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Interaction of GH," (n = 2—5) hydrocarbon ions and some of their isotopic variants with room-temperature
and heated (600C) highly oriented pyrolytic graphite (HOPG) surfaces was investigated over the range of
incident energies 1146 eV and an incident angle of 8With respect to the surface normal. The work is an
extension of our earlier research on surface interactions gf Qid= 3—5) ions. Mass spectra, translational
energy distributions, and angular distributions of product ions were measured. Collisions with the HOPG
surface heated to 600 showed only partial or substantial dissociation of the projectile ions; translational
energy distributions of the product ions peaked at about 50% of the incident energy. Interactions with the
HOPG surface at room temperature showed both surface-induced dissociation of the projectiles and, in the
case of radical cation projectilesi;™ and GH4™, chemical reactions with the hydrocarbons on the surface.
These reactions were (i) H-atom transfer to the projectile, formation of protonated projectiles, and their
subsequent fragmentation and (ii) formation of a carbon chain build-up product in reactions of the projectile
ion with a terminal CH-group of the surface hydrocarbons and subsequent fragmentation of the product ion
to GHs™. The product ions were formed in inelastic collisions in which the translational energy of the surface-
excited projectile peaked at about 32% of the incident energy. Angular distributions of reaction products
showed peaking at subspecular angles close to(l68ated surfaces) and 7@oom-temperature surfaces).

The absolute survival probability at the incident angle of &@s about 0.1% for £1,*, close to 1% for

CoHs™ and GHs', and about 36% for GHs*.

1. Introduction fusion system8Hyperthermal plasma particles may collide with

L . L . solid surfaces such as limiters and divertors in fusion devices,
Investigation of ior-surface collisions offers an opportunity eroding the material by chemical and physical processes.

to obtain |nformat.|on on abroad.range of physical and chemlcgl Charged and neutral particles emitted from the surface may
processes. Considerable attention has been devoted, espemallm . . . .
teract with the plasma and hit the surfaces again. In fusion

in the past decade, to collisions of slow ions of energies of about |, . T X
devices, carbon is widely used as the material exposed to plasma

1-100 eV7™ This energy regime is usually referred to as the and the outcome of collisions between ions and carbon surfaces
hyperthermal energy randgélh llision energy in this ran ) . . . .
yperthe energy randelhe collision energy s range is of considerable interest. Quite recently, the importance of

is comparable to or greater than typical bond energies, and the, . e L
b 9 yp 9 interaction of molecular ionic species in the gaseous phase and

projectile ion incident energy is large enough to cause bond . . . . ! . -
dissociation without obscuring the chemical nature of the in collisions with surfaces in fusion devices has been recognized,
and demand for data on collisions of slow molecular ions,

interactions. Collisions of slow ions with surfaces find many < . ) .
diatomic and simple polyatomic, has been repeatedly empha-

applications in science and technology. They offer useful * . . > o=
information on both projectiles (in particular polyatomic species) sized. The list of the molecular ion of importance in this respect

and surfaces, as well as on the characteristics of tumface ~ cONtains, besides others, ions of -5 group hydrocarbons,
interactions. H.0, CO, CQ, BeH, and SiH.®

lon—surface collisions can be a source of important data  With our recent papefwe started a systematic investigation

relevant to plasma-wall interactions in electrical discharges and of the interaction of small hydrocarbon ions(&C3) with
carbon surfaces. We described the results of our scattering
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the surface material. Collisions with room-temperature HOPG
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(to 600 °C) surfaces of highly oriented pyrolytic graphite

surfaces showed both surface-induced dissociation of the (HOPG) in the collision energy range @5 eV are reported.
projectiles and chemical reactions with the surface material. The The ion survival probability for a series of projectile ions is

projectiles showed formation of#&3* (X = H,D) in interaction

of the projectiles with terminal Cigroups of surface-adsorbed
hydrocarbons and formation of a small amount gfpEoduct
ions. Collisions of C** led, in addition, to the formation of
CD4H™ in a H-atom transfer reaction with hydrogen of surface
hydrocarbons. The surface collisions were inelastic, with 41
55% of the incident energy in product ion translation. Heating
of the surface to 60C0°C practically removed the surface
hydrocarbon layer as indicated by the absence of products o
the efficient H-atom transfer reaction. Interactions of the
projectiles with the heated surface showed only fragmentation
of the projectile ions (no chemical reactions) in inelastic
collisions with about 75% of the incident energy in product ion
translation. The ionsurface scattering method used in these
experiments was described ea#dlié? in connection with
estimation of energy partitioning in collisions of polyatomic ions

with various surfaces, namely, surfaces covered by various self-

assembled monolayet$ stainless steel covered by hydrocar-
bons®? and various carbon surfac¥s.

Earlier work on ionr-surface interaction of hydrocarbon ions
includes studies of dissociation of small hydrocarbon,,GH
and fluorocarbon, GF (n=1, 2, ...) ions on aluminum surfaces
to gain insight into surface processes in plasma procesing.
Significant charge neutralization (survival of about 0.3% for
CH,"), dissociation of projectiles, and kinetic energies of
fragments lower than 10 eV were observed for incident projectile
energies up to 150 eV. In other studies, dissociative collisions
of hydrogen ions (K", Hs™, and their isotopic variants) on a
hydrocarbon-covered stainless steel surface were investitfated.
The effect of initial internal energy of hydrocarbon projectiles
CHy™15 and GH,*16 on the extent of surface-induced fragmen-
tation of the projectiles was studied, and it was found that the
initial internal energy was fully available in the fragmentation

process. Several papers were devoted to dissociative scattering

of diatomic or small polyatomic (34 atoms) ions from single-
crystal or liquid surfaces, including energy and angular analysis
of the product ions. Negative ion formation in collisions of
hyperthermal, state-selected N@ith O/Al(111)'” and OCS

with Ag(111)8 was investigated, and conclusions about the
mechanism were made. Dissociative scattering efZ80 eV
fluorocarbon ions, CF (n = 1—3), from surfaces covered by

a perfluoropolyether liquid fild?—21 was interpreted on the basis
of elastic scattering from the surface layer terminal group.

determined, and surface-induced dissociation (SID) and chemical
reactions with the surface material are identified from the
measurements of mass spectra, translational energy, and angular
distributions of the ion products.

2. Experimental Section

The experiments were carried out with the Prague beam

gScattering apparatus EVA Il modified for iersurface collision

studies. The application of the apparatus to the described studies
was described earliér? In the present experiments, projectile
ions were formed by bombardment by 120 eV electrons of
acetylene, ethylene, or ethane (or their deuterated variants) at
an ion source pressure of abou310~° Torr. The ions were
extracted, accelerated to about 300 eV, mass analyzed by
a 90 permanent magnet, and decelerated to the required energy
in a multielement deceleration lens. The resulting beam had an
energy spread of 0.2 eV, full width at half-maximum (fwhm),
angular spread of about, 2whm, and geometrical dimensions
of 0.4 x 1.0 mn?. The beam was directed toward the carbon
target surface under a preadjusted incident an@ig. lons
scattered from the surface passed through a detection slit
(0.4 x 1 mn?), located 25 mm away from the target, 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
with 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 equipotential region was
carefully shielded by:-metal sheets. The primary beaftarget
section could be rotated about the scattering center with respect
to the detection slit to obtain angular distributions. The mass
spectra of product ions were recorded with the stopping potential
set at zero.
The energy of the projectile ions was measured by applying
to the target a potential exceeding the nominal ion energy by
about 10 eV. The target area then served as a crude ion deflector
directing the projectile ions into the detection slit. Their energy
could be determined with accuracy better than about 0.2 eV.
The incident angle of the projectile ions was adjusted before
an experimental series by a laser beam reflection with a precision
better than 1 Incident (®y) and scattering®’'y) angles were
measured with respect to the surface normal.

The carbon surface target was &% mn? sample of highly

Changes in slow ion scattering and energy transfer for clean griented pyrolytic graphite (HOPG) from which the surface layer
versus adsorbate-covered graphite surfaces were described fofa5 peeled-off immediately before it was placed into vacuum.

collisions of fullerene ion&? The extent of fragmentation, kinetic
energy of the scattered ions, and chemical reactiongiek

The sample was mounted into a stainless steel holder located
10 mm in front of the exit slit of the projectile ion deceleration

up on hydrocarbon-contaminated HOPG surface) changedsystem. The thickness of the sample holder made angular

dramatically after cleaning the surface by heating to 1000
Examples of pick-up chemical reactions of incident ions with

measurements at scattering angles smaller than abaittBe
surface parallel difficult (scattering angles’8B0°). The carbon

surface material have been described; the results have beeRgrget surfaces in the experiments were kept either at room

summarized in reviewd? Significant changes in product ion
kinetic energy distributions and the extent of incident-to-internal
energy transfer were observed in scattering studies of S)¢CH
collisions with a clean Au(111) surface and a Au surface covered
by a hydrocarbon gself-assembled monolay&t.

In this paper, we extend our previous studiekdissociative
and reactive processes in hydrocarbon-ioarbon surface
collisions to the investigation of £l," ions. Results of
scattering experiments on collisions oftG ™ (C,D2™), CoHs™,
CoHgt (CoD4™), and GHs™ with room-temperature and heated

temperature or at an elevated temperature of about60Bor

this purpose, the carbon surface could be resistively heated to
about 1000 K and its temperature measured by a thermocouple
and by a pyrometer. Practical absence of chemical reactions
with surface hydrocarbons indicated that heating the surface to

600 °C or higher decreased the concentration of hydrocarbons

on the surface more than 100 time$he temperature of 600

°C was thus regarded as sufficiently high to essentially remove

the hydrocarbon layer that covered the HOPG surface at room

temperature, and it was used in the present experiments (see
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TABLE 1: Mass Spectra of Product lons from Collisions
of Projectile lons with Carbon HOPG Surfaces Heated
to 600°C

in chemical reactions with the surface material. The most
prominent reaction is H-atom transfer with the projectile radical
ions, M™ (CoHy™, CDo™, CoHs™, C:Ds™), leading to the
product ion MH'. In addition, product ions §X,* (X = H,D)

can be observed in the spectra in lesser amounts. These ions
either may result from sputtering of the surface material or may

energy products [m/z]
(eV) projectile 13 15 18 25 26 27

28 29 30 32

11.3  GH,* 100 . . . L .
313 GD,* 97.6 2.4 be formed in chemical reactions of the projectile with the surface
' CZH; 100 R material. Their origin and mechanism of their formation will

CoHs" 116 879 05 be discussed in section 3.4. The mass spectra obtained in
C:D4* 22.3 0.9 66.8 10.0 collisions of the projectile ions with the HOPG surface heated
CoHs* 18.0 49.0 32.0 1.0 to 600 °C (Table 1) did not show products of the above-

46.3  GH," 7.3 90.7 20 mentioned chemical reactions (protonated projectile formation
CoHs" 26.1 73.9 or CX,* formation) to any measurable extent. Therefore, we
CoHs" 227 752 2.1

concluded, in agreement with our earlier findifghat at room

also sections 3.3 and 3.4). At higher temperatures, an increasingi)emp‘i‘”"‘ture the HOPG surface was covered by a layer of
emission of K ions from the sample was observed. ackground hydrocarbons. Whgn the surface was heateo! tp 600
The scattering chamber of the apparatus was pumped by a°C, this surfa(_:e layer was effectively removed, and _the collisions
2000 L/s diffusion pump (Convalex polyphenyl ether pump took place with a largely hydrocarbon-free graphite surface.
fluid) and the detector by a 65 L/s turbomolecular pump; both ~ 3.2. lon Survival Probability. The ion survival probability,
pumps were backed by rotary vacuum pumps. The backgroundS, is the percentage of ions surviving the surface collision, and
pressure in the apparatus was about 507 Torr, during the we define it as the sum of intensities of all ions scattered from
experiments the pressure was about 30- Torr due to the the target,> lp7, in relation to the intensity of the projectile
leakage of the source gas into the scattering chamber. reactant ions incident on the targktr, S; = 100} Ipv/lgT. The
guantities measured directly in the experiments are the current
of the projectile ions incident on the surfadgr, and the ion
currents of product ions reaching the detectpitpp. The
equivalent current of all product ions scattered from the target

3. Results and Discussion

3.1. Mass Spectra of Product lonsResults of measurements
of mass spectra of product ions from collisions of the projectile ' 4 IO the
ions GHa*t* CoDot*, CoHat, CHate, CDat, and GHs* with surface} Ip, has to be estimated froflpp, the discrimination
the HOPG surface heated to 600 are summarized in Table Of the apparatusl), and the angular discrimination of the
1, those from collisions with the room-temperature (nonheated) Scattering differential measuremeri¢)). The procedure used
HOPG surface are shown in Table 2. lon intensities are in the estimation ofs, was described in detail in our previous
presented as percent fractions of the total product ion intensity Paper’ It leads to an expression for the absolute survival
recorded atwz 15—45, 1, = 100/(5 ;). The spectra are shown  probability S, = 100FS, where the effective survival prob-
at three incident energies, usually 16.3, 31.3, and 46.3 eV. Theability, S = > Ipp/lrT, contains the measurable quantities and
incident angle of the projectiles waBy = 60° (i.e., 30 with the constant- summarizes all discrimination effects. From
respect to the surface). The spectra of product ions werediscrimination effects of the apparatus and from angular
measured at their angular maximum or close to it, for collision distributions of the projectile and product ions, we estimated
with the heated HOPG surface at°6@2° with respect to the for the present measuremeriis= 0.29 (including the multi-
surface) and for collisions with the HOPG surface at room plication factor of the multiplier), a value somewhat lower than

temperature a®'y = 74° (i.e., 16 with respect to the surface).
The relative ion intensities in Tables 1 and 2 are usually averagesapproximations in estimating, the values of, are presumably
of a series of experimental runs.

The spectra from the carbon surface at room temperaturevalues ofS, for collisions with both the room-temperature and
(Table 2) show a considerable amount of product ions formed heated surface, together with the relative error limits from

that in our previous study of GH ions (0.52)’ Due to the

close to the upper limit of the ion survival probability. The

TABLE 2: Mass Spectra of Product lons from Collisions of Projectile lons with Carbon HOPG Surfaces at Room Temperature

(Nonheated)

energy products /7]

(eV)  projectle 15 18 26 27 28 29 30 31 32 33 37 38 39 40 41 42 43 45

11.3 GH," 88.6 114
CoHs* 33.7 66.3

16.3 GHs*™ 46 940 12 01 0.1
CoHy™ 0.1 0.8 3.7 940 1.1 0.1 0.1 0.1
CoHs* 63.5 36.5

31.3 GH," 1.3 354 485 2.4 2.4 80 05 15
CoHs™ 30.8 67.0 2.2
C:D4* 15 155 167 425 08 12 1738 06 08 18 0.8
CoHy™ 0.3 146 635 26 147 3.1 1.2
CoHst 1.1 3.0 881 1.8 4.4 1.1 0.5

46.3 GD,* 48 320 200 265 22 16 56 36 32 05
CoHo" 1.6 39.2 410 1.9 39 115 0.9
CoHs"™ 495 474 1.8 1.3
C.D4* 05 08 70 268 153 389 05 07 05 07 21 22 34 06
CoH4™ 0.7 251 57.7 25 4.5 6.5 3.0
CoHs* 1.8 120 790 3.9 2.3 1.0
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TABLE 3: Percentage of Surviving lons, S, (%), in 10 +———TT—T T T T T T T T
Collisions of CH,* and C;H,* lons with Room-Temperature
(Nonheated) and Heated HOPG Surfaces
Einc (€V) R 80
projectile 11.7 16.3 31.3 46.3 8
c
Nonheated § 60
CDs" @ 0.12+0.03 0.224+0.04 0.26+ 0.16 3
CD,t*a 0.37+0.06 0.34+0.2 0.27+0.26 :
CDst 2 12.5+5 12.0+£5 18+ 7 2 40
CHy™  0.1+0.03 0.1+ 0.03 0.06+ 0.01 <
C,D,* 0.08+ 0.02 e
CoHz™ 6.4+ 0.4 4.1+ 0.7 2.4
CoHa* 23+06 1.2 0.7+ 0.1 0
C,Dg* 1.0+ 04 0.9+ 0.2
CHs" 0.3+£0.03 1.1+0.03 1.0+:0.1 0.3+ 0.03
0
Heated * * * * * * * * * *
CD3+ a 0.09 01 5 10 15 20 25 30 35 40 45 50 Ei5‘[5V] 60
CD;™ @ (5) 2.3 . ) . .
CDs+ 2 23 Figure 1. Dependencies of the_ relatlv_e abundance of produ_q ions on
CH,* 0.1+ 0.04 0.1+ 0.04 0.36 the incident energy for the projectile ionids*: _CE_RMS (collision- _
CoDs* 0.07+ 02 energy resolved mass spectra) curves for projectile and fragment ions
CoHs* 36402 5 scattered from the room-temperature HOPG surface.
CoHg™ 0.2+ 0.05 0.8+ 0.2
C.Ds** 0.4+ 0.05 down patterns or other relevant data necessary for it are not

available for GHz" and GHs™; in case of GH, ™, the stability
of the molecular ion over more than 4 eV above the internal
energy (IE) does not provide enough variation to calculate
reliable P(Ej,). In the case of gH,** formed by electron
ionization of ethylene, the molecular ion has a complicated initial
internal energy content (two regions of internal energy, between
0 and 0.5 eV and between 2 and 2.7 eV, see Figure 7 in ref
16), and this made an estimation BfE,) ambiguous.

3.4. Product lons from Collisions with the HOPG Surface
at Room Temperature (Nonheated)-Chemical Reactions
with the Surface Material. Mass spectra of product ions from
collisions of the projectile ions 1,7, C,D,**, CoHs™, CoHa™,
C,D4™, and GHs* with the HOPG surface at room temperature

aData from ref 7.

repeated determinations, are summarized in Table 3. For
comparison, we include in this table our data &rof CH,™
(n = 3-5) ions (in italics), published earligr.

The values of the survival probability are in general agreement
with our earlier findingé® showing considerable differences for
S, values of different ions. The survival probability o "
(C.D2*) ions was found to be about 0.1%, forH™ and
C,Hst it was close to 1%, and for i3t it was 3-6%. The
values of the survival probability did not exhibit a clear
dependence on the incident energy, and they were similar on

heated ("clean”) and room-temperature (hydrocarbon-covered) are shown in Table 2 for several collision energies between 11.3

carbon surfaces. o _ and 46.3 eV. The spectra differ from those obtained with the
3.3. Product lons from Collisions with the Heated HOPG = neated surface in that they show also contributions of ions at
Surface. Results on collisions of the prolect.lle ions with the  asses higher than the mass of the projectile ion. In the spectra
HOPG surface heated to 60CQ represent a simpler case than ¢ product ions from collisions of closed-shell ionsHG*and
those for the room-temperature surface. The mass spectra ofcH.+, the simple dissociation of the surface-excited projectile
product ions are summarized in Table 1. Only a limited number jons prevails. For these projectiles, very small amounts of ions
of mass spectra were measured at collision energies of 11.3,5f vz 39 (GHs™) and 41 (GHs*) were formed in a ratio of
31.3, and 46.3 eV. The mass spectra are rather simple, showingypoyt [39]/[41]~ 2—3 at incident energies of 31.3 and 46.3
only surface-induced dissociation of the product ions at higher g\, yse of deuterated projectiles indicated that these ions
collision energies. No products of chemical reactions with the regyjted from sputtering of the surface material induced by those

surface material could be detected. closed-shell ion projectiles.

The projectile ion GH,** (C2D,**) remains undissociated at For the projectile ion gHs"™ the dependence of the relative
lower collision energies, and only at the highest collision energy abundance of product ions on the incident energy of the
of 46.3 eV, it shows partial fragmentation (of about 8%) #iC projectile was measured in more detail, and the collision energy

(C.D™) by aloss of H(D). The projectile ion£is™ dissociates  resolved mass spectra (CERMS curves) were obtained. The data
partly by a loss of a H-atom to#l,"* (11% and 26% at 31.3  are shown in Figure 1. The CERMS curves are in very good
and 46.3 eV, respectively). The main dissociation processes ofagreement with the CERMS curves obtained earlier in Innsbruck
the cation GH,™* upon surface collision excitation are a loss with a different apparatus for collisions of thek* projectile

of H and a loss of Hto form GHs* and GH»** products, with a stainless steel surface covered at room temperature with
respectively, at increasing amounts with increasing incident hydrocarbond® This agreement indicates that the surface

energy. At 46.3 eV, only about 2% of the projectile ions remain hydrocarbon layer determines prevailingly the behavior of the
undissociated. No measurable amounts of fragmentation 6 CH surface in surface-induced dissociation.

(CHz*, CH;") could be detected. The data are in over-all  |n collisions of the radical cations 8, and GH4** (and
agreement with the break-down patterns of the molecular ions their isotopic variants) with the HOPG at room temperature,
CoHo™ and GHs*™. the product ions evidently result both from simple dissociation
Unfortunately, estimation of translational-to-internal energy of the projectile and from chemical reactions with hydrocarbons
transfer and determination &%(E;,), as carried out for colli- on the surface. The most prominent chemical reaction is H-atom
sions of other projectiles in our previous pape#d®12could transfer from the surface hydrocarbons to the radical cations,

not be done for the projectiles studied in this paper. The break- leading to the formation of the protonated projectileHg"
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Figure 3. Analysis of the contributions to the mass spectrum of product
ions from collisions of GD,™ projectiles with the HOPG surface at
room temperature & = 46.3 eV (see also mass spectrum in Table

2). Columns indicate measured ion intensities; open sections represent
fragmentation of the projectile ion; black represents contributions from
chemical reactions; crosshatching represents sputtering background. For
details, see text.

©
T
e

The data suggest that the chemical reaction leadingXg'C

] ions concerns interaction of the ethylene projectile with the

terminal CH group of the surface hydrocarbons, formation of

a GD4H3™ primary product ion, and its fragmentation by

e, subsequent dissociation of twe ¥nits to the most stable final
35 40 product ion GX3' (X = H,D), namely,
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Figure 2. Analysis of the contributions to the mass spectrum of product C,D 4+' + CH;-CH,—S—[C 3D4H3+] + (CH,—S)—

ions from collisions of GD,** projectiles with the HOPG surface at
room temperature: (e = 31.3 eV; (b)E = 46.3 eV. See also the
mass spectra in Table 2. Columns represent measured ion intensities;
open sections represent fragmentation of the projectile ion; black This hypothesis was confirmed by analysis of th&& group
represents contributions from chemical reactions; crosshatching rep-of product ions from collisions of D, with the room-
resents sputtering background. For details, see text. temperature carbon surface at the incident energy of 46.3 eV.
The data and analysis are given in Figure 3. The final ratio of
ion abundance at masses 39/40/41 was found to be 0.07:0.53:
(C2D4H™) in reactions of GHs™* (C2D4**) and further decom- 0.4, which is close to the statistical ratio 0.1:0.6:0.3 expected
position of these products. Formation of ions of thegZoup for an interaction of the incident ion,D,"* with the surface

is less probable than protonation, but the abundance of ions ofhydrocarbon terminal C¥roup, formation of a primary product
m/z 38—45 is visibly larger than in case of impact of the closed- ion C3D,Hs™, and its dissociation to $X3* by release of X

shell cations gHsz™ and GHs", and intensities at particular (X = H,D).

masses differ considerably for collisions of hydrogenated and The ratio of probabilities for different processes, namely,
deuterated projectiles. This suggests that thg@duct ions direct dissociation (DD) vs H-atom transfer (HT) vsi@action

can originate both from sputtering of the surface constituents (CR), was DD/HT/CR= 1:1:0.1 for GD4** collisions at

and from chemical reactions of carbon chain build-up with the 46.3 and 31.3 eV and DD/HT/CR: 0.1:1:0.1 for GD;** at
surface material, the differences for impact of hydrogenated and46.3 eV.

deuterated projectiles being due to formation of partially It may be expected that formation of radical sites on the
deuterated ions of the groupXy™ (X = H,D). hydrocarbon surface after the H-atom transfer, eq 1, will

Analysis of the GX,* and GXy* (X = H,D) group in the eventually lead to formation of multiple bonds in the surface
n n - 1

=t k . hydrocarbons. However, the described experiments provide no
§peqtra of @™ atincident energies 46.3 and 31.3 eV is s_hown di);ect information on surface changes Spon impaFét of the
in Figure 2a,b. There were no detectable amounts of ions at

. projectiles. This question was addressed earlier in valuable
masses aboven'z 43. The sputtered ion background was studies of growth and erosion of hydrocarbon films on surfaces

obtained by detailed analysis of many spectra of different ions, 5, interaction with hydrocarbon radicals or with hydrocarbon
and it was found to involve mostly contributions @iz 39 plasma24-27 Indeed, formation of multiple bonds on surfaces
(CsHs") and 41 (GHs"). At the above-mentioned incident s observed in these investigations.

energies, the ratio of sputtered ion intensitig89))/[! (41)] was 3.5. Translational Energy Distributions of Product lons.
estimated at close to 3. By subtraction of the sputtered Transational energy distributions of product ions were measured
contributions, the ratio of §&," ions atn/z 39/40/41/42 was  poth for heated and for room-temperature surfaces. Within the
found to be 0.05:0.25:0.49:0.25 at the incident energy of 31.3 experimental error, the velocity distributions of scattered un-
eV (Figure 2a) and 0.03:0.39:0.51:0.10 at the incident energy dissociated projectile ions and of the major fragment ions peaked
of 46.3 eV (Figure 2b). These ratios are consistent, within the at the same velocity, and they were very similar. This indicates,
experimental error, with statistical distribution of iongXG" in agreement with our earlier findings!? that the surface-

(X =H,D) formed from an intermediatesD4Hs" by subsequent  induced fragmentation of the projectile ions takes place prevail-
emission of two % molecules (the statistical ratio being 39/ ingly after the interaction with the surface in an unimolecular
40/41/42= 0.03:0.35:0.51:0.11). way.

CoXs' 4 X, — CX5" + X, (X =H,D) (1)

(CoDH™) in reactions with GH,™ (C,D,"™*) and GHs"



Collisions of Slow Polyatomic lons with Surfaces J. Phys. Chem. A, Vol. 109, No. 45, 20080213

'_‘L_, I: : T T T T T T '_L‘_'
T} W * 16.6eV
= 16.6eV = CH,
—— NON-HEATED ——— NON-HEATED
----- HEATED -----HEATED
31.3eV 4"% 31.3eV
i
32°/q; % 4 58%; ’\\
iy
AN B AL A A | LN A B | A 'l i T M T 'i T i T T
T | I
. | B 46.3eV
S, 46.3eV ; 7N
* ! i
N Calculated from | AR
i N\ product C,H," i H ' ‘
h \ \ 4 |
H Y \ E },}’ ‘ E i
55% \ ' : \
N E E \l
Y 20% }, ’l l" 154% \‘\
""I""x\{l ""I""I"'i’l'*l""I""Ii""l'
30 , 35 0 5 10 15 20 25 30
E. [eV] E', [eV]
Figure 4. Translational energy distributions of the product ionblg Figure 5. Translational energy distributions of the product ionsl£

from collisions of GHz* with (a) nonheated (room-temperature) HOPG  from collisions of GH,* with (a) nonheated (room-temperature) HOPG
surface (solid lines) and (b) HOPG surface heated to€(dashed surface (solid lines) and (b) HOPG surface heated to6DQdashed
lines) at incident energies of 16.6, 31.3, and 46.3 eV. Incident angle lines) at incident energies of 16.6, 31.3, and 46.3 eV. Incident angle
@y = 60°; numbers indicate peak energy of the distributions in % of ®y = 60°; numbers indicate peak energy of the distributions in % of
the incident energy. the incident energy.

Translational energy distributions of typical scattered non- the heated HOPG surface. This behavior is analogous to our
dissociated projectile ions are shown in Figures64for ions findings for collisions of hydrocarbon ions GH(n = 3—5).7
scattered from heated (dashed lines) and room-temperature (solidHowever, surface collisions of these smaller projectiles were
lines) HOPG surfaces. The data are shown for three different less inelastic: with the heated HOPG, the translational energy
incident energies between 11.3 and 46.3 eV. Figure 4 showsof products was about 75% of the incident energy, and with
results for GHz™, Figure 5 for GH4™, and Figure 6 for gHs*. the room-temperature surface, it was about83%, at the same
At the incident energy of 46.3 eV, where the abundance of the incident angl€.
projectile ions among the products was negligible, translational  3.6. Angular Distributions of Product lons. A summary
energy distribution of the scattered projectile was recalculated of angular distribution data for different projectile ions scattered
from the translational energy distribution of a fragment ion from heated and nonheated HOPG surfaces at different incident
assuming the same velocity distribution, that is, the postcollision energies is shown in Figure 7. In all cases, the incident angle
unimolecular dissociation (namelygi,™or C;Hs' at 46.3 eV was ®y = 60° (30° with respect to the surface, see Figure 7).
from C;Hs™, see Figures 5 and 6). The data are given as polar plots separately for heated and

The data in Figures46 clearly show that the product ions nonheated surfaces for three incident energies of 21.3, 31.3,
are formed in inelastic collisions with the surface. However, and 46.3 eV. Because angular distributions of different product
there is a substantial difference in the inelasticity of scattering ions on the same surface and at the same incident energy were
from heated and room-temperature HOPG surfaces. For heatedrery similar, data for different ions are given in one picture
(i.e., hydrocarbon-free) HOPG surfaces, the inelastically scat- (Figure 7). However, there is some difference in peaking of the
tered undissociated projectiles exhibit distributions peaking at angular distributions of product ions scattered from the heated
translational energies of 50% 8% of the incident energy. On  (® ~ 67°—68°, i.e., 22—23° with respect to the surface) and
room-temperature surfaces (HOPG covered with hydrocarbons),room-temperature surfac®f, ~ 72°—75°, i.e., 15—18° with
the peak of the translational energy distributions lies at 31%  respect to the surface). The widths of the angular distributions
4% of the incident energy (the only exception isHg™ at 46.3 are about the same for both heated and room-temperature
eV, calculated from gHs* translational energy distribution,  surfaces (about 2720°, full width at half-maximum).
where the rather broad distribution peaks at 41% of the incident In our previous pape?d® we analyzed the projectile and
energy). The room-temperature, hydrocarbon-covered HOPGproduct velocity-angle relations (peak values) for different
surface behaves therefore as a somewhat “softer” surface thanncident angles in terms of projectile and product ion velocity
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Figure 6. Translational energy distributions of the product ionslg&

from collisions of GHs" with (a) nonheated (room-temperature) HOPG
surface (solid lines) and (b) HOPG surface heated to @(dashed
lines) at incident energies of 11.6, 21.3, and 46.3 eV. Incident angle

®dy = 60°; numbers indicate peak energy of the distributions in % of . . . . . .
the incident energy. be discussed more in detail in connection with our forthcoming

components parallel and perpendicular to the surface. It turneddata for G hydrocarbons.

out that the ratio of parallel velocities of produat;X and
projectile (1) ion, (vj/v1), was the same for a variety of
surfaces for different incident angles and different incident (1) Interaction of GH,* (n = 2—5) hydrocarbon ions and
energy and equal to 0. 0.1. The perpendicular velocity =~ some of their isotopic variants with room-temperature and heated
component of the product ions),, was independent of the (to 600°C) HOPG surfaces was investigated over the range of
incident angle and increased linearly with incident energy. For incident energies, 146 eV, and at an incident angle of 60
room-temperature, hydrocarbon-covered surfaces and projectile(with respect to the surface normal). Mass spectra, translational

4., Conclusions

(ethanol cation) energy of 22.3 eV, it was 2:60.2 km/s? for energy distributions, and angular distributions of product ions
a surface covered by a hydrocarbopp GAM (self-assembled ~ were measured. This work is an extension of our earlier work
monolayer) and the same incident energy, it was-2.&m/s. on surface interactions of GH (n = 3—5) projectile ions.

The present experiments provide data for three incident (2) Collision with the heated HOPG surface led only to
energies but only for one incident angley60he available data  surface-induced dissociation processes of the projectile ions;
for CoHs™ and GHs™ (Figures 4, 6, and 7) give for the room-  product ions were formed in inelastic collision with the peak
temperature HOPG surfacé/v; = 0.66 and for the heated of the translational energy distribution at about 50% of the
surfacev;/v; = 0.78, in reasonably good agreement with the incident energy. In comparison with surface interactions of'CH
above-mentioned value for all systems studied so far. The valueions (peak ofE] at about 75% of the incident energy), the
of v, for the room-temperature HOPG surface increased collisions of GH,*' projectiles were thus more inelastic. Both
between incident energies 21 and 46 eV from 2.1 to 3.1 km/s, nondissociated scattered projectiles and fragment product ions
the former value being in good agreement with the above- had very similar velocity distribution indicating that the
mentioned value ofd, for hydrocarbon-covered surfaces. fragmentation of the surface-excited projectiles took place
However, for the heated, hydrocarbon-free HOPG surface, theprevailingly after the interaction with the surface in a unimo-
respective value af, was by a factor of 1.7 larger than that for lecular way.
room-temperature surface, increasing from 3.3 to 5.3 km/s for  (3) Collisions of the projectile ions with the HOPG surface
incident energies from 21 to 46 eV. This suggests a “mattress” at room temperature showed both dissociation of the projectile
effect in the perpendicular velocity component of the product ion and, in case of radical cations, chemical reactions with the
ions depending on the quality of the surface. The question will surface material. Translational energy distributions of the
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inelastically scattered projectiles peaked at about 31% of the publication is the sole responsibility of its authors, and it does
incident energy. Thus the collisions with the HOPG surface at not necessarily represent the views of the EU Commission or
room temperature were considerably more inelastic than thoseits services. One of the authors (Z.H.) wishes to express his
with the heated HOPG surface. This is analogous to our previousgratitude to the Leopold-Franzens Univeisitalnnsbruck for
data on CH' projectiles, where, however, the translational a Visiting Professorship (2005) during which part of this
energy of product ions peaked at455% of the incident manuscript was prepared.
energy.
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