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The interaction of selected hydrocarbon ions with tungsten surfaces, at room temperature and heated
to 600 °C, was investigated at incident energies of 15-45eV and at incident angles of 60° and 45° to the
surface normal. Results were compared with earlier published studies on carbon (highly oriented pyrolytic
graphite, HOPG) surfaces. The ion survival probability for both room temperature and heated W surfaces
was in general a factor of 2-15 smaller than on carbon (HOPG) surfaces and tended to be smaller for radical
cations (CD4** and C;D4**) than for closed-shell ions (CDs* and C;Hs*). Mass spectra, translational energy
distributions and angular distributions of product ions from collisions with W surfaces were very similar
to distributions estimated earlier for carbon (HOPG) surfaces. Mass spectra of radical cations on room
temperature surfaces indicated fragmentation of projectile ions and reactions (of H-atom transfer and
carbon-chain build-up) with hydrocarbons on the surface. Closed-shell ions showed only fragmentation
processes. On heated surfaces, only fragmentations of the incident projectile ions were observed. The
similarity of results on heated tungsten and HOPG surfaces may be due to substantial coverage of W
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surfaces with tungsten carbides originating from cracked surface hydrocarbons.
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1. Introduction

The interaction of hyperthermal ions with surfaces is of inter-
est for both fundamental and practical reasons. Investigation of
selected physical and chemical processes induced by impact of ions
of energies below 100 eV on surfaces has found, over the last two
decades, many applications [1-6] ranging from surface diagnos-
tics and surface modifications to characterization of projectile ions.
Surface-induced activation and fragmentation of projectile ions has
been used as one of the methods for characterizing structural prop-
erties of polyatomic ions from relatively simple ions [7-9] to large
biomolecules [10-18].

lon-surface collisions can be an important source of informa-
tion relevant to plasma-wall interactions in fusion systems [5];
this article is motivated in part by the requirement to understand
this issue. Consideration of tungsten and beryllium, in addition to
carbon, as a possible first wall material in the ITER tokamak has
been recently emphasized. The need to understand issues such
as wall erosion, transport and re-deposition of eroded material,
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transient heat loads, and plasma-edge physics related to material
erosion have been stressed [19]. In addition, measurements will be
of general interest in understanding surface interactions of slow
polyatomic ions.

In our earlier papers, we described the use of the ion-
surface scattering method in obtaining information on interactions
of hydrocarbon and other projectile ions with carbon surfaces
[20-24]. Data on projectile ion survival probability in collisions
with room temperature and heated (600 °C) carbon surfaces, on
fragmentation processes and chemical reactions at surfaces, and on
energy partitioning in surface collisions were obtained. The projec-
tiles were simple hydrocarbon cations C1 [20,24], C2 [22], cations
and dications C;H,*/2* (n=6, 7 and 8)[23], and model ethanol ions
[21]. One of the important findings of these studies was a large
difference between survival probabilities in surface collisions of
different ions. lons with recombination energies below 10 eV (usu-
ally closed-shell ions) exhibited survival probabilities of up to tens
of percent [20,22,23], whilst ions of recombination energies about
10-11 eV (usually radical cations) showed survival probabilities
50-100 times smaller [20,22] than for closed-shell ions.

In this paper we investigate collisions of slow (15-50 eV) hydro-
carbon ions with room temperature and heated tungsten surfaces.
The projectile ions were reactive radical cations CD4** and C,D4**
and closed-shell chemically non-reactive cations CD5* and CyHs™,
taken as representatives of C1 and C2 hydrocarbon ions, respec-
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tively. The surface was a tungsten sample at room temperature
or heated to 600 °C. Results of ion-surface scattering experiments
in which mass spectra, translational energy and angular distri-
butions of product ions are measured with respect to incident
angle and energy of selected projectile ions are described. From
the measured data, we determine ion survival probabilities and
characterize surface fragmentation processes and surface chem-
ical reactions. Translational energy distributions of the product
ions were used to determine the inelasticity of the collisions and
contributed to estimation of energy partitioning in the surface col-
lisions. The objective of the paper was to compare the results onion
survival probability, fragmentation, chemical reactions and energy
transfer at room temperature and heated tungsten surfaces with
earlier measurements for carbon surfaces.

2. Experimental
2.1. Apparatus

The experiments were carried out with the Prague beam scat-
tering apparatus EVA Il modified for ion-surface collision studies.
The application of the apparatus to the described studies was
described earlier [20-26]. Briefly, projectile ions were formed by
electron impact ionization (120 eV) of methane or ethane (or their
deuterated variants). The ions were extracted, accelerated to about
150-300 eV, mass analyzed by a 90° permanent magnet, and decel-
erated to the required energy in a multi-element deceleration
lens. The resulting beam had an energy spread of 0.2eV, full-
width-at-half-maximum (FWHM), angular spread of 1.5° (FWHM),
and geometrical dimensions of 0.4 mm x 1.0 mm. The beam was
directed towards a tungsten target surface under a pre-adjusted
incident angle @y (here 60° or 45° with respect to the surface nor-
mal), set by laser beam reflection with a precision of about 1°. lons
scattered from the surface passed through a detection slit into a
stopping potential energy analyzer. After energy analysis the ions
were focused and accelerated 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
and carefully shielded by p.-metal sheets. The primary beam-target
section could be rotated about the scattering center with respect
to the detection slit to obtain angular distributions. The incident
(@n) and scattering (®)) angles were measured with respect to
the surface normal.

The apparatus was evacuated by 13801/s (scattering chamber)
and 561/s (detector-mass spectrometer region) turbomolecular
pumps backed by rotary vacuum pumps. The background pressure
in the apparatus was about 5 x 10~7 Torr, and during the experi-
ments the pressure was about 5 x 1076 Torr due to the leakage of
the source gas into the scattering chamber. Despite the molecular
sieve trap, the use of rotary vacuum pumps led to a small back-
streaming of rotary oil vapor into the scattering chamber. As a
result, the surface of the tungsten sample was covered at room tem-
perature with a layer of hydrocarbons. This layer could be removed
by heating the surface to 600 °C or higher (as tested by the absence
of H-atom transfer reactions between radical cations and surface
material). Cooling back to room temperature led to a renewal of
the hydrocarbon layer in less than 1 h.

2.2. Tungsten surface

The tungsten surface target was a 99.9% tungsten sheet, 0.05 mm
thick (Aldridge Chemical Comp.). Before placing it into vacuum,
the surface was either mechanically or electrochemically polished.

Electrolytic polishing followed the standard procedure of dipping
the sample, as anode for 30 s into a 20% solution of NaOH in water.
The sample was mounted into a stainless steel holder located
10 mm in front of the exit slit of the projectile ion deceleration sys-
tem. The tungsten target surface in the experiments was kept either
atroom temperature or at an elevated temperature of about 600 °C.
For this purpose, the sample was resistively heated and its tem-
perature measured by a thermocouple and/or by a pyrometer. The
absence of the H-atom transfer reaction with surface hydrocarbons
indicated that heating the surface to 600 °C or higher decreased the
concentration of hydrocarbons on the surface more that 100 times
[20,22]. The temperature of 600 °C was thus regarded as sufficiently
high effectively to remove the hydrocarbon layer covering the sur-
face at room temperature. At sample temperatures above 500°C,
emission of K* ions from the sample, increasing with temperature,
was observed.

When the tungsten sample was first placed into vacuum and
kept at room temperature, the mass spectrum of scattered ions
showed, besides inelastically scattered product ions, a contribution
from incident projectile ions having full incident energy and nar-
row energy distribution. Because their energy was higher than the
energy of the scattered product ions, their apparent mass depended
ontheincident energy and appeared in the mass spectra at a slightly
higher apparent mass increasing with increasing incident energy.
This component, with a new unheated W sample, was up to 5% of
the incident ion current. Heating the sample in vacuum and cooling
it to room temperature decreased this projectile ion component to
0.05% of the incident ion current. We interpreted this component as
a fraction of the incident beam which was deflected in front of the
surface by surface charges thereby not colliding with the surface at
all (see also Ref. [25]).

Subsequent ex situ XPS analysis of the tungsten surfaces
was performed. XPS spectra of mechanically or electrochemically
cleaned W sample, placed into vacuum and kept at room tempera-
ture (unheated) in the apparatus, showed the presence of tungsten
oxides, small amounts of tungsten carbide, and C-H groups on the
surface (evidently adsorbed hydrocarbons). Heating or repeated
heating of the W sample to 600°C in vacuum led to a substan-
tial decrease of the W oxides and to a sharp increase of tungsten
carbide peaks (about 2.5 times with respect to unheated sample)
in the XPS spectra. Therefore, it appears that heating the sample
led to degradation of the surface hydrocarbons and formation of a
substantial amount of tungsten carbides on the surface. In our opin-
ion, these observations indicate the following: for a fresh sample,
the presence of micro-islands of insulating tungsten oxides caused
deflection of a fraction of projectile ions with full energy in front
of the surface (see also Ref. [24]); heating the sample decreased
the amount of oxides on the surface and strongly increased the
amount of (apparently non-insulating) tungsten carbides. The pro-
jectile beam incident on the heated W surface thus presumably
collided not only with tungsten atoms, but also with surface carbon
atoms.

3. Results and discussion
3.1. Ion survival probability

The ion survival probability, S,, is the percentage of ions
surviving the surface collision. It is defined as a ratio of the
sum of intensities of all ions scattered from the target, > Ipr,
to the intensity of the projectile reactant ions incident on the
target, Izr, expressed as a percentage: S; =100 x ZIPT/IRT (here
IrT=IrRTM + le’]‘, where Igry is the current of projectile ions actu-
ally measured on the target). The quantities measured directly in
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the experiments were Igry, and the ion currents of product ions
reaching the detector,  Ipp (calculated from the count rates at
the output of the multiplier). The equivalent current of all product
ions scattered from the target surface, ZIPT, was estimated from
the measured ZIPD, the discrimination of the apparatus (D), and
the angular discrimination of the scattering differential measure-
ments D(w)p/D(w)r, where D(w)p is the angular distribution of the
product ions and D(w)g that of the reactant ions. The procedure
used in the estimation of S; was described in detail in our previous
papers [20,22,24]. It leads to an expression for the absolute survival
probability S, =100FS.¢, where the effective survival probability,
Sefr=> _Ipp/Irt, consists of the measurable quantities whereas the
factor F summarizes all discrimination effects.

Apparatus discrimination effects were estimated as the ratio of
the ion current entering the detection slit, Igs, to the ion current
reaching the detector, Irp, Da =Igs/Irp. In the present experiments
Da=0.62 x 102. The angular discrimination factor, D(w)p/D(w)R,
was approximated by the squared ratio of the mean width (FWHM)
of the product ion angular distribution, £2p(FWHM), to the accep-
tance angle of the detection slit, §2ps, D(w)p = .Q%/.Q%S, and by
the analogous value for the reactant ion angular distribution (§2),
D(w)g = $22/$23. This gives D(w)p/D(w)g = $22/$22. The factor F
in the present measurements was then F=Da[D(w)p/D(w)g]. For
Qr(FWHM)=1.5°, F = 27.6§22, where £23 was the square of the
product ion angular distribution (FWHM) as determined from the
angular distribution measurements.

The values of S, for collisions of the above-mentioned projectile
ions with both the room temperature and heated tungsten surface
are given in Table 1. The uncertainties quoted are standard devia-
tions derived from repeated measurements and/or estimated from
the noise of signals in mass spectra measurements. All data are for
the incident angle of 60°. In addition, data for C;D4* contain survival
probabilities for the incident angle of 45° (Table 1, lines W(45°)).
For comparison, we included into this table our earlier data for S, of
the hydrocarbon ions (at incident angle 60°) colliding with carbon
(highly oriented pyrolytic graphite, HOPG) surfaces [20,22].

In general, the ion survival probability on tungsten was found
to be smaller than on carbon (HOPG) and seldom exceeded 1%.
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Survival probabilities S, (%) of hydrocarbon ions on room temperature and heated
(600°C) surfaces of tungsten and carbon (HOPG) [20,22]

Surface Incident energy (eV)
15.4 30.9 45.4
Room temperature

CDy4** w 0.03+0.01 0.033+0.01 0.12+0.04
HOPG 0.37+0.1 0.34+0.2 0.27+0.2

CDs* '\ 4.7+0.7 0.8+0.1 1.2+0.1
HOPG 12545 1245 (18+7)

CyDy W 0.17 +0.04 0.17 +0.04 0.19+0.04
W(45°) 0.05+0.02 0.10+£0.02 0.04 +£0.02
HOPG 1.0+0.5 1.0+04 0.9+0.2

CoHs* W 2.7+0.7 1.6+0.5 0.85+0.3
HOPG 1.1+£0.03 1.0+0.1 0.34+0.03

Heated

CDy** w 0.03+0.01 0.02 +0.007 0.02 +0.007
HOPG 0.5 0.23

CDs* W 1.1+03 0.5+0.04 0.5+0.04
HOPG (23)

CyDy* '\ 0.16 +0.05 0.1+0.03 0.14+0.04
W(45°) 0.01+0.01 0.07+0.03 0.04 +0.02
HOPG 0.35 0.4+0.05

CoHs* w 0.58+0.1 0.32+0.1 0.24+0.1

Incident angle 60° (for C;D4*-W(45°) also 45°).

For room temperature (hydrocarbon-covered) surfaces the ratio
Sa(HOPG)/S1(W) varied between 2 and 15, with the exception
of CyHs™ collisions, where S, values for both types of surfaces
was equal. For heated surfaces (with hydrocarbon layer practically
removed) the survival probability on tungsten surfaces was smaller,
too, but the ratio varied from 2 to 4 (C;D4°*) to more than 10
(CDg4**). Otherwise, the survival probability on tungsten shows the
same tendency as on carbon (HOPG): S; was very small for the rad-
ical cation CD4** (0.02-0.12%), somewhat (2-3 times) larger for the
radical cation C,D4°**, and considerably larger (10-100 times, about

+
CDs E_=30.9eV

cD;’ 1

3

400l ROOM TEMP. |

a

o

o
T

w
o
o
T
1

200 - R

-

o

o
T

500 25 30|

400} 1

HEATED (600°C) |

300 - cD.t

200 - R

cD,

N

15

25 .z 30

Fig. 1

Fig. 1. Mass spectra of product ions from surface interaction of C;D4** (left) and CDs* (right) with room temperature and heated tungsten surfaces. Incident energy 30.9 eV,
incident angle 60°; hatched: estimated contribution from H-atom transfer reaction with surface hydrocarbons; vertically hatched: estimated contribution of reaction of
carbon-chain build-up; crossed hatched: background from sputtering of surface material.
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Fig. 2. Translational energy distributions of product ions from collisions of CD4**, CD5*, C;D4**, and C;Hs* with room temperature (solid line) and heated (dashed) tungsten
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surfaces at incident energies of 15.4eV, 30.9eV, and 45.4 eV. Incident angle 60°. Vertical arrows indicate the incident energy.

1% or higher) for the closed-shell cations CD5* and C,Hs*. When
decreasing the incident angle from 60° to 45°, S;(W) decreased in
most cases by a factor of 2-5, in agreement with earlier data for
polyatomicions on hydrocarbon-covered stainless steel [25], where
the decrease was approximately a factor of 5 over the same range

of incident angles.
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incident energy for collisions of CD4**, CD5*, C;D4**, and C;Hs* with tungsten (points) and carbon (HOPG) (squares) surfaces. Open symbols: room temperature surfaces;
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0
0 10 20 30 40 50

Einc [eV]

60

3.2. Mass spectra of product ions

Product ion mass spectra from collisions of CD4**, CD5*, C;D4°",
and CoHs™* projectile ions with room temperature and heated sur-
faces were measured at incident energies of 15.4eV, 30.9eV, and
45.4 eV. For simplicity, we include the inelastically scattered undis-
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surfaces. Incident energy 30.9 eV; incident angle 60°.

sociated incident ion with the product ions. The mass spectra were
very similar to those of collisions between these ions with room
temperature and heated surfaces of carbon (HOPG) [20,22], both in
the extent of fragmentation of the incident ion, in chemical reac-
tions with the surface material on the room temperature surface,
and in the ratio of the contributions of direct fragmentation to
surface chemical reactions. As for room temperature carbon sur-
faces, the main chemical reactions were H-atom transfer and C;, X, *
(m=2 and 3; X=D and H) ion formation in reactions of the radical
cations CD4** and C;D4** with terminal CHs;- groups of the sur-

face hydrocarbons [20,22]. Collisions of the closed-shell projectile
ions CD5* and C,Hs* with W surface at room temperature showed
only fragmentation of the projectile ion. On heated surfaces only
fragmentation processes were observed for all studied ions.
Examples of mass spectra are given in Fig. 1 for collisions
of C;D4** and CDs** with incident energy of 30.9eV on room
temperature and heated (600°C) tungsten surfaces. On the room
temperature surface, the radical cation C;D4** shows simple frag-
mentation to C;D3* and C,D,**, H-atom transfer reactions (forming
C,D4H* and its dissociation products C;D3* and C;D,H*, C;D4*



234 A. Pysanenko et al. / International Journal of Mass Spectrometry 277 (2008) 229-235

and C,DH**—hatched in Fig. 1), and carbon-chain build-up reac-
tions with surface hydrocarbons leading eventually to C3X5* (X=H
and D) (vertically hatched in Fig. 1, see also Ref.[22]). On the heated
W surface, the chemical reactions were no longer observable; only
fragmentation of the incident projectiles was observed. This was
attributed to the strong decrease in hydrocarbon coverage on the
surface [20,22]. With the closed-shell CDs* projectile, only partial
fragmentation to CD3* was observed.

3.3. Translational energy distributions of product ions

Translational energy distributions of product ions, P(E{,), from
collisions with room temperature (solid line) and heated (dashed)
tungsten surfaces are shown in Fig. 2. The incident angle of the
projectile ions was 60°. Within experimental error, velocity dis-
tributions of scattered undissociated projectile ions and major
fragment ions peaked at the same velocity were very similar. This
indicated, in agreement with our earlier findings [20-26], that
surface-induced projectile ion fragmentation occurred predomi-
nantly after interaction with the surface in a unimolecular manner.
The P(E{,) data in Fig. 2 refer to inelastically scattered undissoci-
ated product ions whenever possible; at higher collision energies,
when the signal of undissociated product ion was not measurable,
the data were recalculated from translational energy distributions
of the fragment ions (CD3*, C;D3* and C;H3*) assuming the same
velocity distributions. All data were measured at the maximum of
the angular distributions (see following paragraph). Translational
energy distributions showed that the energy of surface-scattered
productions was substantially smaller (by about 50-70%) than their
incident energy. Peaks of distributions for collisions with the heated
tungsten surface were located at somewhat higher energies than
for room temperature surfaces. In general, the characteristics of col-
lisions with tungsten and carbon (HOPG) surfaces were similar. This
may be attributed to considerable amounts of tungsten carbides on
the heated tungsten surfaces, as indicated by the ex situ ESCA anal-
ysis (see Section 2.2); incident ions may collide with carbon from
the tungsten carbides formed by cracking the surface hydrocarbons
upon heating the samples.

Fig. 3 shows a comparison of peak locations for product ion
translational energy distributions scattered from tungsten and car-
bon (HOPG) surfaces (data from Refs. [20,22,24]). The peak values of
P(E;,), plotted as aratio of the peak translational energy of scattered
ions, E’{’r, to the incident energy Ej,, E’fr/Emc, are shown as a func-
tion of Ej,¢. The fraction of incident energy transferred into product
ion translational energy increased somewhat with incident energy.
For surfaces heated to 600 °C, the ratio E’tpr/Emc was usually 5-30%
higher than for room temperature surfaces. Data for tungsten and
carbon (HOPG) were in most cases very similar.

For C,D4** collisions, translational energy distributions were
measured for incident angles of 60° (Figs. 2 and 3) and 45°. For
the incident angle of 45°, P(E{,) peaked at 17% (21%), 21% (22%),
and 19% (48%) (numbers in parentheses referring to measurements
on heated surface) for incident energies of 15.4eV, 30.9eV, and
45.4 eV, respectively. The values can be compared with those for an
incident angle of 60°, namely 21% (23%), 25% (36%), and 48% (53%)
(see datain Figs. 2 and 3). The fraction of incident energy in product
translational energy thus increased with decreasing incident angle
(measured with respect to the surface normal), in agreement with
our earlier observations [25].

3.4. Angular distributions of product ions

Fig. 4 shows examples of angular distributions of product ions
scattered from room temperature and heated tungsten surfaces

at the collision energy of 30.9eV (incident angle 60°). In gen-
eral, the angular distributions were very similar to those obtained
with carbon (HOPG) surfaces [20,22]. The angular distributions
peaked at sub-specular angles of 70-75° and there was only a
very small shift of the angular maximum to higher scattering
angles with increasing incident energy (from 70-75° to 75-80° for
energies from 15eV to 45eV). Analogous behavior was found in
studies of CDs* on HOPG surfaces [20]. Peaking of the angular dis-
tributions at sub-specular angles was presumably caused by the
inelastic character of surface collisions [25,26]. Angular data were
important in estimation of survival probabilities, S, (see Section
3.1).

4. Conclusions

(1) The ion survival probability of the investigated ions for both
room temperature and heated W surfaces was in general 2-15
times smaller than on carbon (HOPG) surfaces. Ion survival
probability tended to be smaller for radical cations (CD4** and
CyD4°") than for closed-shell ions (CDs* and CyHs*). For the
incident angle of 60° (to the surface normal) the values of S, (W)
were 0.03% for CD4**, 0.2% for C;D4°*, 0.5-4% for CDs*, and
0.2-2% for CoHs™.

(2) Production mass spectra from collisions of radical cations CD4**
and C;D4°** on room temperature W surfaces, suggested the
occurrence of simple projectile ion fragmentation and of reac-
tions with hydrocarbons adsorbed on to the room temperature
surface. These observations are similar to those for collisions
with room temperature carbon (HOPG) surfaces. Reactions with
absorbed hydrocarbons were namely H-atom transfer leading
to the formation of CD4H*(C,D4H*) and their fragmentation
products, and carbon-chain build-up reactions (formation of
CyX3* and C3X3*, X=H, D in reactions with terminal CH3-
groups of the surface hydrocarbons). Closed-shell ions (CDs*
and C,Hs*) exhibited only fragmentation processes. On heated
surfaces, only fragmentation of the incident projectile ions was
observed.

(3) Translational energy and angular distributions of product
ions from collisions with W surfaces were very similar to
data obtained earlier for carbon (HOPG) surfaces. Transla-
tional energy distributions (at the maximum of the angular
distribution) peaked at 30-50% of incident energy; the
peak shifted somewhat to higher energies with increas-
ing incident energy. In collisions with W surfaces heated
to 600°C the maximum of the translational energy distri-
butions was 5-30% higher than with room temperature W
surfaces.

(4) The similarity of results on heated tungsten and HOPG sur-
faces may be caused by substantial coverage of W surfaces by
tungsten carbide, originating from cracked surface hydrocar-
bons.
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