). To separate the two contribu-
tions, the relative intensities of the product ions con-
taining an H-atom (odd masses of m/z 33, 29, 27, and 15)
and the statistical contributions of these reaction prod-
ucts to even masses (to m/z 30, 28, 16) were subtracted
from the ion abundances as given in Table 1 and Figure
1. The resulting product ion intensities, relevant to the
direct dissociative process, were re-normalized and the
resulting relative ion abundances (Ii)D/	(Ii)D were plot-
ted in Figure 3 as a function of the incident energy. The
error bars represent statistical errors in measured ion
count rates. The resulting CERMS curves for product
ions from the direct dissociative processes show three
major product ions, the non-dissociated projectile ion
C2D4

� and two fragment ions, C2D3
� and C2D2

�. The
relative abundance of CD2

�, observed only with SS
surfaces, was lower than 1% and was neglected in the
analysis.
The CERMS curves for direct dissociation on differ-

ent surfaces shown in Figure 3 are very similar for SS,
DO, and HOPG, but those for the DH surface differ
from them. For this surface the relative abundance of
the undissociated projectile decreases more slowly with
incident energy and extends to considerable higher Einc.
This increased relative abundance of the undissociated
projectile ion seems to imply a less efficient (lower)
translational-to-internal energy-transfer in collisions
with the DH surface. A plot of the ratio of relative
abundances of [C2D4

�]/[C2D2
�], the ratio of m/z 32/28,

(Figure 4a) shows, within the experimental error, a
good agreement for the surfaces SS, HOPG, and DO,
but the ratio increases considerably more steeply with
decreasing Einc for the DH surface. On the other hand,
a plot of the relative abundance of the fragment ions
[C2D2

�]/[C2D3
�], the ratio of m/z 28/30, (Figure 4b) is

very similar for all surfaces, including the DH surface.

Figure 2. CERMS curves of product ions form sputtering by
Ar� ions of room-temperature surfaces of (a) stainless steel,
(b) diamond-O, (c) diamond-H.
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This is a contradiction: if the DH surface differs from
the other surfaces in that the incident translational-to-
internal energy-transfer is lower, as the increased abun-
dance of the undissociated projectile seems to imply,
the difference should be reflected not only in the
different ratio of m/z 32/28, but also in a difference in
the ratio of m/z 28/30. The relative abundance of all
three ions in the break-down pattern of the C2D4

� ion
[35] (see Figure 5a and the next section) changes suffi-
ciently fast with increasing internal energy to expect
that both the ratio of m/z 32/28 and of m/z 28/30 should
be different for the DH surface. This contradiction
suggests that the measured abundance of the undisso-
ciated projectile ion C2D4

� (m/z 32) for the DH surface
contains an interfering contribution that does not result
from investigated inelastic surface collisions. In our
previous papers [16–18, 24, 30], we observed that the
abundance of the projectile ion in the mass spectra of
product ions may have two components (sometimes of
comparable size): a part of abundance due to inelasti-
cally scattered undissociated projectile ion from surface
collisions, and a part due to projectile ions deflected
with full incident energy in front of the surface by
surface charges without making a collision with the
surface. The latter contribution artificially increases the
intensity of the projectile ions. This contribution of
deflected projectile ions was observed to increase with
decreasing incident energy and with increasing inten-
sity of the projectile ion beam, though the phenomenon
was not investigated quantitatively in detail. This inter-
fering component of the projectile ion abundance can be
easily identified in the Prague experiments, where the

translational energy of the product ions can be mea-
sured, and the Prague data (Table 1, Figure 1b, HOPG
surface) were corrected by subtracting it, if necessary,
from the C2D4

� (m/z 32) abundance. However, in the
Innsbruck experiments, where only the relative abun-
dance of product ions can be measured without energy
analysis, this correction is not possible. The projectile
ion intensities in the Innsbruck experiments are at least
by an order of magnitude lower than in the Prague
experiments and the phenomenon of surface charges
presumably plays usually a minor role. A good agree-
ment between (corrected) Prague data for HOPG and
Innsbruck data for SS and DO surfaces, as indicated by
data in Figure 4, confirms this assumption. However,
the DH surface is reported to have a low electrical con-
ductivity [22] and the phenomenon of surface charges
may play a much more important role. An unsuccessful
experiment in Prague appears to confirm this: a prelim-
inary study of C2D4

� collisions with the DH surface
under Prague experimental conditions (a much stron-
ger projectile ion beam than in Innsbruck experi-
ments) showed practically only deflected projectile
ions with fragmentation processes reduced to a very
small contribution.
This reasoning led us to the conclusion that the

abundance of the undissociated projectile ions C2D4
�

(m/z 32) from the Innsbruck DH experiments in Figures
1 and 3 has to be corrected for an interfering contribu-
tion of the deflected ions. This correction was made by
multiplying, at different incident energies, the relative
abundance of m/z 32 in Figure 3d (DH surface) by the
ratio of the C2D4

� abundance from Figure 4 for the SS,

Figure 3. CERMS curves of product ions from direct dissociative processes of C2D4
� on surfaces of

(a) stainless steel; (b) carbon (HOPG); (c) diamond-O; (d) diamond-H (uncorrected); (e) diamond-H
(corrected, see text).
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DO, and HOPG surfaces to the C2D4
� abundance for the

DH surface. After renormalization with these corrected
values of C2D4

�, the corrected CERMS curves for the DH
surface (Figure 3e) resemble very much the CERMS
curves for the other surfaces (SS, HOPG, OD). The
dashed lines drawn in Figure 3e are in fact the CERMS
curves for the DO surface, as given in Figure 3c, and
they fit the corrected data for the DH surface quite well.
Thus, one can say that the increased abundance of the
projectile ions in the CERMS curves from experiments
with the DH surface, in comparison with the other
surfaces (SS, HOPG, DO) is not due to a different
energy-transfer in the surface collisions, but rather to an
interfering contribution from projectile ions deflected in
front of the surface by surface charges.
In conclusion, the CERMS curves of product ions of

direct dissociation processes from collisions of C2D4
�

with four different surfaces kept at room temperature
(SS, HOPG, DO, corrected DH) now look very similar,
and this implies a very similar energy transfer in ion-

surface collisions. This similarity is evidently caused by
the hydrocarbon layer that covers at room temperature
all these surfaces, as evidenced by the Ar� sputtering
experiments and by the occurrence of H-atom transfer
reactions in collisions of C2D4

� with these surfaces. The
nature of the underlying surface plays, in this respect,
an insignificant role.

Estimation of the Internal Energy of the
Surface-Excited Projectile Ions C2D4

�

Internal energy of ions activated in surface collisions
can be determined by various methods. The “thermom-
eter molecule method” developed by Cooks and collab-
orators uses consecutive fragmentation processes of
molecules like methylcarbonyls [3, 36], other methods
use the extent of fragmentation of the incident ion in
combination with the known break-down pattern of it
[37]. In our estimation of the internal energy of C2D4

�

excited in surface collisions, we used the CERMS curves
for the direct dissociative processes (Figure 3) and
followed the procedure used in our previous papers [5,

Figure 5. (a) Break-down pattern of C2D4
� [35]; (b) distribution

functions for translational-to-internal energy-transfer, P(E’conv)0
and initial internal energy of C2D4

�, P(Eint); (c) example of the
internal energy distribution of the surface-excited projectile ion
C2D4

�, P(E’int), at the collision energy of 20 eV.

Figure 4. (a) The ratio of ion abundance C2D4
�/C2D2

� (m/z 32/28)
from direct dissociative processes of C2D4

� as a function of the
incident energy for different surfaces. (b) The ratio of ion abun-
dance of fragment ions C2D2

�/C2D3
� (m/z 28/30) from direct

dissociative processes of C2D4
� as a function of the incident energy

for different surfaces.
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16, 18, 29]. This procedure is based on using different
forms of energy-transfer distributions together with the
breakdown pattern of the incident ion in question,
trying to find the best fit with the relative abundance of
the product ions in the mass spectrum of the surface-
excited ions at different incident energies. The break-
down pattern of C2D4

�, the dependence of the relative
abundances of molecular and fragment ions on the
internal energy of the molecular ion, is well known, and
the most reliable data come from threshold photoelec-
tron photoion coincidence (TPEPICO) experiments [35]
(Figure 5a).
In case of the C2D4

� projectile ion the estimation of
this energy-transfer is a more complicated procedure
than in our previous studies because the initial internal
energy of the projectile ion, Eint(C2D4

�), formed from
C2D6 in the low-pressure Nier-type ion source, is rather
large [23] and cannot be neglected in the overall energy
balance. This additional energy has to be added to the
energy converted from translational to internal energy
in the surface collision, E’conv, which changes with the
incident energy. The initial internal energy distribution,
P(Eint), was estimated for C2H4

� formed from C2H6 in
our previous paper [23], where it was also shown that
this initial internal energy is fully available as an
additional energy component in the surface-induced
dissociation processes. A simplified form of P(Eint) of
C2H4

�, as derived in reference [23], has a triangular
form, starting at 0.9 eV and decreasing linearly to 2.5 eV
(see Figure 5b).
For the shape of the distribution of energy converted

in the surface collision from incident translational en-
ergy to internal energy, P(E’conv)0, we chose a simplified
form based on the widths of the earlier determined
distributions on hydrocarbon-covered surfaces [5, 16, 18,
29]. This shape was approximated by a triangular distri-
bution with the total width of �1.2 eV (see Figure 5b).
Using P(E’conv)0, P(Eint), and different fractions of

incident translational energy of the projectile ions, we
obtained the best fit over a wide range of incident
energy, Etr, for the distribution of the internal energy of
the projectile ion excited in the surface collision, P(E’int),
(see eq1) in the form

P(E’int)� 0.10 Etr P(E’conv)0�P(Eint) (4)

An example of P(E’int) used in the calculation of the ion
abundances at the incident energy of 20 eV, P(E’int)20, is

shown in Figure 5c. The agreement between experimen-
tal and calculated abundances of ions for the direct
dissociation CERMS curves was good over the range of
incident energies 11–30 eV, as shown in comparison
with the experimental (SS and DO surfaces) and calcu-
lated spectra in Table 3. Thus, the fraction of transla-
tional energy converted into internal energy, derived
for collisions of C2D4

� with the above studied different
surfaces at room temperature, is 10% of the incident
translational energy, somewhat larger than the often
quoted value [5, 16, 20, 29] of about 6%. However, the
present case is more complicated because the final
internal energy of the surface-excited projectile ion,
P(E’int), is composed of two components of comparable
magnitude, the initial internal energy of the projectile
ion, P(Eint) and the component from net conversion of
translational-to internal energy in the surface collision,
P(E’conv).
It is worth noting that attempts to calculate abun-

dances of product ions from direct dissociation pro-
cesses with uncorrected CERMS curves for the DH
surface (Figure 3d), using different incident-to-internal
distribution functions (from 0.04Etr to 0.10Etr) did not
lead to consistent results.

Reactive Processes

The above mentioned separation of the relative abun-
dances of product ions from collisions of C2D4

� with
different surfaces into a part due to direct dissociative
processes and a part due to reactive processes at the
surface makes it possible to investigate in more detail
the reactive processes and to assess the ratio of surface
reactive versus surface dissociative and reactive processes
as a function of the incident energy of the projectile ions.
The dependence of the relative abundance of prod-

uct ions formed in reactive processes on the incident
energy, the CERMS curves of the product ions from
reactive processes, are shown in Figure 6a for collisions
of C2D4

� with DO and DH surfaces. These curves were
obtained from data in Table 1 as the relative intensity of
C2X5

� (X � H,D) at m/z 33 (C2D4H
�), C2X3

� (sum of
intensities at m/z 29 and the respective statistical contri-
bution to m/z 30), and C2X2

� (sum of intensities at m/z 27
and the respective statistical contribution to m/z 28). The
CERMS curves show that the abundance of the primary
product formed in the H-atom transfer surface reaction
(3a), C2D4H

� (C2X5
� in Figure 6a) decreases with increas-

Table 3. Comparison of experimental and calculated ion abundances for the direct fragmentation of the projectile ion C2D4
� incident

on stainless steel (SS) and diamond-O (DO) surfaces as a function of incident energy

Incident energy [eV]

m/z Ion

11 16 20 25 30

SS DO calc SS DO calc SS DO calc SS DO calc SS DO calc

28 C2D2
� 22 22 22 35 42 40 33 44.2 43.1 33.0 35.0 42.7 25.4 31.3 36.5

30 C2D3
� 10 10 15 28 28 29 42.5 38.3 38.6 52.6 53.8 49.1 66 61.1 62.4

32 C2D4
� 71 72 63 37 30 31 24.5 17.5 18.3 14.4 11.2 8.2 8.6 7.6 1.0
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ing incident energy and gives rise to fragmentation prod-
ucts C2X3

� (reaction 3b) and C2X2
�. The threshold for C2X2

�

formation is rather high (about 20 eV) and thus it supports
the above mentioned assumption that this fragment is
formed by further dissociation of the fragment C2X3

�. The
CERMS curves for DO and DH surfaces agree reasonably
well and this provides further support for the conclusion
that the energy-transfer on both surfaces is similar.
Finally, the separation of the data in Table 1 to

abundances of product ions from direct dissociative
processes and from surface reaction processes made it
possible to estimate the relative ratio of both processes
at different collision energies. The data were obtained
by summing in Table 1 the relative abundances of
product ions at m/z 27–33 related to these two groups of
processes. The results are given in Figure 6b for all four
surfaces investigated (SS, HOPG, DO, and DH) as the
relative probability of surface reaction, P(R), to the sum
of both, probability of direct dissociation and surface
reaction, P(D) � P(R). It can be seen that the ratio
P(R)/P(R) � P(D) increases from a threshold between

6–7 eV to about 70% at the incident energy of 25–30 eV
for the SS, HOPG, and DO surfaces. The increase for the
DH surface is smaller, reaching about 45%.
The threshold of 6–7 eV for the surface reaction of

H-atom transfer between C2D4
� and surface hydrocar-

bons was observed earlier [38]. It is worth mentioning
that the gas-phase reaction between the ethylene cation
and C4–C8 saturated hydrocarbons

C2H4
� �H-R ¡ C2H5

� �R (5)

is slightly endoergic by about 0.4 eV. With the above
estimated 10% translational-to-internal energy conver-
sion in the surface collision this leads to an expected
threshold at about 4 eV, in a reasonable agreement with
the observed value of 6–7 eV. The lower probability of
reactive processes, P(R)/P(R)� P(D), on the DH surface
may be connected with a stronger bonding of hydro-
carbons to this surface as suggested by higher thresh-
olds for sputtering of C2 and C3 hydrocarbons by Ar�

ions (Figure 2), in comparison with the DO surface.

Conclusions

1. Interaction of the projectile ion C2D4
� with four

different surfaces (stainless steel, carbon-HOPG,
diamond-O, and diamond-H) kept at room temper-
ature (hydrocarbon covered) was studied to inves-
tigate the influence of different surfaces, underlying
the hydrocarbon coverage, on the fragmentation
and the chemical reactions at surfaces. Mass spectra
of the product ions were measured over the range of
incident energies from a few eV up to about 50 eV
and the respective CERMS curves of the product
ions were determined.

2. The product ions observed with projectile ions C2D4
�

indicated both fragmentation of the projectile ion
C2D4

�, chemical reactions of H-atom transfer with
the surface hydrocarbons, chemical reactions of car-
bon chain build up (C3 hydrocarbon ion formation),
and a small contribution of hydrocarbon ions sput-
tered from the surface. Sputtering by Ar� ions
showed the presence of hydrocarbons on all inves-
tigated surfaces.

3. The CERMS curves of the product ions were ana-
lyzed to provide the CERMS curves for product ions
coming from direct surface-induced dissociation of
the projectile ion and those coming from chemical
reactions of H-atom transfer.

4. The CERMS curves for direct dissociation of the
projectile were (after a correction of the data for the
DH surface) very similar for all studied surfaces
and thus indicated a similar translational-to-internal
energy transfer in the surface collisions. No substan-
tial difference was found between the two room-
temperature (hydrocarbon covered) substances of di-
amond (DO and DH).

Figure 6. (a) CERMS curves for product ions from surface chem-
ical reactions from collisions of C2D4

� with room-temperature
diamond-O and diamond-H surfaces. (b) Probability of reactive
processes versus the sum of reactive process and direct dissocia-
tive processes, P(R)/P(R) � P(D), as a function of incident energy
of C2D4

� on room-temperature surfaces of stainless-steel, carbon
(HOPG), diamond-O, and diamond-H.
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5. The product ion distributions over the studied inci-
dent energy range could be fitted by an energy-
transfer distribution function that included the ini-
tial internal energy of the projectile ion and assumed
a conversion of 10% of the incident energy of the
projectile ion in the surface translation-to internal
energy-transfer.

6. The CERMS curve for reactive processes (formation
and fragmentation of C2D4H

�) on DO and DH
surfaces were very similar. The only observed dif-
ference between the two diamond surfaces at room
temperature was the ratio of probabilities of reactive
versus reactive and dissociative processes as a func-
tion of incident energy. This ratio increased from a
threshold at 6–7 eV to about 70% for the SS, HOPG,
and DO surfaces, but only to about 45% for the DH
surface.
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