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Abstract 

Dynamics of Inelastic and Reactive Gas-Surface Collisions 

by 

Laura Ann Smoliar 

Doctor of Philosophy in Chemistry 

University of California at Berkeley 

Professor Yuan T. Lee, Chair 

The dynamics of inelastic and reactive collisions in atomic beam-surface 

scattering are presented. The inelastic scattering of hyperthermal rare gaseous 

atoms from three alkali halide surfaces was studied to understand mechanical 

energy transfer in unreactive systems. The dynamics of the chemical reaction in 

the scattering of H(D) atoms from the surfaces of LiF(OOl) and the basal plane of 

graphite were also studied. 

1 

First, the energy transfer from hyperthermal He atoms and Ne atoms to the 

(001) faces of LiF and NaCl single crystals was determined by measuring time-of

flight spectra for the incident and scattered atomic beams. In addition, the angular 

dependence of scattering was explored with respect to two angles: ei, the angle 

between the beam and the surface; and <l>i, the angle of the beam with respect to 

the [1 00] surface direction. To extend this study, the hyperthermal scattering of the 

series of rare gas atoms: Ne, Ar, Kr, and Xe from a rough Csl surface is 



2 

discussed. The experimental results are compared to the predictions of a classical 

impulsive collision model, where energy transfer is dependent on the masses of the 

collision partners and not on the collision energy. 

Second, the dynamics of the formation of products in the reactions of H(D) 

+ LiF(OOl) and D + graphite are discussed. The last step in the reaction and 

subsequent desorption of the newly formed product are probed by measuring the 

time-of-flight spectra of the HF, DF, CD4 , C2D2 , and C2D4 product molecules as 

they leave the surface. There is evidence for exit channels in the potential energy 

surfaces of all the products observed, and in addition two types of surface reaction 

mechanisms are seen: Eley-Rideal and Langmuir-Hinshelwood. 
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Chapter 1 

Introduction 

1 

The dynamics of collisions between gaseous molecules and a solid surface 

are of fundamental importance for understanding gas-surface reactions. 1 The work 

presented here explores gas-surface interactions at the molecular level, both 

unreactive and reactive, with a focus on the role of energy transfer between the gas 

and the surface, energy partitioning in reaction products in the case of reactive 

colli~ions, and a mechanistic picture of the events taking place on the surface. 

The use of supersonic atomic or molecular beams to study gas-surface 

dynamics has been well established. 2'
3 The supersonic beam introduces gaseous 

atoms or molecules into the collision zone with a well defined velocity. In the 

hyperthermal scattering of rare gaseous atoms of Chapters 2 and 3, the incident 

energy of the atoms is well controlled by using the seeded beam technique and 

adjusting the temperature of a resistively heated rhenium nozzle. 4 In addition, 

beams of reactive radical species can be introduced with well-defined incident 

energies. Reactive H and D atoms are used in the scattering experiments described 

in Chapters 4 and 5. 

We built a machine called the "Gas-Surface Machine" (GSM) to do the 

experiments presented in this thesis. The machine, which is described in detail in 

/ 
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Chapter 2, allows for direct velocity measurement of particles as they evolve from 

the surface without undergoing any other collisions. The mass of the particles is 

also known, and so the translational energy is obtained. In the case of reactions, 

the translational energy distributions of individual reaction products from a complex 
I 

system can be measured individually (Chapter 5). The translational energy 

distribution of the products reflects the dynamics of the last step in the gas-surface 

interaction. In the case of a inelastic scattering, the energy lost to the surface from 

different types of collisions is obtained. In the case of reactions, important features 

of the exit channel of the potential energy surface are revealed, such as whether 

there is a barrier and how energy is partitioned. The geometry of the GSM is such 

that the angle between the incident beam and the detector axis is always fixed at 

90°. The angles 8i, between the incident beam and the surface plane, and <j>i, the 

angle with respect to a direction along the lattice of the crystal (in the case where it 

is well defined, i.e. the [100] direction in LiF(001)), were varied so that 8i + 8s= 

90° and <i>s= <l>i + 180°. The change in scattered product flux with these angles gives 

a better understanding of the mechanisms for either energy loss (Chapters 2 and 3) 

or product formation (Chapters 4 and 5) occurring at the surface. 

The ultimate goal we strived to achieve was to learn about the dynarr~ics of 

individual reaction products from a gas-surface reaction. However, as we were 

working with a new machine and also wanted to understand the role of energy 

transfer in gas-surface collisions, we decided to start with a less complex system. 

Thus, we chose to start with hyperthermal scattering of rare gaseous atoms from 
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various alkali halide surfaces: LiF(OOl), NaCl(OOl), and Csi(rough). The rationale 

was that an understanding of energy transfer in collisions of unreactive systems 

would be important for later sorting out chemical and non-chemical effects in mo~e 

complex reactive systems. In other words, we wanted to be able to later distinguish 

true chemical effects from purely mechanical ones when looking at the different 

features in a measured time-of-flight spectrum. As it turned out, the reactive 

systems studied involved H and D atoms, which are quite light, and so the 

mechanical effects are minimal. However, it is anticipated that if scattering with 

heavier atoms such as Cl or other halogens is explored in the future, mechanical 

energy transfer will be an important aspect of the observed dynamics when the 

collision energy is in the hyperthermal regime. 

Chapter 2 describes the hyperthermal scattering of He atoms and Ne atoms 

from LiF(OOl) and NaCl(OOl). Time-of-flight spectra are measured for the atoms 

as they leave the crystal surface, and translational energy distributions are obtained 

that reflect how much energy the atom has left over after the collision event at the 

surface. The series of rare gas atoms: Ne, Ar, Kr, and Xe was used for , 

hyperthermal scattering off a rough surface of Csi, and these experiments are 

reported in Chapter 3. In both these experiments, the ideas behind the binary 

collision models often used to describe classical collisions are tested. 1
'
5 In 

particular, the idea that the energy transfer in the collision is solely dependent on 

the masses of the collision partners and not the incident energy can be well tested 

by looking at a range of rare gases on different alkali halide surfaces. 
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The real goal of this project was to study reactive systems, and so the 

second half of this thesis describes the reaction dynamics of H or D atoms scattered 

from two different surfaces, LiF(OOl) and the basal plane of HOPG graphite. The 

kinetics of many gas-surface reactions have been studied effectively using 

molecular beams,6
-
12 but the dynamics have not been as frequently explored. The 

dynamics of some reactions important to catalysis, such as the oxidation of CO on 

platinum and the oxidation of deuterium on platinum have been studied. 13
-
14 

However, the reactions reported in Chapters 4 and 5 are etching reactions, where 

the substrate itself is one of the reactants. The dynamics of etching reactions have 

not been studied extensively. F. A. Houle has studied the dynamics of silicon 

etching by XeF2, but in that case the reactant is introduced using an effusive beam 

and modulated beam techniques are used to monitor product evolution.15 The 

dynamics of etching products from Cl2 etching of GaAs(ll0)/6 Cl2 etching of 

Si(lll ), 17 and Cl2 etching of GaAs(l 00)18 have been reported using similar time-of

flight techniques to what is used in this thesis. 

In Chapter 4, the reaction of H(D) + LiF(OOl) is studied by measuring the 

time-of-flight of the HF or DF product of the gas-surface reaction. In addition to 

learning about the exit channel of the potential energy surface for this reaction, 

which has a barrier, the mechanism of the reaction is determined to be of the Eley

Rideal type. The Eley-Rideal mechanism refers to reactions that occur between a 

gaseous atom and a surface atom or surface adsorbate. The other common 

mechanism, more commonly reported for catalysis reactions, is the Langmuir-
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Hinshelwood mechanism, which is a reaction between two adsorbed species on the 

surface to form a product that is then released into the gas phase.19
•
20 

In Chapter 5, the reaction of D atoms with a graphite surface, producing 

CD 4, C2D2, and C2D 4 is reported. C2H4 was not seen previously in modulated 

molecular beam work of the H + graphite reaction when an effusive source of H

atoms was used. 11 Here the D-atoms, produced in a supersonic beam, have an 

incident kinetic energy of -7.5 kcal/mole and the flux is two orders of magnitude 

higher. The translational energy distributions for all three products are obtained, 

giving information about the potential energy surfaces involved in the three 

reactions. In addition, evidence for both the Eley-Rideal and Langmuir

Hinshelwood mechanisms is presented. In the case of CD 4 formation, there is 

evidence that both mechanisms operate simultaneously, while for C2D2 and C2D4, 

the Langmuir-Hinshelwood mechanism governs the reaction. 
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Chapter 2 

Scattering of Hyperthermal Rare Gas Beams from Two Alkali Halide Surfaces 

Introduction 

We have investigated the energy transfer in collisions between hyperthermal 

rare gas atoms and the surfaces of alkali halide crystals using atomic beam surface 

scattering. In this chapter, the experimental results for the following four systems 

are addressed: He-LiF(001), Ne-LiF(001), He-NaC1(001), and Ne-NaC1(001). He 

atoms, with collision energies in the range [3 < Ei(kcal/mole) < 20], and Ne atoms, 

with collision energies in the range [13 < Elkcal/mole) < 66], were incident on 

each surface, and the time-of-flight spectra of the scattered atoms were recorded 

under single-collision conditions. The angles Si between the incident beam and the 

surface plane, and <l>i the angle with respect to the [100] surface direction, were 

varied with the detector fixed at 90° from the beam so that ei + es = 90° and <l>s = 

<l>i + 180°. By measuring the time-of-flight spectra of the recoiling atoms for a 

given incident beam energy, details about the dynamics and the energy transfer in 

the atom-surface collision are obtained. 

Gas phase investigations of collisions between rare gas atoms and alkali 

halide molecules showed that the energy transfer could be distinguished for two 

different near collinear configurations and modelled by the impulse approximation. 1 
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An important feature of the impulse approximation for the fractional energy 

transfer, L).E/E, is the dependence on the masses of the colliding species and the 

independence of collision energy: 

(1) 

where Ma is the mass of the free atom, Mb is the mass of the target atom in the 

diatomic molecule, and Me is the mass of the second atom in the diatomic 

molecule. For example, the energy transfer in collisions between Xe and CsBr in 

the following two collinear configurations was quite different: 

Xe+Brcs, (2) 

Xe+CsBr. (3) 

The experimental results showed 95% energy transfer for (2) and 61% energy 

transfer for (3), and predictions based on the impulse approximation were 95.0% 

for (2) and 60.7% for (3).2 

To predict the energy transfer in the case of a free atom (MJ hitting a 

surface atom (Mb), we let Me~ oo. The equation for energy transfer then becomes: 
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and is valid when Ma::::; Mb.3
'
4 We have studied the scattering of He atoms and Ne 

AE 
E 

(4) 

atoms from LiF(OOl) and NaCl(OOl) surfaces to determine if 1) the energy transfer 

is dominated by the impulsive collisions between the rare gas atoms and individual 

atoms comprising the alkali halide surface, 2) ilE/E is independent of collision 

energy as predicted by this simple model, and 3) the model predicts the energy 

transfer from rare gas atoms of different masses to alkali halide salts containing 

different masses for the anion and cation. It is our hope that a full understanding 

of energy transfer in the hyperthermal regime of these non-reactive systems will 

help in future studies of reactive systems where chemical effects and non-chemical 

effects both play a role in the dynamics of the gas-surface interaction. 5 

While there is a wealth of data on the scattering of light rare gases, most 

frequently He atoms, from the surfaces of LiF and NaCl,6 at low collision energies 

(on the order of several me V), the scattering in the energy range of up to 3e V has 

not been widely studied. Low collision energies were used to study diffraction, 

elastic, and inelastic scattering from these surfaces. The goal of these low energy 

inelastic scattering experiments was to understand the energy transfer to and from 

single phonon modes, and great pains were taken to minimize multi-phonon 



scattering. 7 Our experiments, on the other hand, are in an energy regime where 

highly inelastic scattering events, involving the creation of a large number of 

phonons, can be studied. Such hyperthermal scattering has been studied for Xe 

scattered from the surfaces of GaAs(llO), Ag(lOO), and Ge(100),4 but there is no 

systematic study of the alkali halide salts. Saecker and Nathanson8 have, 

investigated the scattering of Ne, CH4, NH3, and D20 with surfaces of 

perfluorinatedpolyether, glycerol, and squalane using similar beam-surface 

scattering experiments. These studies of atomic and molecular collisions with 

liquid surfaces show impulsive collision behavior and give insight into what 

functional groups the incoming gas particles see in collisions with the liquid 

surface. 

11 

In the experiments described in this chapter, the mechanisms of energy 

transfer from the incoming rare gas atom to the alkali halide surface are described. 

The time-of-flight spectrum of the recoiling atom reflects the amount of energy the 

particles retain after collision, and since the incident energy of the atomic beam is 

known, the energy transfer to the surface is easily calculated. The features in the 

time-of-flight spectrum reveal what types of energy loss occurred at the surface. It 

will be shown, for example, that Ne atom collisions with each surface show two 

distinct features whereas He atom scattering shows only one. From the large 

amounts of energy transferred to LiF(OOl) and NaCl(OOl), especially in the case of 

Ne atom scattering, it can be concluded that these crystals are not behaving as 

rigid walls. Rather, such highly inelastic collisions suggest that the crystal is 
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flexible, which is not surprising if many phonon modes are excited in the energy 

transfer process. 

Experimental 

The atomic beam surface scattering apparatus, shown schematically in Fig. - . 

1, was used for the experiment. A continuous supersonic beam of rare gas atoms 

was produced and their time-of-flight after scattering from the surface of an alkali 

halide single crystal mounted on a three-axis rotatable manipulator was measured. 

The source-detector angle is fixed at 90°, and the crystal can be rotated to change 

the incident angle between the beam and the surface, ei> as well as the orientation 

of the [ 1 00] direction of the crystal, <j>;. 

A resistively heated rhenium nozzle with a .007'' diameter hole, described 

elsewhere,9 is used to generate a supersonic beam of rare gas mixtures. Seeded 

beams were made with 1% He in H2 and 0.6% Ne in H2. The beam velocity and 

speed ratio were characterized for each mixture as a function of 1) stagnation 

pressure, and 2) the power used to heat the nozzle, on a crossed molecular beams 

apparatus by measuring beam time-of-flight using a spinning slotted wheel chopper 

and with the detector looking directly into the. beam. 10 The time-of-flight data were 

fit to the following equation, which is appropriate for a supersonic beam: 

(5) 

where N(v) is a number density distribution of speeds; ~= m/2kT5 , in (rnlsY2
, 
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characterizes the width of the distribution (where Ts is the "translational 

temperature" of the beam); and v0 is the most probable velocity in the distribution, 

N(v). The beam energy is calculated from v0. The speed ratio, S= v0(p)Y> > 1, 

characterizes the quality of the supersonic expansion. 11 The nozzle temperature was 

determined by measuring beam time-of-flight for pure Ne and also using optical 

pyrometry. The results of the characterization using beam time-of-flight 

measurements are shown in Fig. 2. The stagnation pressure was adjusted to create 

a good expansion as the temperature of the nozzle was increased. Speed ratios of 

5-8 and 6-11 were obtained for the 1%He/H2 and 0.6%Ne/H2 mixtures, 

respectively. 

The atomic beam source is differentially pumped by a 6,600 1/s diffusion 

pump backed by a 169 cfm mechanical booster pump (Edwards EH250F/E2M40F) 

in the source region,12 which contains a .017" tungsten skimmer, and a 1,500 1/s 

diffusion pump in the differential region containing a .065" stainless steel skimmer. 

The main chamber is pumped by two liquid nitrogen baffled 3,000 1/s diffusion 

pumps. A three-axis rotatable manipulator equipped with a surface heater (Vacuum 

Generators) is mounted in the main chamber so that the axis of rotation lies 

perpendicular to and at the intersection of the molecular beam and the axis of the 

detector. A cross-correlation mechanical chopper wheel lies in between the surface 

and the detector to chop the atoms recoiling from the surface, allowing for time-of

flight measurements. 13 The flight length from the chopper _wheel to the ionizer is 

23.9 cm.14 The UHV detector is a triply differentially pumped quadrupole mass 
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spectrometer (Extrel), with each region pumped by a 400 1/s magnetically 

suspended turbomolecular pump (Seiko-Seiki) collectively backed with a Diffstak 

(Edwards Model 63). A Brink type electron bombardment ionizer with an 

effective length of 1.5 em, housed in a liquid nitrogen cooled copper insert, ionizes 

atoms (ionization efficiency is 1 04
) as they fly in from the interaction region. 

Electrostatic lenses guide newly formed ions entering and exiting the quadrupole 

filter, and a channeltron electron multiplier (Galileo) multiplies the ion signal. The 

pulses from the channeltron are sent to a multichannel scaler (Stanfo:rd Research 

SR430), which is interfaced through a GPIB interface (National Instruments) to a 

486-25 PC, where time-of-flight data can be co-added and uncorrelated from the 

pseudo-random sequence of the cross-correlation chopper wheel. 13 

Results 

, For each surface, the time-of-flight spectra of recoiling He atoms and Ne 

atoms were taken as a function of incident energy, while holding the angles ei and 

<l>i fixed at 45° and 0°, respectively. The energy transfer as a function of collision 

energy was investigated in this measurement. The time-of-flight spectra were also 

taken at fixed collision energy and ei for varying <l>i· Some features of the time-of

flight spectra aie more distinguishable at certain values of <l>i· Time-of-flight 

spectra were also measured at a fixed collision energy and <l>i over a range of 8i, to 

determine whether energy is preferentially lost in the parallel or perpendicular 

directions to the surface. In all the following experiments, the integrated signal 
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from the time-of-flight spectra as a function of ei has a maximum at ei= 45°' 

indicating that energy is lost equally in the parallel and perpendicular directions to 

the surface. The results for the ei dependence of the time-of-flight spectra are 

independent of collision energy. Since the systems have the same ei dependence, 

only one example, the case of Ne atoms scattered from NaCl, is illustrated below. 

Scattering from LiF(OOl) 

He atom scattering from LiF(OOl) was measured in the range from 3-20 

kcal/mole for 8;= 45" and <j>i= o·. The crystal temperature was maintained at 656-

666 K to prevent adsorption of water or other background gases. Two time-of

flight specta are shown in Fig. 3, one for Econ= 3 kcal/mole (Fig. 3a) and one for 

Econ= 20 kcal/mole (Fig. 3b). The time-of-flight spectra for He atoms scattered 

from LiF(OOl) show only one peak. When the time-of-flight spectra from Fig. 3 

are converted into translational energy distributions, Fig. 4, the peak energy and the 

maximum energy of the scattered beam can be determined by the leading edge in 

the time-of-flight spectrum. The translational energy distribution is calculated using 

the method of forward convolution, taking into account instrumental parameters 

such as the spread in the time-of-flight due to the width of the ionizer. 15 

In the low collision energy He atom time-of-flight spectra, it is clear that the 

maximum energy extends out beyond the incident beam energy, Fig.3a. In Figs.4a 

and 4b, two translational energy distributions are shown, corresponding to the two 

channels used in constructing the fit to the time-of-flight spectrum. The second 
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channel (Fig.4b) is a Maxwell-Boltzmann distribution for the surface temperature of 

the crystal, and the first channel (Fig.4a) is adjusted so that the total fit matches the 

data. Notice that for the second channel, the Maxwell-Boltzmann distribution, the 

translational energy distribution extends out to energies corresponding to the 

leading edge of the time-of-flight spectrum. However, to get a good total fit, the 

first channel must also extend out to energies beyond the collision energy. There 

are therefor atoms that gain energy from the hot surface. This effect is reproduced 

in molecular dynamics simulations that were performed to try and better understand 

the experimental results. 16 The percentage of the energy transferred, %Etrans.' based 

on the collision energy and the peak maximum in the translational energy 

distribution for recoiling atoms is calculated according to : 

(6) 

and the results are in displayed as the open circles in Fig. 5. 

The variation of the time-of-flight spectrum with <l>i was investigated at Econ= 

12 kcal/mole for ei= 20°' 45°' and 60°. There is not much of a shift in the leading 

edge of the time-of-flight with changing <!>j, however the intensity of the scattering 

peak decreases as <l>i is increased, Fig. 6. The change in the time-of-flight peak 

maximum with <l>i is quite small, especially for ei= 45°, in both the experiments and 

the simulations for He atom scattering. Variations of the spectra with <l>i are 

generally more clearly seen at small and large values of ei, i.e. away from ei= 45°. 
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Ne atom scattering from LiF(001) was investigated in the range of beam 

energies 13-66 kcal/mole. Time-of-flight spectra for the Ne atoms have a fast 

sharp peak and a slow tail. When these time-of-flight spectra are transformed into 

translational energy distributions, it is clear that there are two energy loss peaks, 

one that involves a relatively small energy loss (fast time-of-flight peak) and one 

that is almost 100% energy loss (slow time-of-flight peak). In Fig. 7a, a Ne atom 

time-of-flight is shown with a corresponding translational energy distribution for 

8i= 20° (Fig. 7b). At 8i= 20° slow Ne atoms are clearly seen in the time-of-flight 

spectrum. The slow peak is not as clear in the time-of-flight spectrum when ei is 

closer to 45°, but is still seen when transforming the time-of-flight data into a 

translational energy distribution. The slow part of the time-of-flight spectrum 

cannot simply be fit to a Maxwell-Boltzmann distribution for the surface 

temperature in this case. The energy loss of Ne atoms was measured as a function 

of collision energy for fixed ei= 45° and <l>i= 0° with crystal temperatures in the 

range of 659-664 K. The results are presented as the open squares and diamonds 

in Fig. 5. 

Time-of-flight data for Econ= 45 kcal/mole were taken at 8i= 20°, 45°, and 

60° for <l>i values between 0° and 40°. The experimental findings show that at ei= 

20° and 45° there is no noticeable <!>; dependence, but for 8;= 60°, the peak position 

and leading edge of the time-of-flight change with <!>;, Fig 8. There is a small peak 

shift to longer times as <!>; increases from 0° to 40°. In addition, the intensity for 



the <j>i= 0° peak is larger thari the intensities for the larger values of <j>i, which are 

similar to one another. 

Scattering from NaCI(OOl) 
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The collisional energy dependence of He atom scattering from NaC1(001) 

was investigated for beam energies in the range 3-20 kcal/mole. As in the case of 

scattering from LiF(001), only one time-of-flight peak is seen, corresponding to one 

peak in the translational energy distribution. Fig. 5 (filled circles) shows the results 

of the collisional energy dependence study for ei= 45° and <l>i= oo with crystal 

temperatures from 640-654 K. Figs. 9a and 9b show example time-of-flight specta 

at 3 and 20 kcal/mole collision energies, respectively, and corresponding 

translational energy distributions are shown in Figs. 1 Oa, 1 Ob, and 1 Oc. Again, the 

behavior of the He atoms scattered at low collision energies indicates that some 

energy is gained from the surface, just as in the case of He atoms scattered from 

LiF(001). 

The scattering of Ne atoms from NaC1(001) in the range of 13-66 kcal/mole 

results in time-of-flight spectra with two contributions as seen for Ne atoms 

scattered from LiF(001), Fig. 11. The energy loss as Ecoll is varied, determined by 

translational energy distributions, is summarized in Fig. 5 (filled squares and 

diamonds) for fixed ei= 45° and <j>i= 0° with crystal temperatures of 640-651 K. 

The <l>i dependence of Ne atom scattering from NaC1(001) was investigated 

for ei= 20", 45°, and 60° at a collision energy of Econ= 45 kcal/mole. The <l>i 
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dependence is shown in Fig. 12 for ei= 60°, where the time-of-flight peak is shifted 

(both the peak maximum and leading edge) to shorter times for <j>i= 0° as compared 

to <j>i= 40°. Also, the peak intensity is greatest for <j>i= 0° and least for <j>i= 40°. 

Time-of-flight spectra taken for Ne atoms scattered from NaC1(001) for a 

range of ei and a collision energy of 13 kcal/mole was measured by integrating the 

area under each time-of-flight spectrum for every value of ei while holding <j>i= 0° 

and the crystal temperature at 654-656 K. As can be seen from Fig. 13, the 

maximum intensity is at 45°. This behavior was seen for the other systems as well. 

Keep in mind that the source-to-detector angle is fixed at 90°, so that the angular 

distribution is not the total flux as would be the case if the detector measured 

scattering over the entire solid angle that originates from the interaction region. 

Discussion 

In the classical impulsive collision model, energy transfer is dependent on 

the masses of the collision partners involved and not on the collision energy. The 

energy transfer to a surface based on Eqn. 4 results from a simple billiard ball type 

picture. In this simple picture the energy transfer between the incoming atom and 

an ion sitting on the surface of the crystal can be calculated. The predicted energy 

transfer from this calculation for different atom-ion collisions is shown on the right 

side of Fig. 5 (93% for He-Li; 57% for He-F; 50% for He-Na; 36% for He-Cl; 

-100% for Ne-F; 99% for Ne-Na; and 93% for Ne-Cl; Ma>Mb for Ne-Li). 

However, if the geometrical constraints on the incoming atom as it approaches the 
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salt ions are considered, it is clear that the incoming He atom or Ne atom will not 

easily access an exposed cation in the salt in the case of a perfectly flat surface, 

Fig. 14. In both LiF(001) and NaC1(001), the anion eclipses the cation. The ionic 

radii in LiF are rLi+= 0.60 A and rF_= 1.36 A; in NaCl they are rNa+= 0.95 A and rc1.= 

1.81 A.17 The incoming particles, He atoms and Ne atoms, have atomic radii of -1.5 

and 1.58 A, respectively. Thus, an incoming He atom or Ne atom will not see an 

exposed Lt or Na+ unless the cation is sitting at an exposed terrace site, where it is 

not eclipsed by any anion neighbors. This explains why two distinct peaks are not 

seen for He atoms scattered from LiF(OOI) with one peak corresponding to 

impulsive He-Li collisions, for example. 

He atom scattering from LiF(001) and NaCl(OOl) shows similar patterns of 

energy transfer, as seen in Fig. 5. The energy transfer for He atom scattered from 

LiF(OOI) falls short of the 57% predicted for an impulsive He-F collision, which 

could be due to two factors. 18 First of all, the surface is hot, and thus the energy 

transfer is expected to be reduced by an amount on the order of kB Ts, where Ts is 

the surface temperature. Second, the predictions from Eqn. ( 4) result from a one 

dimensional model, and extending to three dimensions and averaging over impact 

parameter will reduce .LlE/E. The energy transfer for He atoms scattered from 

NaCl(OOI) goes above the 36% predicted for a He-Cl collision. If Eqn. (4) is used 

to try to correlate the observed .LlE/E with multiple collisions, the observed .LlE/E 

would correspond to up to two sequential collisions. However, the amount of 

energy transfer steadily rises with collision energy in the range of 3-20 kcal/mole, 



which is inconsistent with the impulsive model. 

Ne atom scattering from LiF(OOl) and NaCl(OOl) was different from He 

atom scattering in that two types of energy loss were clearly observed instead of 

just one. In both cases, the fast time-of-flight peak corresponded to energy loss 
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that is less efficient than what the impulsive model predicts for a simple gas atom

anion head-on collision. This first energy loss channel only increased moderately 

as the collision energy was increased from 13-66 kcal/mole, levelling off at higher 

collision energies to 65-70% energy transfer. The slow time-of-flight feature 

corresponds to more efficient energy loss, and more closely resembles what the 

impulsive model predicts. This energy loss channel does not change appreciably 

with collision energy. The atoms that undergo the second type of collision lose 

almost all memory of their incident velocity. They are sligtly faster than atoms that 

simply desorb from a surface at the surface temperatures used, but the broad 

distribution reflects the fact that the energy left in translation has a broad Maxwell

Boltzmann type distribution. The broad peaks in the time-of-flight also result from 

the fact that some atoms may undergo multiple collisions, and therefor a range of 

energy transfer is observed. Thus the time-of-flight is quite broad for the slow 

component. The slow recoiling Ne atoms are expected especially for Ne-F 

collisions, where the masses of the Ne atom and F atom are nearly equal; 

collisions between atoms of similar mass are the most efficient at transferring 

energy (in Eqn.4, as Ma->Mb, 6E/E->l). However, a highly efficient energy 

transfer single collision cannot be distinguished from high energy loss due to 
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multiple scattering based on the time-of-flight data. This is one of the motivations 

for doing molecular dynamics simulations. 

The faster time-of-flight peak for the Ne atom scattering off each salt results 

from a less efficient energy transfer collision. Since in the case if Ne atoms, ks Ts 

<< Econ• the elevated surface temperature is not expected to lead to a significant 

decrease in the energy transfer. ·However, the effect of averaging over impact 

parameter, as already mentioned, still applies here. The reduced energy transfer 

would also occur if several atoms worked in concert, as a coupled set, during the 

collision, for then the incoming atom sees a greater effective mass as its collision 

partner. For example, in the Ne atom scattering from LiF(OOI) at 66 kcal/mole 

collision energy, the first channel resulted in 70% energy transfer to the surface 

(Fig. 5). So, if 6E/E is set to 0.70 in Eqn. 4, the effective mass (Merr) at the 

surface that the Ne atom collided with (Merr= Mb) can be calculated to be Merr-68. 

For 64% energy transfer, when Econ= 45 kcal/mole, Merr= 80. Although Merr does 

not tell us which atoms are acting together, it is useful to see that as the 6EIE gets 

larger, Merr decreases. The width of the fast time-of-flight peak comes from 

scattering over a range of impact parameters governed by the local surface 

morphology, which includes steps and defects visible on the atomic level. 19 

The dependence of the time-of-flight spectra on the two angles, 8; and<!>;, 

was explored for all the systems. For all four systems, He-LiF(OOl), Ne-LiF(OOl), 

He-NaCl(OOl), and Ne-NaCl(OOI), the largest integrated time-of-flight signal 

occurred at 8;= 45° when the collision energy, <!>;, and the crystal temperature were 
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held constant. The shape of the ei dependence does not change in the range of 

collis,ion energies studied here. For the fixed geometry in this experiment, and 

given that the ei behavior is independent of Ecoll (i.e. the scattering lobe does not 

change with EcoJ this type of angular distribution indicates whether energy is lost 

preferentially in the parallel or perpendicualar directions to the surface. In Fig. 15, 

three types of ei dependences are shown: Case 1) energy is lost equally in both the 

parallel and perpendicular directions; Case 2) energy is preferentially lost along the 

direction perpendicular to the surface; Case 3) energy is preferentially lost in the 

direction parallel to the surface. As ei is changed from 45·, as shown in the figure, 

the detectable product vector also changes so that the entire lobe may be scanned 

within a given plane. Thus, the maximum in the lobe is found in the beam-detector 

plane. The assumptions here are that the scattering lobe is cylindrically symmetric, 

which ·is a reasonable assumption since scattering of this type usually gives a Cosne 

type distribution, and that the lobe does not change with incident angle. 

The <l>i dependence was explored when it became apparent that the time-of

flight shifted with <l>i in the molecular dynamics simulations. The shift with <l>i is 

most easily seen for Ne atom scattering, especially in the case of Ne atoms 

scattered from NaC1(001), Fig. 12. Here, energy transfer is slightly less efficient 

when scattering is along the (00 1) direction of the lattice. This could perhaps be 

due to increased coupling to the nearest neighboring atoms along the (001) 

direction, creating a slightly higher Merr· In all the cases shown in Figs. 6, 8, and 

12, the scattering signal is greatest when <j>i= o·. Since the detector-to-source angle 
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is fixed in one plane at 90°, this indicates that more of the scattered atoms stay in 

the scattering plane along the (001) direction than along the other directions defined 

by <l>i· 

Conclusion 

The atomic beam surface scattering experiments described in this chapter 

show the different mechanisms of energy transfer for hyperthermal He atoms and 

Ne atoms colliding with LiF(OOI) and NaCl(OOl). He atom scattering for both 

surfaces shows only one distinguishable time-of-flight peak and similar energy 

transfer behavior as a function of collision energy.2° For He atoms scattered from 

LiF(OOl), the ilE/E approaches but falls short of the 57% predicted for an 

impulsive He-F collision. For He scattered from NaCl(OOl), the energy transfer 

goes above the 36% predicted for an impulsive He-Cl collision. In both cases 

ilE/E rises with Econ· Ne atom scattering differed from He atom scattering in that 

two contributions to the time-of-flight could be distinguished. Each Ne atom time

of-flight had a fast sharp peak and a slow broad peak. Once Econ was about 20 c 

kcal/mole, energy transfer did not change appreciably with collision energy, which 

is consistent with the impulsive model. The fast time-of-flight peak results from 

less efficient energy transfer than predicted by the impulsive model for atom-anion 

collisions, and can be rationalized as scattering from a coupled set of atoms 

working together as one collision partner. The slow time-of-flight peak, from 

atoms that lose almost all their energy to the surface, is consistent with an atom-
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anion impulsive collision but could also be due to multiple collisions. 

The dependence of scattering on the angles ei and <l>i showed that scattered 

flux was greatest for ei= 45• and <j>i= o·. A slight shift in the time-of-flight with 

varied <j>i, was also observed. 
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Figure Captions 

Fig. 2-1 Gas-Surface Scattering Apparatus with channeltron (A), exit lenses 

(B), liquid nitrogen cooled copper insert (C), quadrupole filter (D), Brink 

type electron bombardment ionizer followed by entrance lenses (E), high

temperature rhenium nozzle (F), surface mounted on 3-axis rotatable 

manipulator (not shown) (G), cross-correlation chopper wheel (H), source 

region pumped by 6000 1/s diffusion pump (I), differential region pumped 

by 1000 1/s diffusion pump (J), main chamber pumped by two 2000 1/s 

diffusion pumps equipped with liquid nitrogen baffles (K, L), three regions 

of differential pumping on the detector pumped by three 4o'O 1/ s 

magnetically suspended turbomolecular pumps (Tl, T2, T3). 

Fig. 2-2 Beam characterization using the rhenium nozzle for 0.6%Ne/H2 

(solid squares) and 1% He/H2 (solid circles) as well as nozzle temperature 

using neat Ne (open squares). See text for details of Ebeam calculation from 

time-of-flight data. 

Fig. 2-3 (a) Time-of-flight data (circles) for 3 kcal/mole He atoms scattered 

from LiF(OOl) taken at 9i=45., <!>i=o· and a surface temperature of 656 K. 

The two channels are derived from the translational energy distributions of 

Figs. 4a&b. Channel 2 (dashed line) is a Maxwell-Boltzmann distribution 

for the surface temperature, and channel 1 (dotted line) is adjusted to make 
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the total fit (solid line) follow the data. 

(b) Time-of-flight data (circles) for 20 kcal/mole He atoms scattered from 

LiF(OOI) taken at the same angles and a surface temperature of 661 K. The 

fit (solid line) corresponds to the translational energy distribution of Fig. 4c. 

Fig. 2-4 (a) Translational energy distribution for channel 1 of Fig. 3a. 

(b) Translational energy distribution for channel 2 of Fig. 3a. This is a 

Maxwell-Boltzmann distribution for 656 K, the surface temperature. 

(c) Translational energy distribution for Fig. 3b. 

Fig. 2-5 Energy transfer as a function of collision energy for the systems 

studied: He atoms scattered from LiF(OOI) 8i=45., <j>i=o·, crystal 

temperature=656-666K (open circles); He atoms scattered from NaCl(OOl) 

8i=45", <j>i=o·, crystal temperature=640-654K (filled circles); Ne atoms 

scattered from LiF(OOl) 8i=45., <j>i=o·, crystal temperature=659-664K fast 

TOF peak(open squares) and slow TOF peak (open diamonds); Ne 

atoms scattered from NaCl(OOl) 8i=45., <j>i=o·, crystal temperature=640-

651K fast TOF peak(filled squares) and slow TOF peak (filled diamonds); 

predictions for impulsive collisions between incoming He atoms and Ne 

atoms and individual surface atoms in the LiF(OOl) and NaCl(OOl) surfaces 

(filled triangles) .. 



Fig. 2-6 
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The <l>i dependence of He atom scattering from LiF(OOl). He atoms 

scattered at 12 kcal/mole with ei= 60°, a surface temperature of 659-661 K, 

and <j>i= 0° (inverted triangles), <j>i= 20° (diamonds), <j>i= 30° (squares), and <j>i= 

40° (circles). 

Fig. 2-7 (a) Time-of-flight data (circles) for Ne atoms scattered from 

LiF(OOl) with Eco11= 45 kcal/mole, 8i= 20°, <j>i= 0°, and Tsurrace= 666 K. 

The fit (solid line) is derived from (b). 

(b) Corresponding translational energy distribution, showing two distinct 

peaks. 

Fig. 2-8 The <j>i dependence of Ne atom scattering from LiF(OOl). Ne atoms 

scattered at 45 kcal/mole with 8i=60°, a surface temperature of 647-652 K, 

and <j>i= oo (inverted triangles), <j>i= 20° (diamonds), <j>i= 30° (squares), and 

<j>i= 40° (circles). 

Fig. 2-9 (a) Time-of-flight data (circles) for 3 kcal/mole He atoms scattered 

from NaCl(OOl) for 8i=45°, <j>i=Oo, and Tsurrace= 641 K. The two 

channels are derived from the translational energy distributions of Figs. 1 Oa 

and lOb. Channel 2 (dashed line) is a Maxwell-Boltzmann distribution for 

the surface temperature, and channel 1 (dotted line) is adjusted to make the· 

total fit (solid line) fit the data. 
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(b) Time-of-flight data (circles) for 20 kcal/mole He atoms scattered from 

NaC1(001) at the same angles and a surface temperature of 654K. The fit 

corresponds to the translational energy distribution of Fig. 1 Oc. 

Fig. 2-10 (a) Translational energy distribution for channel 1 of part (a). 

(b) Translational energy distribution for channel 2 of part (a). 

(c) Translational energy distribution for part (b). 

Fig. 2-11 (a) Time-of-flight data (circles) for 45 kcal/mole Ne atoms 

scattered from NaC1(001) at 8i=20·, <l>i=3o·, and Tsurrace= 616 K. The fit 

(solid line) is derived from (b). 

(b) Translational energy distibution giving rise to the fit of part (a). 

Fig. 2-12 The <l>i dependence of Ne atom scattering from NaC1(001). Ne 

atoms scattered at 45 kcal/mole with ei=6o·, a surface temperature of 615-

626 K, and <l>i= oo·(circles), <l>i= 20° (triangles), <l>i= 30° (diamonds), and 

<!>i= 40° (squares). 

Fig. 2-13 Angular distribution for varied ei and fixed <l>i=o· of 13 kcal/mole 

Ne atoms scattered from NaC1(001). Tsurface= 654-656 K. 



Fig. 2-14 The LiF(001) and NaC1(001) lattices showing the relative sizes of 

the ions. This shows that the anion eclipses the cation in each lattice, 

making direct collision with Li atoms or Na atoms unlikely, except in the 

case of defect sites. 

Fig. 2-15 Three types of scattering show how the 8; dependence probes the 
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scattering lobe in the source-detector plane. Case 1: energy is lost equally 

in the parallel and perpendicular directions to the surface; Case 2: energy 

is lost preferentilally in the perpendicular direction; Case 3: energy is lost 

preferentially in the parallel direction. The results in this paper all follow 

Case 1. 



I 

G)---t--

-~ 

mo 

Figure 2-1 

-1 
w 

() OJ 

34 



-Q) 

0 
E 

:::::::: 
a:s 
() 
~ -E 

a:s 
Q) 
.0 w 

60 

0 
0 

• • 

. 50 

• 

.... 
• 

• • • 
• 

100 150 

Power 0/V) 

Figure 2-2 

200 

N 

0 
~ 

>< -
~ 
:::s ... 
a:s 
"-
Q) 
c. 
E 
~ 
Q) 

N 
N 
0 z 

250 

35 



36 

80000 a 

60000 

40000 

20000 

b 

30000 

20000 

10000 

0~~~----------~--~--44----0 . 100 200 300 400 500 
Flight Time, T (JJSeC) 

Figure 2-3 



0.6 37 

0.5 
a 

0.4 

0.3 

0.2 

0.1 -w 0.0 -a.. 

0.3 b 

0.2 

0.1 

0.0 
0 1 2 3 4 5 6 7 

Translational Energy, E (kcal/mole} 

0.16 

0.12 

-w 0.08 -a. 

0.04 

0.00 
0 5 10 15 20 

Translational Energy, E (kcal/mole) 

Figure 2-4 



38 

100 Ne-F 
Ne-Na 

90 ~ ~~ He-Li, Ne-CI 

• i • • 
80 0 

70 

0~ 
~ 

60 • 
~~ en ... He-F c 

~ ~ - 50 w ... He-N a 
~ ;/ 0 

40 

~ ... He-CI 

30 

20 

10 

01-...J...--L-...1...-....L----L--.J..-..IL-...L..--l.-.1.--L--L-...1...-....L__..l._....L--J---l 

0 1 0 20 30 40 50 60 70 80 90 

Ecoll (kcal/mole) 

Figure 2-5 



39 

10000 

8000 -en 
:!::::: 
s:: 
:J 

..c 6000 ~ 

rn -t=' -z 
4000 

2000 

0 50 100 150 

Flight Time, T (Jlsec) 

Figure 2-6 



40 

80000 
a 

§ 60000 
.0 
~ 

m -I=' 40000 -z 
20000 

0 
0 100 200 300 400 500 

Flight Time, T (f..lsec) 
0.06 

0.05 b 

0.04 

-w 0.03 -a.. 

0.02 

0.01 

0.00 
0 5 10 15 20 25 30 35 40 

Translational Energy, E (kcal/mole) 

Figure 2-7 



41 

100000 

80000 

~ 60000 ..._ 
p ·-z 

40000 

20000 

50 100 150 200 

Flight Time, T (JlSeC) 

Figure 2-8 



42 

40000 

20000 

I=' -z 400000 

300000 

200000 

100000 

0~~~--------~~~~~--~~ 
0 100 200 300 400 500 

Flight Time, T (J.tsec) 

Figure 2-9 



0.6 43 

0.5 

0.4 

0.3 

0.2 

0.1 -w 0.0 -a.. 0.4 

0.3 

0.2 

0.1 

0.0 
0 1 2 3 4 5 6 7 

Translational Energy, E (kcal/mole) 

0.16 

0.12 -w - 0.08 a.. 

0.04 

0.00 
0 5 10 15 20 

Translational Energy, E (kcal/mole) 

Figure 2-10 



140000 

120000 a 

-.100000 
en 

:'!: 

§ 80000 . 
..0 .... 
~ 60000 -1:::-
z 40000 

20000 

0 
0 100 200 300 400 500 

Flight Time, T (Jlsec) 

0.08 

b 
0.06 

-~ 0.04 
0.. 

0.02 

0. 00 .___.___.___.____.__~___,____,___.____.___.'--L..-.L........::........__.____,____, 

0 5 10 15 20 25 30 35 40 

Translational Energy, E (kcal/mole) 

Figure 2-11 

44 



60000 

-~ 
·c 40000 
::J 

.c 
~ 

ro -
~ -z 

20000 

50 

45 

100 150 200 250 300 

Flight Time, T (J.Lsec) 

Figure 2-12 



-fl) ...... . § 
.D 

500000 

400000 

-! 300000 
fl) 

§ 
0 u 

200000 

100000 

0 ~~~~~~~~~~~~~~~~ 
0 1 0 20 30 40 50 60 70 80 90 

ei (degrees) 

Figure 2-13 

46 



• 

Figure 2-14 

-(.) 
co 
z 

.......-..... 
~ 

0 
0 
.............. 
LL ·-

47 



• 

48 

Case 1 

Case 2 

Case 3 

Figure 2-15 



49 

Chapter 3 

Energy Transfer in the Scattering of Hyperthermal Rare Gas Beams from a 

Csl Surface 

Introduction 

Energy transfer in hyperthermal scattering of the rare gaseous atoms: Ne, 

Ar, Kr, and Xe from a Csi surface has been studied to further understand the 

mechanisms of energy loss. in gas-surface collisions. This is an extension of our 

work on hyperthermal He atom and Ne atom scattering from LiF(OOl)'and 

NaCl(OOl). In the hyperthermal energy regime, the masses of the collision partners 

are expected to be the most important parameter determining the efficiency of 

energy transfer. In Csi, the mass of Cs is greater than all the rare gaseous atoms 

used, and thus the condition that 11<1 is always satisified, where 

M u- g ... --, 
MB 

Mg is the mass of the gaseous atom, and Ms is the mass of the surface atom 

(1) 

involved in the collision. The condition of 11<1 is necessary for the expression for 

energy transfer in the imphlse limit to hold: 

where Ei is the incident energy. 1 In addition, for the I anion in Csi, the M1 > MNe' 
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(2) 

MAro and MKr. If impulsive collisions are important, then when the mass of the 

incoming gaseous atom more closely matches the mass of a surface atom in the Csi 

crystal, the energy transfer in expected to be more efficient. In Eq. (2), this 

corresponds to the limit of J..L=l, where the fractional energy transfer, ilE/E, is 1. In 

addition, the value of ilE/E should be independent of the incident collision energy. 

As was found in the work on He atom and Ne atom scattering from 

LiF(OOl) and NaCl(OOl), simple impulsive collisions do not fully explain the 

energy transfer observed. Two distinct features appear in the time-of-flight spectra 

of the scattered atoms in certain ranges of collision energy. This points to more 

than one mechanism of energy transfer. The trend in energy transfer with mass 

qualitatively follows the predictions of the impulse approximation, though, and the 

model. is useful in trying to understand the way energy is lost to the surface. 

Unlike LiF and NaCl, Csi does not naturally cleave along a lattice plane, 

·and so although a single crystal was used, the surface was rough. A rough surface 

can lead to more multiple collision energy loss. Also, measuring an angular 

distribution is less helpful than in the case of LiF(OOI) and NaCl(OOI) since the 

surface plane is not as well defined. The angular distributions are so broad that it 

is often hard to define an angle of maximum flux. In the LiF(OOl) and NaCl(OOl) 

scattering, this was useful for determining whether energy was lost preferentially in 

the directions parallel or perpendicular to the surface. 
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Very little experimental work has tested the impulse approximation or 

explored energy transfer in the hyperthermal regime in a systematic way for neutral 

particles hitting a surface. Winters et al. studied the collisions of He, Ar, and Xe 

atoms colliding with a Pt(lll) surface using supersonic beams, though.2 They also 

studied the ion-surface collisions·between He+, Ar+, and Xe+ colliding with a gold 

film. They report mean final translational energies of the atoms and ions after they 

scatter from the surface and the fraction of energy lost to the surface, but there are 

no time-of-flight spectra shown and so presumably distinctive features showing 

different mechanisms of energy loss were not observed. The energy loss is 

discussed in terms of binary collisions. Other previous work on hyperthermal 

scattering has been discussed already in Chapter 2. 

Experimental 

We measured the energy transfer with the same atomic beam surface 

scattering apparatus used for the He atom and Ne atom scattering from LiF(OOl) 

and NaCl(OOl) (see Chapter 2). In this experiment, however, a wider range of rare 

gases and a Csl crystal was used. Seeded beams of Ne, Ar, Kr, and Xe were 

expanded to form supersonic beams, and each beam was characterized for 1) 

stagnation pressure, and 2) the power used to heat the nozzle, on a crossed 

molecular beams apparatus by measuring beam time-of-flight using a spinning 

slotted wheel as a chopper with the detector looking directly into the beam. The 

time-of-flight data were fit to the following equation, which is appropriate for a 
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supersonic beam: 

(3) 

where N(v) is a number density distribution of speeds; ~=m/2kT5, in (rnlst2
, 

characterizes the width of the distribution (where Ts is the "translational 

temperature" of the beam); and V 0 is the most probable velocity in the distribution, 

N(v). The beam energy, which is the collision energy, Econ• in the scattering event, 

is calculated from v/ The range of Econ depends on the rare gas used: for Ne 

atoms Econ=B-63 kcal/mole, for Ar atoms Econ=l0-58 kcal/mole; for Kr atoms 

Econ=l3-73 kcal/mole, and for Xe atoms Econ=16-95 kcal/mole. The nozzle 

stagnation pressure was adjusted to create a good expansion as the temperature of 

the nozzle was increased. The speed ratio, S, where 

1 

S=v A 2 >1 ot' ' 
(4) 

was determined for each mixture at many beam energies. The following speed 

ratio ranges were obtained: for 0.6%Ne/H2 S=6-11, for 4%Ar/He S=7-ll, for 

5%Kr/He S=8-11, and for 5%Xe/He S=9-14. The nozzle temperature was 

determined by measuring beam time-of-flight for a neat Ne beam and also using 

optical pyrometry. The beam characterization results are shown in Fig. 1. 

The single crystal Csi (Atomergic) was not cleaved because <:si has no 

natural cleavage plane. A rough surface was used, and the crystal was heated in 

vacuum for 24 hours at Tsurf= 750-800 K. This removes impurities such as water 



and also anneals the crystal. The surface was maintained at Tsurf= 630-640 K 

during the experiment to prevent the adsorption of background gases.4 
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As in Chapter 2, the time-of-flight spectra of the Ne, Ar, Kr, and Xe atoms 

were measured after scattering from the crystal by placing a chopper wheel 

between the surface and the detector. The flight length was 23.9cm, and a cross

correlation chopper wheel was used as before. Time-of-flight spectra were 

measured for each angle, 8;, between the incident beam and the surface (see 

Chapter 2). 

Results 

Time-of-flight spectra were measured for fixed collision energies, Ecoii> and· 

angles 8;. Each 8; distribution was measured with Ecoll held constant. (The 

dependence on the angle<!>; was not measured since the surface is not a well

defined lattice plane in this case. In the case of LiF(OOl) and NaCl(OOl), <!>;was 

the angle of the incoming beam with respect to the [100] surface direction.) 

The time-of-flight spectra of the different rare gases incident with the same 

collision energy clearly show different energy transfer behavior. In Fig. 2, the 

time-of-flight spectra of Ne, Ar, Kr, and Xe recoiling from the Csi surface are 

shown for Econ=20 kcal/mole. The time-of-flight spectra reflect the energy that is 

left over in the gas atom after the collision event. At Econ=20 kcal/mole, the Ne 

and Ar atom time-of-flight spectra clearly show two components. For the heavier 

Kr and Xe atoms, the time-of-flight spectra are broad and the "fast" and "slow" 
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peaks are blurred together. The light Ne atoms have lost much less energy than the 

heavier Xe atoms, and in addition since Xe is heavier it moves slower; thus, the 

time-of-flight peak in Fig. 2a is at much earlier times than in Fig. 2d. 

For each species, the "fast" and "slow" features in the time-of-flight spectra 

are blurred together at low Ecoll and become distinct at higher Econ· The values of 

Ecoll where the peaks become distinct are different for each species. This general 
' 

trend is illustrated in Fig. 3, where time-of-flight spectra for recoiling Ar atoms are 

shown for three values of Ecoll: 10, 19, and 48 kcal/mole. Thus, while in Fig. 2 

the Kr and Xe atom spectra are broad, at higher collision energies, these atoms also 

show "fast" and "slow" features. 

The time-of-flight spectra of Kr and Xe atoms for Econ=50 and 65 kcal/mole, 

respectively, are shown in Fig. 4 at ei= 20° and 60°. These spectra clearly show 

"fast" and "slow" components. By taking the spectra at many angles, ei, the two 

components can be separated. The lines in Fig. 4 are simulated time-of-flight 

spectra based on the translational energy distributions shown in Figs. 5 and 6 for 

Kr and Xe, respectively. Simulated time-of-flight spectra are generated using the 

forward convolution method described in Chapter 2. 5 Simulated spectra are 

generated for each component and then these are added to get a total fit. In the 

fitting procedure, the "slow" component of the time-of-flight was assumed to have 

no variation with ei, and only the "fast" component was adjusted to get a good total 

fit at all angles ei. However, it turned out that very little variation in the "fast" 

component was required. It is reasonable to fix the simulation for the "slow" 
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component at all ei since this peak arises from atoms that have lost most of their 

incident energy. In Fig. Sa, the translational energy distribution used to generate 

the simulation of the "fast" Kr atom time-of-flight peak is shown. It is quite broad 

and extends out to about 34 kcal/mole, which is less than Econ=50 kcal/mole. Thus, 

no elastic scattering is observed. The "slow" Kr atom time-of-flight peak is 

simulated using the translational energy distribution in Fig. 5b. For comparison, a 

Maxwell-Boltzmann distribution for the surface temperature is also shown. Thus, 

while these Kr atoms have lost quite a bit of energy, they have not become 

completely thermalized to the surface temperature of 646 K. Figs. 6a and 6b 

similarly show the translational energy distributions for the "fast" and "slow" Xe 

atoms recoiling after striking the surface with Econ=65 kcal/mole. In the case of 

Xe, the "slow" atom distribution deviates even more from a Maxwell-Boltzmann 

distribution than in the case of Kr. 

The percentage of the energy transfer, %Etrans.• based on the collision energy 

and the peak maximum in the translational energy distribution for recoiling atoms 

is calculated according to: 

(5) 

The results for all the systems studied (taken from spectra measured at 8i=45°) are 

shown in Fig. 7. In addition, the %Etrans. calculated from Eqn. (2) for different 

impulsive collisions is indicated at the right side of the graph. In Fig. 7, the %Etrans. 



for "fast" and "slow" time-of-flight components is distinguished by the solid and 

open symbols, respectively. 
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For the "fast" time-of-flight component, the qualitative variation in %Etrans. 

with the mass of the incoming gas particle follows the expected trend, however the 

magnitude of %Etrans. is not what is predicted by using Eqn. (2), except for the case 

of Ne atoms. In addition, the %Etrans. for the "fast" peak appears to be independent 

of Ecoii' which is also a feature of the impulse approximation model. 

For the "slow" time-of-flight component the energy transfer is roughly 

constant with varying Ecoii' and the magnitude of %Etrans. for Kr and Xe atom 

scattering is about the same as that predicted using Egn. (2). However, for the case 

of Ne and Ar, the %Etrans. is much greater than that predicted by the impulse 

approximation in Eqn. (2). 

Discussion 

The hyperthermal scattering results reflect the dynamics of the gas-surface 

interaction at the repulsive wall of the potential energy surface. The energy 

transfer is mechanical in nature since no chemical reactions are taking place. It is 

important to investigate the purely mechanical energy transfer in order to better 

understand reactive collisions, whose dynamics reflect both mechanical and 

chemical effects. The applicability of binary collision models can be well tested 

with rare gases scattering from Csi because the whole range of rare gases can be 

used while maintaining the J..L<l condition (see Eqn. 1).6 In Chapter 2, the 
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expression for energy transfer in the impulsive limit for a gas-surface collision was 

derived by starting from the gas phase version and fixing one mass of the diatomic 

molecule to be =. However, Eqn. (2) can also be derived from a model where the 

incoming particle scatters from a linear chain.7 The model is one-dimensional and 

gives the energy transfer for a linear binary collision; the energy transfer, given by 

Eqn. (2) is also known as the 'Baule' formula. 8 The impulse limit is valid when the 

collision is fast and the gas atom leaves the collision zone before the lattice can 

respond. Thus, impulsive collisions are expected above a certain threshold of Ecoll• 

where classical mechanics describes the interaction well and the atom can leave 

faster than the lattice can respond. However, as Ecou increases, the gas atom can 

also more easily penetrate or deform the lattice, suffering multiple collisions during 

its outbound motion. Trying to distinguish between these two processes is not 

always straightforward when looking at the energy transfer, %Etrans.' resulting from 

the gas-surface interaction. 

There are some factors that reduce the energy transfer given by Eqn. (2).7 

First of all, the energy transfer will be reduced by increased surface temperature by 

an amount on the order of kB T5 • Including a "thermal average" for the initial 

motion of the surface atom at a surface temperature, T5 , results in a modified 

expression for the energy transfer: 

(6) 
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However, for T5 -650 Kin these experiments, k8T5 -1.3 kcal/mole, which is 

insignificant compared to E;. Another factor that reduces the energy transfer from 

the predictions of Eqn. (2) is averaging over impact parameter to account for a 

three-dimensional picture (the model was strictly one-dimensional). Thus, the 

reduction in energy transfer for Ar, Kr, and Xe atoms (from the "fast" time-of

flight peak) compared with the predictions from Eqn. (2) is not surprising. These 

collisions may indeed be impulsive since the energy transfer exhibits the mass trend 

and independence of Econ predicted by the model. 

For the "fast" time-of-flight peak, the energy transfer can also reflect 

scattering from a higher effective mass, Merr• at the surface?· 9 Merr replaces Ms in 

Eqn. (1). The following Merr values can be calculated for Ar, Kr, and Xe atom 

scattering, respectively: 235, 275, and 364. These numbers reflect the extent of 

coupling between surface atoms in the collision, but do not tell exactly how many 

Cs or I atoms are involved. They can only give a relative picture where Xe 

scatters from a larger coupled set of atoms than Kr or Ar. The "fast" peak from 

Ne atom scattering gives a %Etrnns. close to that predicted by Eqn. (2). 

The "slow" time-of-flight peak results from very efficient energy transfer, 

but may result from multiple collisions, depending on the particular system (see 

Fig. 7). For Kr and Xe atom scattering, large values of %Etrnns. are expected for 

impulsive collisions, but for Ar and Ne atom scattering, the %Etrans. is much greater 

than that predicted by Eqn. (2). The "slow" time-of-flight peak for Kr and Xe 
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atoms recoiling from the surface was fit with a translational energy distribution 

"hotter" than a Maxwell-Boltzmann distribution for the surface temperature, Ts 

(Figs. 5 and 6). For Kr and Xe atoms, with Mg so close to M
5

, very efficient 

energy transfer is expected and so only a few collisions would be needed for 

complete thermal accomodation. The atoms would then emerge with a Maxwell

Boltzmann distribution. Since this is clearly not the case, single collision energy 

transfer may indeed be taking place for Kr and Xe atoms. Thus, for Kr and Xe 

atoms, the "slow" and "fast" time-of-flight peaks may both arise from single 

collisions, but the nature of the collision partner at the surface may be different. In 

the case of the "fast" time-of-flight peak, the scattering may be from a coupled set 

of atoms while in the case of the "slow" time-of-flight peak, a head on collision 

with a single Cs or I may be taking place. Unlike the cases of LiF or NaCl, in Csl 

head-on collisions with either the cs+ or r ions are possible since the cations do 

not eclipse the anions to the same extent (res+= 1.455 A and r1_= 1.785 A).10 

For Ne and Ar atom scattering, the energy loss observed as the "slow" time

of-flight peak is likely due to multiple collisions. By successive calculations with 

Eqn. (2), the energy loss from sequential collisions can be calculated. For 

successive Ne-Cs or Ne-I collisions, the energy loss observed in Fig. 7 can result 

from 4-6 collisions. For the case of Ar, the energy loss corresponds to about 2-3 

collisions. This kind of energy loss may be the result of the gas atom deforming or 

penetrating the lattice and then sufferring multiple collisions along its exit 

trajectory. 
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Conclusions 

The hyperthermal scattering of Ne, Ar, Kr, and Xe was investigated to 

further explore the mass dependence of the gas atom on the efficiency of energy 

transfer in gas-surface collisions. By measuring the time-of-flight of the recoiling 

atom as it emerges from the collision zone, the dynamics of the energy loss 

processes taking place can be examined in detail. For Ne atoms in the range of 

Econ= 13-63 kcal/mole and Ar atoms in the range of Econ= 10-58 kcal/mole, one 

mechanism of energy loss due to multiple collisions and another likely resulting 

from single collisions were observed. For Kr and Xe atoms in the ranges of 

Econ=B-73 kcal/mole and 16-95 kcal/mole, respectively, two energy loss 

mechanisms were observed, which may be due to different types of single collision 

events at the surface. 
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Figure Captions 

Fig. 3-1 Characterization of seeded beams using the high temperature 

rhenium nozzle. Nozzle temperature calibrated with a neat Ne beam (open 

squares). ~eam determined for 0.6% Ne/H2 (open diamonds), 4% Ar/He 

(solid squares), 5% Kr/He (solid triangles), and 5% Xe/He (open circles). 

Fig. 3-2 Time-of-flight spectra of (a) Ne, (b) Ar, (c) Kr, and (d) Xe that had 

Ecou=20 kcal/mole initially (all taken at ei=45°). The time-of-flight 

spectra reflect the amount of kinetic energy left over in the gaseous atom 

after collision with the surface. 

Fig. 3-3 Time-of-flight spectra for Ar atoms with different incident energies 

recoiling from Csl (measured at 8i=45°). In (a) Ecou=10 kcal/mole, in (b) 

Econ= 19 kcal/mole, and in (c) Econ=48 kcal/mole. The two features in the 

time-of-flight spectra become clearly separated as Econ is increased for all 

the rare gaseous atoms studied. 

Fig. 3-4 Time-of-flight spectra for: Kr atoms with Econ= 50 kcal/mole taken 

at (a) ei=20o and (b) 8i=60o and Xe atoms with Ecou=65 kcal/mole taken at 

(c) ei=20° and (d) ei=60°. The fits are generated from the translational 

energy distributions in Figs. 5 and 6 for Kr and Xe, respectively. The 
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"fast" time-of-flight peak is simulated using the distribution in Fig. 5a (Kr) 

or Fig. 6a (Xe) (dotted line), and the "slow" time-of-flight peak is simulated 

using the distribution in Fig. 5b (Kr) or Fig. 6b (Xe) (dashed line). The 

total fit (solid line) is the sum of the "fast" and "slow" contributions. 

Fig. 3-5 Translational energy distributions used to fit the Kr atom scattering 

data in Figs. 4a and 4b: (a) for the fit of the "fast" time-of-flight peak and 

(b) for the fit of the "slow" time of flight peak (dashed line). A Maxwell

Boltzmann distribution for T surf=646 K is also shown (solid line) in (b). 

Fig. 3-6 Translational energy distributions used to fit the Xe atom scattering 

data in Figs. 4c and 4d: (a) for the fit of the "fast" time-of-flight peak and 

(b) for the fit of the "slow" time of flight peak (dashed line). A Maxwell

Boltzmann distribution for Tsurf=648 K is also shown (solid line) in (b). 

Fig. 3-7 Summary of %Etrans. for all the systems studied over ~he entire range 

of Econ used in the experiments. Solid symbols represent the %Etrans. from 

"fast" time-of-flight peaks and open symbols represent the %Etrans. from 

"slow" time-of-flight components as follows: Ne (squares), Ar (upright 

triangles), Kr (diamonds), and Xe (hexagons). The %Etrans. predicted using 

Eqn. (2) for different impulsive collisions is shown at right (open circles). 
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Chapter 4 

Atomic Beam-Surface Scattering Study of HF (D_F) Produced in the Reaction: 

H(D) + LiF(OOl) 

Introduction 

Reactions at the gas-surface interface have been successfully probed using 

molecular beam techniques by many research groups. Modulated beams have been 

used to study the kinetics of gas-surface reactions by measuring the rates of 

formation of various product species as they evolve from the surface.1
-
3 The 

dynamics of the gas-surface reaction can also be studied using molecular beam 

techniques. Pure adsorption and desorption events, which model important steps in 

the overall reaction process, have been more extensively studied than reaction 

product dynamics. 4 The final step in a gas-surface reaction, where either a bond is 

formed and/or the new product molecule desorbs from the surface, can be studied 

by looking at the product translational and/or internal energy as it emerges from the 

surface.5 For example, the work on D20 formation in the oxidation of deuterit.un 

on Pt(lll) by Ceyer et. al. 6 shows how the D20 product angular and translational 

energy distributions lead to an understanding of the reaction mechanism. The 

internal states of product C02 from CO oxidation on Pt have also been measured, 

showing how different modes, each characterized by its own Boltzmann 
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temperature, behave as a function of surface temperature.7 

In this work, the velocity distributions of individually mass-selected products 

are measured as they desorb from the surface for different angles between the 

source, a supersonic atomic beam of H or D atoms, and the plane of the surface, 

LiF(OOl), with the detector fixed. In addition to identification of reaction products, 

analysis of this type of data reveals the dynamical nature of the gas-surface 

reaction. 

Crystalline LiF is usually considered to be a relatively inert material. 

However, the gas phase reaction H + LiF ---> HF + Li is nearly 

thermoneutral. 8 In the solid phase, the LiF lattice commonly contains anion 

vacancies that can sometimes be filled by H-atoms without too much distortion of 

the total lattice electron density.9 In addition, calculations show that as an H-atom 

approaches certain types of anion vacancies, a bound state is formed, whereas for 

H2 the interaction is repulsive. 10 The interesting dynamics of the H-atom LiF(OOl) 

surface interaction explored here show that LiF(OOl) is not inert to H-atoms, and 

indeed the reaction product HF (and the DF analogue) is directly measured by time

of-flight methods. 

Experimental 

A continuous supersonic beam of H (or D) atoms was directed towards a 

freshly cleaved LiF(OOl) surface in the gas-surface scattering apparatus described 

earlier. 11 The particles scattered from the surface are chopped by a cross-
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correlation wheel, mass selected, and counted by a channeltron after travelling 

through a flight distance of 23.9cm.12 Time-of-flight spectra of individual mass

selected species are thus measured, which allows for determination of the~ 

translational energy imparted to individual products of a gas-surface chemical 

reaction. In this experiment, the isotopes of Neat m/e= 20 and 22 were used to 

calibrate the mass spectrometer. Also, by using high resolution, m/e= 19, 20, and 

21 could be clearly distinguished. 

The H and D atoms are produced in a supersonic expansion by thermal 

pyrolysis of neat H2 or D2, using a high temperature nozzle made of pure rhenium 

metal (Sandvik Rhenium). The nozzle is made of two concentric rhenium tubes 

that are connected by a rhenium cap, which has been welded to one end under inert 

atmosphere. A 0.007" nozzle hole was drilled in the center of the cap by EDM 

(EDM Exotics). The inner tube is welded to 114" stainless steel tubing, which 

forms the gas line. Two water-cooled copper clamps, one attached to the inner 

rhenium tube and one to the outer tube, carry the current and secure the nozzle to a 

translational stage. The translational stage allows for thermal expansion of the 

rhenium tubes as they are heated without straining the welds at the cap. The 

current is thus forced to pass through the welded cap where it can heat the metal to 

about 2500 K (using up to 250 W). The nozzle temperature has been measured 

using optical pyrometry and by measuring the beam time-of-flight for a neat Ne 

beam. The temperatures from the two measurements agree well (Fig. 1 ). The 

nozzle was operated at 2140 K to produce H and D atoms but minimize the 
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possibility of evaporating rhenium metal, which becomes a problem above 2500 K. 

The use of rhenium instead of tungsten, which has been used previously, 13 was 

motivated by a desire to find a material that does not become brittle and therefore 

susceptible to cracking after thermal cycling to high temperatures. The flux of H

atoms is determined to be 5 x 1018 atoms cm-2 s-1 based on a 3% dissociation rate 

of H2 under the beam conditions used. 

The LiP samples were cleaved from a single-crystal boule in air along the 

natural (001) cleavage plane. Freshly cleaved samples were heated in vacuum (1 x 

10-7 Torr) for 24 hrs. at about 750 K to remove water and anneal the crystal.'"'. 

Experiments were typically run between 650-700 K to minimize adsorption of 

impurities. A narrow velocity distribution in the scattering pattern from H2 is a 

good check of the cleanliness of the surface, and so such time-of-flight 

measurements were performed before looking for reaction products. The beam was 

brought to high temperature over the course of 2 hrs. and allowed to stabilize, with 

the crystal out of the beam path. Once the beam was stable, a typical time-of

flight spectrum of product HF or DF took about an hour or two to collect, 

depending on the angle between the beam and the surface plane. The angle 8;, 

between the beam and the surface, and <)>;, the angle of the beam with respect to the 

[100] surface direction, can both be varied independently. No <)>;dependence was 

observed, though, in the case of HF or DF product evolution, so the spectra in the 

figures here are all at <)>;= oo. The angle 8; is defined to be oo when the angle 

between the beam and the surface plane is oo (it is the complement of the angle 
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between the beam and the surface normal); the detector is fixed at 90° from the 

beam. 

Results 

HF(m/e= 20) and DF(m/e= 21) product time-of-flight spectra were measured 

in separate experiments for different angles, ei, between the source and the plane of 

the LiF(001) surface. The product DF has the advantage that m/e= 21 has very low 

background in the mass spectrometer. In addition to monitoring the appropriate 

product mass, spectra were also taken at rnle= 19, corresponding to fluorine, and 

also m/e= 1 or 2 resulting from reflected H and H2 or D and D2, respectively. The 

product m/e= 20 or 21 signal was only seen when the nozzle was hot enough to 

produce atomic H or D, and considerable effort was made to keep the experimental 

conditions the same between HF and DF experiments so that they could be 

compared. At a no:zZle temperature of 2140 K, the maximum H or D atom beam 

energy is calculated to be -7.5 kcal/mole.14 

Typical time-of-flight spectra at m/e= 20 for H + LiF(001) and at m/e= 21 

forD + LiF(001) are shown for ei= 30° along with the time-of-flight for the 

reflected beam in each case in Fig. 2. The rnle= 20 and 21 time-of-flight spectra 

show a sharp fast peak and a slower peak. The time-of-flight for the reflected 

beam in each case has been scaled and shifted to have the same leading edge as the 
- i 

m/e= 20 or 21 data to clearly show that the peak from the beam is narrower. The 

origin of the fast peak will be addressed in the discussion of the results, but at this 
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point suffice it to say that the slow peak is the only real product signal. 

At all angles 8;, the HF or DF product time-of-flight is the same as that of 

m/e= 19, corresponding to F. The matching time-of-flights indicate that F results 

from cracking of HF or DF in the ionizer rather than by other mechanisms, such 

as desorption ofF or LiF from the surface. Such a· desorption mechanism should 

give rise to a Maxwell-Boltzmann distribution at the surface temperature, which 

would extend out to longer times in the time-of-flight spectrum. No evidence for 

this type of mechanism was observed. 

Fig. 3 and Fig. 4 show the time-of-flight spectra obtained at m/e= 20 and 

m/e= 21, respectively, for different values of 8;. Also included in the figures are 

simulated time-of-flight spectra for the slow peak, corresponding to the translational 

energy distribution in Fig. 5. Each frame has been scaled to show the details of the 

individual spectra; the change in product yield with 8; is shown separately in Fig. 

6. The simulated spectra are obtained by the forward convolution method15 and 

include the various apparatusfunctions that affect a time-of-flight spectrum. In this 

case, since the fast peak in the product time-of-flight spectra could not simply be 

removed by subtracting the corresponding reflected beam time-of-flight (due to the 

different peak widths, see discussion), simulations of the slow peak were done by 

generating a consistent translational energy distribution at all angles 8i. For both 

products, HF and DF, one translational energy distribution that fits the slow time

of-flight peak was found (Fig. 5) with <E>T= 4.3 kcal/mole and Emax= 13 

kcal!mole. In the region of the peak maximum, the uncertainty is 0.2 kcal/mole, 
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but at Emax (tail of the distribution) the uncertainty is as high as 1.3 kcal/mole. The 

cross-correlation wheel is limited to 5 Jlsec time resolution, and the energy goes as 

E ex: (1/t?, giving rise to greater uncertainties at higher energies. 

A 8; distribution is calculated by integrating under the curve for the 

simulated time-of-flight peak in each spectrum. The HF and DF 8; distributions 

look similar (Fig. 6), peaking near 8;= 45-50°. Although these distributions are not 

full flux angular distributions, given the geometry of the machine, they do indicate 

that the scattering lobe for the product HF or DF lies near the specular angle. 

Discussion 

Atomic Reactant Species 

The fact that HF or DF product is not seen until the beam source nozzle is 

hot enough to dissociate a significant fraction of H2 or D2 strongly suggests that the 

atomic species is indeed the reactant in the systems discussed here. Calculations 

done by Matsumura support this conclusion.16 The calculations show that for H2 

approaching anion vacancies in the LiF lattice at either an edge, comer, or surface 

vacancy, the interaction is highly repulsive. For atomic H, however, there is an 

attractive interaction, especially when an electron is trapped in the vacancy. H2 

approaching a site on the LiF(OOl) surface with no vacancy would also not be 

expected to molecularly adsorb and take part in a reaction. In addition, dissociative 

chemisorption of H2 is not possible because the dissociative adsorption energy of 1 

eV is smaller than the 2.3 eV necessary to break the H-H bond. Therefore, the 
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atomic species produced in the beam must be the reactant. 

Origin of the Fast Time-of-Flight Peak 

In the time-of-flight spectra of Fig. 3 and Fig. 4, there are clearly two peaks. 

The fast peak is largest at Si= 45° (not shown), where it completely hides the 

features of the second, slow peak. As ei is moved towards a grazing angle of 1 oo 

or near the surface normal at 80°, the fast peak drops to a minimum and the 

second, slow peak becomes the dominant feature. The fast peak, when converted 

to a translational energy distribution, extends out to energies as high as 40 

kcal!mole for the case of HF. HF coming off the surface with 40 kcal/mole of 

translational energy is not physically reasonable, and so other sources of the fast 

time-of-flight peak must be considered. 

In the source, H or D atoms are produced, which can be excited in the 

electron bombardment ionizer to Rydberg states. In fact, even H2 can be a source 

of excited states of atomic hydrogen in the electron bombardment ionizer.17 Such 

Rydberg H or D atoms are energetic neutrals, travelling with the velocity of the 

beam. As neutrals, they cannot be filtered by the quadrupole, but they can be 

detected by the channeltron; thus, they show up in spectra taken at m/e= 20 or 21. 

In fact, if the fast time-of-flight peak is due solely to Rydberg atoms, it should 

appear at any mass setting on the quadrupole, and so by tuning to masses not 

normally expected to produce signal, this hypothesis can be tested. Upon tuning to 

other m/e settings of the quadrupole, however, the fast peak did not always appear. 
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In fact, it only appeared at masses where there was significant background in the 

mass spectrometer or where the reaction product HF or DF appeared. Thus, 

Rydberg H or D atoms alone cannot fully explain the presence of the fast time-of

flight peak. 

The fact that the fast time-of-flight peak is observed at masses where 

background appears offers a clue. H+, metastable H2/
8 and Rydberg H-atoms (all 

produced by electron impact) can ionize background gases through collisions just 

after the ionization region in the detector (and before the quadrupole mass filter). 

There is a constant source of background because a continuous beam and a cross

correlation chopper wheel are used in the experiment. Two processes can occur to 

give rise to signal at background masses. First of all, H+ formed in the ionizer can 

undergo charge exchange collisions that ionize background gas molecules.19 

Secondly, through processes such as Penning ionization and associative ionization, 

the background molecules can be ionized by Rydberg H (D) atoms or metastable 

H2 (D2) and therefore mass-selected by the quadrupole.20 They appear in the time

of-flight spectrum at the characteristic time of the excited H, D, H2, or D2, which is 

very fast. In comparing the reflected beam time-of-flight with the fast peak due to 

collisional ionization (Fig. 2) the collisional ionization peak is broader, but it is 

reasonable that the collisional process would give rise to broadening since the 

background molecules are moving at random velocities and the collisions occur 

with a wide range of impact parameters. All of the above mechanisms may be 

operating simultaneously, but the density of H2 (D2) is much greater than H (D), 
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and so charge exchange from the molecular species is probably contributing more 

to the fast time-of-flight peak than atomic species involved in Penning and 

associative ionization processes. 

In comparing the collisional ionization effect from different spectra, it is 

interesting to note the intensity dependence of the fast time-of-flight peak on the 

mass-selected species and the angle ei, which determines how much of the incident 

beam is directly reflected into the detector. In comparing spectra for different 

mass-selected species, the highest intensity is seen for m/e= 28, which is usually 

the highest background mass peak in any vacuum system and normally attributed to 

CO. For 8i= 45°, the ratio of the fast peak for the m/e= 28 spectra to that of the 

m/e= 21 (product DF) spectra is 5:1. The intensity of the fast peak seen in spectra 

taken at m/e= 18 is only 4% of the m/e= 28 peak, which is consistent with a low 

background due to residual H20 in the vacuum. In the m/e= 21 spectra, there is a 

strong dependence of the collisional ionization peak intensity on the angle ei. The 

intensity of the collisional ionization peak drops by a factor of 4 when changing 

from ei= 30° to ei= 20°, but the intensity of the slow peak due to the products 

remains the same. The angular dependence shows that the fast time-of-flight peak 

has a strong dependence on the incident beam, as expected for the collisional 

ionization mechanism. 

The arguments above rule out the possibility of the fast peak arising from 

reaction products formed at the surface, which is the main interest in this 

experiment. Attention is thus focused on the slower peak, which is why a fit for 



only the second peaks and the corresponding translational energy distribution is 

displayed in Figs. 3-5. 

Dynamics of HF and DF Products 
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The HF and DF reaction products, measured directly as they evolve from 

the surface, appear as the slower peaks in the time-of-flight spectra of Fig. 3 and 

Fig. 4, respectively. The translational energy distribution in Fig. 5 is derived by 

fitting the slow peak for both products at each angle ei. The difficulty in this 

method is finding the true leading edge of the slow peak, which corresponds to the 

high energy limit of the translational energy distribution. However, at ei= 10°, the 

leading edge is distinguishable since the signal between the first and second peaks 

drops to the baseline. The same translational energy distribution is used to fit the 

data from both reactions at all angles ei. 

The translational energy distribution for HF and DF is not a Maxwell

Boltzmann distribution at the surface temperature. Fig. 7 compares the product 

translational energy distribution from Fig. 5 with a Maxwell-Boltzmann distribution 

at the surface temperature, T surf= 690 K. The product distribution peaks at higher 

energy than a Maxwell-Boltzmann distribution, about 2.5 kcal/mole, with a 

substantial fraction of the molecules having up to 13 kcal/mole of translational 

energy. The translational energy distribution peaking far from the Maxwell

Boltzmann distribution peak indicates that there is a barrier in the exit channel. 

Although it is possible to fit the HF and DF products separately so that they 
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each have their own translational energy distribution, such a distinction between the 

products is not strongly supported by the data. The difference in the energy 

distributions is too small to be justified given the signal/noise ratio and the added 

complication of the collisional ionization peak near the leading edge of the product 

time-of-flight peak. However, it is interesting to note that when two distributions 

are used, best fit to all the ei for a particular product, the DF appears to have less 

energy left over in translation than the HF upon separating from the LiF(OO 1) 

surface (although the two distributions have the same Emax). This suggests that DF 

has more energy in rotational degrees of freedom, which is not surprising 

considering the rotational constants BHF= 20.939 cm·1 and BnF= 11.007cm·1
•
21 Only 

one translational energy distribution is used to fit both the HF and DF data here, 

though, which is reasonable since the features of the potential energy surface 

influencing the dynamics should be the same. 

If the total available energy for the reaction to make HF or DF were known, 

then the translational energy distribution would give more detailed information 

about the internal states of the product molecules. This in turn would reveal some 
I 

details of the reaction mechanism. However, the energy required to form and 

remove the HF or DF molecule is not known. If, for the sake of forming a 

qualitative picture, one assumes the maximum energy in the translational energy 

distribution is also the total available energy to the product HF or DF, and that the 

products are all in v= 0, then the rotational states lying under the distribution of 

Fig. 5 can be as high as J= 14 for HF and J= 20 for DF. 22 Since the vibrational 
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spacing for HF is 11.83 kcal/mole, it is unlikely that any vibrational excitation 

occurs. For DF, the vibrational spacing is lower, 8.57 kcal/mole, so it might be 

energetically possible to have some vibrational excitation. The shape of the 

translational energy distribution does not support this conclusion, though. 

Qualitatively, the rotational excitation indicates that in the exit trajectory off the 

surface, the potential exerts some torque on the molecule. However, there are 

certainly other factors leading to the broadening of the time-of-flight spectrum, so 

the J values are not a strict assignment. For example, a variety of surface sites 

leading to reaction will broaden the product distribution. 

The fact that HF and DF have the same maximum energy gives a clue about 

the microscopic picture of the molecule's departure from the surface. Two extreme 

cases can be considered. First, if the "kick" off the surface is directed to the light 

end of the diatomic product, the translational energy distributions for HF and DF, 

particularly the Emax• will be different depending on whether H or D receives the 

"kick" (Fig. 8). In fact, DF should have about four times the kinetic energy of HF 

in this scenario (a factor of 2 from v0
2 and a factor of 2 from M0 ). In the second 

case, however, if the heavy fluorine end gets the "kick" then the translational 

energy distributions will be about the same for HF and DF, which is what is 

observed in the experiment. Thus in this picture, if a strong torque is exerted to 

one end of the product by the potential, it must be applied toward the fluorine 

rather than the H or D end of the diatomic product. However, in the case of HF 
r 

and DF the center-of-mass is very close to the fluorine end of the molecule, so if 



the repulsion is applied toward the center-of-mass, a similar Emax would also be 

observed. It is safe to say, though, that a strong torque is not applied to the light 

end of the product HF or DF. 
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The ei distributions for HF and DF in Fig. 6 are peaked with their maxima 

near the specular angle. Fig. 9, shows the experimental ei distribution for HF and a 

cosine distribution. The cosine distribution would be observed if: 1) the 

desorbing product had no "memory" of the incident beam and 2) the desorbing 

product molecule was completely in equilibrium with the surface, at the surface 

temperature of 690 K. Clearly, the two distributions are different. The 

experimental distribution is highly peaked towards 45-50° (angle between the 

detector and the surface normal, which is equal to SJ. A simple fit to a cosne 

function is not appropriate, however, since E.L (the component of the beam energy 

normal to the surface) changes with ei (i.e. as the surface is rotated the incident and 

final angles are changed simultaneously). It can be concluded, however, that the 

angular distribution has some dependence on the incident atomic beam angle, and 

hence E.L. Thus, the product molecule does have some "memory" of the incident 

beam. This indicates that the HF and DF are formed through an Eley-Rideal 

mechanism, which is fairly unusual. Most gas-surface reactions are of the 

Langmuir-Hinshelwood type_23
-
25 

\ 
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Surface Reaction Mechanism 

The possibility of surface roughening as a result of the reactions with H and 

D atoms was investigated. The H2 or D2 time-of-flight patterns from the reflected 

beam should be sensitive to surface roughness. A less well-ordered surface will . 

give a broader time-of-flight pattern. However, comparison of HF or DF time-of

flight spectra before and after 3 hours of reaction at the same spot on the surface 

showed no evidence for surface roughening. 

The nature of the surface site in this reaction is unknown. The LiF(OOl) 

surface has steps and terraces as well as anion vacancies. The vacancies may have 

an electron trapped in them. The different sites are expected to have different 

reactivities. Matsumura's calculations26 clearly show that for anion vacancies, 

depending on the type (with or without a trapped electron) and location (i.e. comer, 

edge, or surface), the H-atom will feel a different potential. For example, the 

energy for adsorption of an H-atom on a surface vacancy with a trapped electron is 

as high as -6.266 eV, and the H sits in the lattice asH- where it mimics the missing 

p-_ On the other hand, an H-atom interacting with the same vacancy without a 

trapped electron has an adsorption energy of only -0.062 eV, and the potential 

curve is largely repulsive. Similar differences in the comer and edge sites are 

reported. Since the HF and DF in this experiment leave the surface with up to 13 

kcal/mole of translational energy, it seems unlikely that the trapped electron 

vacancy is the site of reaction. If the H can sit in the lattice as H-, then formation 

of HF that leaves with excess kinetic energy should be unfavorable. Also, the F 
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that the H reacts with would have to be either an interstitial F or one diffusing 

along the surface, because in a "perfect" lattice the H would only see Li neighbors. 

More likely, the HF or DF is formed at sites where the H or D atom cannot easily 

replace F in the lattice, and then the newly formed molecule feels a repulsive 

potential as it leaves the_surface. The question remains, though, whether H reacts 

at an anion vacancy site (without a trapped electron) or creates one by pulling F out 

of the lattice. 

Conclusions 

A supersonic beam of H or D atoms incident on a LiF(OOl) surface can be 

used to study the dynamics of the HF or DF product formed. By directly 

measuring the time-of-flight of the product species as it evolves from the surface, 

features of the potential energy surface involved are elucidated. The translational 

energy distribution describing both products peaks higher in energy than a 

Maxwell-Boltzmann distribution, indicating that there is a barrier in the exit 

channel for HF and DF to form and evolve from the surface. There is also 

evidence of rotational excitation, and a microscopic picture of the molecule-surface 

interaction is discussed . However, because the energetics of the reaction are 

unknown in this case, details about the internal states of the products cannot be 

resolved. A state-specific study of the reaction products could help to further 

understand the details of the surface reaction mechanism. 

With an ultra-high vacuum system, the reaction could be explored over a 
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wide range of surface temperatures. Here, surface temperatures were limited to 

650-700 K to insure cleanliness of the crystal surface. In addition, when the H or 

D atom hits the surface it has -7.5 kcal/mole of translational energy from the 

beam, chiefly determined by the nozzle temperature. A study of the role of energy 

transfer in the reaction by varying the H or D collision energy would be 

interesting, but accelerating H or D atoms is not a trivial problem. As new sources 

of H and D atoms are developed, perhaps such an investigation will be possible. 
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Figure Captions 

Fig. 4-1 Nozzle temperature as a function of power. Temperature calculated 

from neat Ne beam time-of-flight (circles) and measured by optical 

pyrometry (squares). 

I 

Fig. 4-2 Time-of-flight spectra at Si= 30° comparing the width of the 

reflected beam with the width of the fast time-of-flight peak due to· 

collisional effects (see text): (a) H-atom beam (solid line) compared to 

m/e=20 signal (circles), and (b) D-atom beam (solid line) compared to 

m/e=21 signal (circles). 

Fig. 4-3 m/e=20 time-of-flight spectra (circles) showing the second peak fit 

at all angles, ei, by a simulated time-of-flight spectrum (solid line) 

generated from one translational energy distribution, shown in Fig. 5. The 

collisional ionization component shown ( ..... ) is not a fit. 

Fig. 4-4 m/e=21 time-of-flight spectra (circles) showing the second peak fit 

at all angles, ei, by a simulated time-of-flight spectrum (solid line) 

generated from· one translational energy distribution, shown in Fig. 5. The 

collisional ionization component shown ( ..... ) is not a fit. 
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Fig. 4-5 Translational energy distribution used to fit HF and DF data in Figs. 

3 and 4; <E>T= 4.3 kcal/mole. 

Fig. 4-6 ei distributions for HF (filled circles) and DF (open circles) 

calculated by integrating the simulated time-of-flight spectra for each angle 

ei. 

Fig. 4-7 HF translational energy distribution (solid line) compared to a 

Maxwell-Boltzmann distribution for the surface temperature, Tsurr= 690 K 

(dashed line). The distributions are normalized. 

Fig. 4-8 Microscopic picture of the fluorine end of the diatomic product 

feeling the "kick" off the surface, justified by HF and DF having the same 

Emax. 

Fig. 4-9 Polar plot showing the measured ei distribution for HF (triangles) 

and a cosine distribution expected if HF were in equilibrium with the 

surface (squares). For the measured distribution, the normal component of 

the incident enegy (E.J changes with ei. For Detection Angle 1 E.1= 2.6 

kcallmole, while for Detection Angle 2 E.1= 6.6 kcal/mole. 
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ChapterS 

Dynamics of the Acetylene-d2, Ethylene-d4, and Tetradeuteromethane Products 

from the Reaction of D-Atoms with a Graphite Surface 

Introduction 

Thermodynamic and kinetic aspects of the reaction of hydrogen atoms with 

graphite have been studied extensively. Early experiments were performed in a 

bulb by heating the graphite or by passing molecular hydrogen gas over a hot 

graphite filament or rod to adsorb atomic hydrogen, and then measuring the 

desorbing gases. The uptake and desorption of H2 was studied1 as well as 

formation and desorption of hydrocarbon species such as CH4 and C2H2•
2 Later, the 

kinetics of the reaction of hydrogen atoms with a graphite surface was studied by 

dissociating molecular hydrogen in a radiofrequency discharge source. In the 

surface temperature range of 450-1200 K, the products found were molecular 

hydrogen and methane. 3 Using the technique of modulated molecular beams, 

Balooch et. al. studied the reaction of H-atoms with graphite where the H-atoms 

were produced in a pyrolytic effusive source. 4 They found that for surface 

temperatures up to 800 K, methane was the only product, but acetylene was seen at 

temperatures above 1000 K. They proposed a model in which the methane was 
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formed by sequential addition of adsorbed H-atoms and the acetylene was formed 

' 

by surface recombination of CH groups. They did not see any other hydrocarbon 

products, in particular ethylene, which differs from this work. 

While the kinetics of the reacion of H-atoms with graphite have been well 

studied, the dynamics have not been directly explored. The dynamics in such 

hydrogen-carbon systems are now of interest, particularly in the related area of 

diamond growth. In this work, a supersonic beam of D-atoms incident on the basal 

plane of a graphite surface is used to generate reaction products whose individual 

velocities are directly measured upon evolution from the surface. By varying the 

angle, ei, between the beam and the surface plane, while the beam-to-detection 

angle remains fixed at 90°, a distribution of products giving insight into the reaction 

mechanism is obtained. The dynamics of the deuterated acetylene, ethylene, and 

methane products are examined. Two reaction mechanisms occur: methane is 

formed both through the Eley-Rideal and Langmuir-Hinshelwood mechanisms while 

the acetylene and ethylene are formed through the Langmuir-Hinshelwood 

mechanism. 

Experimental 

A continuous supersonic beam of D-atoms was directed towards the basal 

plane of highly oriented pyrolitic graphite (HOPG) maintained at Tsurf= 570 K or 

Tsurf= 705 Kin a gas-surface scattering apparatus, described previously. 5 The 

·products of the surface reaction are chopped by a cross-correlation wheel, mass 
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selected, and counted by a channeltron after travelling through a flight distance of 

23.9cm.6 The time-of-flight spectra of individual mass-selected reaction products 

were measured for m/e= 32, 30, 28, 26, 20, 18, 16, and 14. In addition, the 

reflected beam was monitored. 

The surface was mounted on a 3-axis rotatable manipulator equipped with a 

resistive heater. The HOPG graphite sample was obtained from Union Carbide 

(grade ZYH monochromator) and heated for at least 24 hours in vacuum (1 x 10 -? 

torr) to Tsurf= 720-770 K before running an experiment. Surface temperature was 

limited to a narrow range because of concerns about absorption of background 

gases and limits of the crystal heater. In the range studied, no surface temperature 

dependence on the dynamics was clearly seen. Time-of-flight spectra were 

measured as a function of ei, the angle between the source and the surface plane, 

with the source-to-detector angle fixed at 90°. In such a configuration, any memory 

of the incident beam in the product dynamics is readily ascertained, but it is not 

possible to measure a full flux angular distribution to determine energy scaling. In 

addition, by using a D-atom source, differentiation between deuterium from the 

beam and hydrogen from the bulk crystal4 is possible. 

A D-atom source with a flux of -5 x 1018 atoms cm-2 s-1
, previously 

described/ was used to prepare D-atoms by thermal pyrolysis of D2 • D2 does not 

react with graphite, 4 so the atomic species is the true reactant species. In a 

previous experiment on the H and D atom reactions with LiF(001) to make HF and 

DF, respectively, an artifact in the time-of-flight spectra due to collisional 
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ionization was identified and discussed extensively.7 The same effect is observed 

in some of the time-of-flight spectra for the D-atom reactions with graphite, and 

similarly discounted. The collisional ionization arises from the fact that D+, 

metastable D2, and Rydberg D-atoms are all produced in the electron bombardment 

ionizer and can collisionally ionize other molecules in the region between the 

ionizer and the quadrupole filter of the detector. 8•
11 Because the collisional process 

leads to broadening, which is dependent on ei and the particular rn!e setting of the 

quadrupole, there is no systematic way to subtract this artifact from the data. Thus, 

it is simply excluded from the fitting when analyzing the reaction product data. 

Results 

Product time-of-fight spectra were taken for rn!e= 32, 30, 28, 26, 20, 18, 16, 

and 14. Table I lists the assignments of the fragments detected. Signal was not 

observed above rnle= 32, indicating that C2 is the longest chain hydrocarbon, and 

no evidence for the evolution of radical species such as CD, CD2, or CD3 was 

found. 4 Radical species would be expected to evolve from the surface more slowly 

than the stable molecular products observed. Additionally, because no time-of

flight peak was observed at rnle= 36, ethane-d6 is not a product. The three 

hydrocarbon products observed were deuterated acetylene, ethylene, and methane. 

The products will hereafter be referred to by these names with the deuteration 

understood. The fragmentation patterns for these products and ethane are listed in 

Table II. 12 
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By considering the fragmentation patterns, two schemes for fitting the data 

were devised and tested, one assuming the C2 species is ethylene and the other 

assuming it is ethane. The scheme involving ethane did not fit the data well, 13 and 

in addition, since rn!e= 36 signal was not observed (which is unique to the ethane 

product), this possibility can be ruled out. Thus, only one scheme, where the C2 

species is ethylene, is discussed here. 

The first step of the fitting scheme comes from the fact that C2D 4 and C2D2 

do not fragment in the electron bombardment ionizer to m/e= 20. Thus, m/e= 20 

data can be fit at all ei to derive a single translational energy distribution describing 

CD4 evolution. In addition, the fit to the m/e= 18 time-of-flight peak should be 

generated from the same translational energy distribution since m/e= 18 only 

appears in the fragmentation pattern of CD4 • Fig. 1 shows the time-of-flight data 

for m/e= 20 and 18 taken at ei= 30°, along with a fit derived fr.om the translational 
~ 

energy distribution in Fig. 2. The fit is a simulated time-of-flight spectrum 

obtained by the forward convolution method, which includes the various apparatus 

functions affecting the data. 1
4-

16 Fig. 3 shows how the translational energy 

distribution of Fig. 2 fits the data at ei= 20°, 45°, and 60° for two different surface 

temperatures, Tsurf= 570 K and Tsurf= 705 K. In the ei= 45° and 60° data, the fast 

peak is discounted as an artifact from collisional ionization.7 There does not seem 

to be an appreciable difference in the time-of-flight spectra with surface 

temperature within the narrow range studied here. 

Next, the m/e= 32 data, attributed solely to C2D4, is fit at all angles ei to 
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generate a single translational energy distribution. This is the distribution 

describing the dynamics of ethylene evolving from the surface. The fit for m/e= 

32 at four angles 8; is shown in Fig. 4, and the corresponding translational energy 

distribution is in Fig. 5. The m/e= 26 data has two contributions, one from C2D4, 

and the other from C2D2. Once the C2D4 distribution has been determined from the 

m/e= 32 data, the translational energy distribution of C2D2 is adjusted to generate 

the best total fit to the m/e= 26 data at all angles 8;, while also finding the relative 

contributions of the two channels. The fit for 8;= 20°, 45°, and 60° is shown for 

two surface temperatures in Fig. 6. Once again, the time-of-flight data do not show 

a dependence on Tsurf in the range studied. The acetylene translational energy 

distribution used to fit the m/e= 26 data is shown in Fig. 7. 

The time-of-flight spectra at m/e= 16 and 14 should be fit with a 

combination of the translational energy distributions already derived for methane, 

ethylene, and acetylene. In the case of m/e= 16, the data can be fit using a 

combination of the distributions for ethylene and methane; acetylene only gives a 

small amount of m/e= 16 upon fragmentation in the ionizer. The m/e= 16 data is 

shown in Fig. 8 with a fit generated from a combination of the translational energy 

distributions for methane, Fig. 3, and ethylene, Fig. 5. Data for m/e= 14 is fit 

using a combination of all three translational energy distributions found above, Fig. 

9. The contribution from methane is negligible, which is at first surprising when 

only considering the fragmentation pattern of the different products. It.turns out 

that methane is the minor product of the gas-surface reaction under the conditions 
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used, though, as will be discussed later. Therefore, it is reasonable that the 

methane contribution is negligible compared to acetylene and ethylene in the rn/e= 

14 time-of-flight spectrum. Finally, data at rn/e= 30 must be a result of ethylene 

fragmenting in the electron bombardment ionizer. In Fig. 10, time-of-flight data 

taken for rn/e= 30 is shown ei= 20° with a fit generated from the ethylene 

translational energy distribution in Fig. 5. 

In Fig. 11, the three translational energy distributions used to fit the data are 

plotted with a Maxwell-Boltzmann distribution for Tsurf= 705 K. The distributions 

for the products clearly peak at higher energies than the Maxwell-Boltzmann 

distribution, indicating that there is a barrier to desorption of the product molecules. 

For the product translational energy distributions, <E>T= 3.1 kcal/mole for ethylene, 

<E>T= 4.1 kcal/mole for acetylene, and <E>T= 3.9 kcal/mole for methane. The 

<E>T for acetylene and methane is nearly the same, and the shapes of the 

distributions are similar, but the low-energy side of the acetylene distribution is 

shifted to higher energy as is the peak, by about 0.5 kcal/mole. It turns out that the 

methane distribution is reflecting the translational energy release from two different 

surface reaction mechanisms, which will be addressed in a discussion of the ei 

product distributions. Since the mechanism of acetylene and methane formation is 

different, as evidenced by the ei distributions (see below), the similarity of the two 

translational energy distributions is thought to be just coincidental. Ethylene has 

Emax -9 kcal/mole, which is lower than the common Emax -11 kcal/mole for acetylene 

and methane. 17 
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Qualitatively, the yield of the products under the conditions used indicates 

that the major product is ethylene and the minor product is methane. However, the 

relative yield of products is expected to be dependent on the D-atom flux and so no 

attempt to quantify a branching ratio is made here. The flux of D-atoms used in 

this experiment is about 100 times higher than in the modulated molecular beam 

work of Balooch et. al. (where ethylene product was not observed),4 suggesting that 

ethylene formation is dependent on the availability of D-atoms. 

The ei distributions for each product were measured, and the results are 

plotted in Figs. 12-14 in polar form along with a cos(8) distribution, which is 

scaled to the product intensity for 8i= 45°. For the ei distribution, it is important to 

remember that the beam-to-detector angle remains fixed at 90°, and thus the normal 

component of the D-atom incident energy changes with ei. The cos(8) distribution 

shown here would be observed if the product: 1) was in thermal equilibrium with 

the surface at the surface temperature and 2) had no "memory" of the incident 

beam. In Figs. 12-14 the beam is incident on the surface between 8i= 0-90°, and 

the products are detected from 8= 90-180° as shown. The angle ei is thus equal to 

the angle between the detector and the surface normal for each measurement. The 

acetylene ei distribution (Fig. 12) is most similar to a cos(8) distribution. The 

ethylene ei distribution is somewhat similar to a cos(8) distribution, except the 

product intensity is more strongly peaked toward the surface normal (Fig. 13). 

Methane, however, differs from the acetylene and ethylene; part of its distribution 

is strongly peaked toward 45° and part looks like a cos0 (8) distribution (Fig. 14). 
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The ei distributions show that some of the methane product has a "memory" of the 

incident beam, while all of the acetylene and ethylene products do not. The 

important dynamical implications of this result will be discussed in the following 

section. 

Discussion 

Product Translational Energy 

The translational energy and 9i distributions of the deuterated methane, 

acetylene, and ethylene products reveal some dynamical and mechanistic aspects of 

the gas-surface reaction. The importance of considering both the energy released 

into translation and the angular distribution of products has been demonstrated.18 

Measuring an angular distribution gives insight into the reaction mechanism and 

desorption dynamics, but can be misleading without an accompanying translational 

energy distribution. This is particularly true when a cos(9) angular distribution is 

observed, which is normally associated with thermal desorption but can also arise 

simply from the way a molecule's energy is accommodated at the surface before 

desorption (i.e. partitioned between the directions parallel and perpendicular to the 

surface). 

The translational energy distributions in Fig. 11 have been normalized to 

have the same area. All three peak at higher energies than a Maxwell-Boltzmann 

distribution for Tsurr= 705 K (shown) and of course for Tsurf= 570 K (not shown). 

This is indicative of a barrier in the exit channel of each potential energy surface 
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governing the interaction of individual products with the graphite surface.19 If the 

exit channels had no barrier, Maxwell-Boltzmann distributions would be expected. 

Deviations from Maxwell-Boltzmann behavior characteristic of Tsurrace have been 

observed in many studies of desorption.20
-
22 In fact, Comsa has pointed out that 

there is really no general reason to expect to see Maxwell-Boltzmann distributions 

for the desorption of molecules from a surface.23 The distributions can be loosely 

characterized by a "temperature"(T <E> = <E>r/2kB, where kB is the Boltzmann 

constant) to quantify the deviation from Tsurrace; T<E>= Tsurrace in the case of a 

Maxwell-Boltzmann distribution.24 For ethylene, acetylene, and methane, T<E>= 

780, 1032, and 982 K, respectively. 

The three product distributions are also wider than a Maxwell-Boltzmann 

distribtution. As the newly formed product surmounts the barrier and leaves the 

surface, potential energy is not only channelled into translation but also into internal 

modes of the product, which is reflected in the width of the derived translational 

energy distribution. Products with less translational energy are more internally 

excited. The width can also reflect reaction at different types of surface sites, 

which will effectively change the total available energy to the departing molecule. 

For the two products that desorb without a memory of the incident beam, the width 

is larger for ethylene, which has more degrees of freedom than acetylene. The 

methane is formed through two mechanisms, a direct reaction and a surface 

recombination, and the combination of the two mechanisms or reaction from 

different types of surface sites may broaden the distribution. 
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The ethylene distribution has the lowest T <E> (780 K) and also has a lower 

Emax of -9 kcal/mole. Such behavior is consistent with a lower barrier height with 

respect to the final product state in the exit channel for the ethylene product as 

compared to the acetylene or methane. The fact that ethylene was found to be the 

major product under the conditions used also suggests a lower barrier in the 

forward direction, from the reactants to the transition state. The ratio of products 

ethylene: acetylene: methane is -9:3:1. The barrier in the exit channel can result 

from the geometric and configurational requirements of the transition state for a 

particular product to form and evolve. In the case of ethylene, the carbon has the 

same sp2 hybridization of the graphitic carbon on the surface. Perhaps this explains 

why ethylene evolution would have a lower barrier. 

Product 6i Distributions 

The ei distributions in Figs. 12-14 illustrate how the product flux changes 

when the surface is rotated. In the rotating surface, fixed source-detector 

arrangement, the normal component of the incident D-atom energy varies with 6i. 

Thus, the distribution observed cannot be properly fit to a cosn(e) distribution 

unless there is no effect from the incident beam. However, in the case of 

acetylene the distribution clearly shows a loss of "memory" of the incident beam. 

It is interesting to note, in fact, that the angle with the most product intensity here 

is from the measurement where the D-atom has the least incident energy in the 

normal direction. A mechanistic picture whereby two CD groups move around on 
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the surface, fmd each other, and join together to evolve as acetylene is consistent 

with no "memory" of the beam, which is the Langmuir-Hinshelwood type 

mechanism?5 The plotted cos(8) distribution, shown for comparison, is what would 

be seen if a true thermal desorption were occurring with the product in equilibrium 

with the surface. However, since the translational energy distribution clearly peaks 

at higher energy than a Maxwell-Boltzmann distribution, thermal desorption is not 

an appropriate description of the desorption dynamics. The observed ei distribution 

must arise from the dynamics of the last formation step and exit off the surface, 

reflecting the shape of the exit barrier in the potential energy surface. While the 

CD groups are accomodated to the surface, the newly formed acetylene is not, for 

there is po surface temperature dependence observed. The acetylene product 

formation and desorption can be a concerted process, resulting in a very short 

residence time for the acetylene on the surface. Thus the cos(8) distribution 

reflects the way the acetylene's energy is divided in the directions parallel and 

perpendicular to the surface as it moves through the exit channel of the potential 

energy surface. 

The ei distribution for ethylene, Fig. 13, also shows a loss of "memory" of 

the beam. The distribution is more highly peaked toward the normal than a cos(8) 

distribution, as shown. In fact, it can be fit to a cos2
·
6(8) distribution, again based 

on loss of "memory" of the incident beam. The translational energy distribution 

already indicates that the ethylene evolution is not a simple thermal desorption. A 

microscopic picture of two accomodated CD2 groups diffusing along the surface 
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until they find each other and form the product is consistent with the angular 

distribution, which is again the Langmuir-Hinshelwood mechanism. However, the 

strong peaking indicates that the exit channel barrier has a different shape than that 

in the acetylene case. This barrier is more significant along the normal direction. 

The ethylene product, whose dynamics show no surface temperature dependence, is 

not accomodated to the surface. In addition, its energy must be partitioned more in 

the direction perpendicular to the surface than parallel to the surface in order to 

result in the cos2
·
6(8) distribution. Peaked angular distributions have been 

previously interpreted as resulting from excess energy in the desorbing molecule in 

a study of C02 formed by reaction of CO and oxygen (0/- and 0) on a Pt(111) 

surface.26 There may be a particular configuration of the transition state that leads· 

to more energy in the coordinate normal to the surface. 

Fig. 14 shows the ei distribution for the methane product. Methane differs 

from acetylene and ethylene: it appears that two mechanisms, Eley-Rideal and 

Langmuir-Hinshelwood, are operating simultaneously. One part of the distribution 

is highly peaked toward 45°, indicating that there is a "memory" of the incident 

beam. This part of the angular picture is consistent with D-atom addition from the 

beam to radical species adsorbed on the surface: first to CD(ads)• then to CD2(ads)• 

and finally to CD3(ads)• constituting an Eley-Rideal mechanism. Sequential additions 

from adsorbed D-atoms or D-atoms that have suffered a few collisions with the 

surface before reaction (and therefor lost information about their incident 

coordinates) contribute to the other part of the angular distribution, which has a 
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cos3·\S) distribution (note that this fit is only based on three points, so it is rough). 

The cos3
·
4(8) contribution is from reactions of the Langmuir-Hinshelwood type 

mechanism. Thus, both the Eley-Rideal and Langmuir-Hinshelwood mechanisms 

are occuring simultaneously. Unfortunately, it is not possible to deconvolute the 

translational energy distribution (Fig. 2) to reflect the individual contributions from 

the two mechanisms. Reports of the Eley-Rideal mechanism are quite rare, and so 

the observation of such a mechanism in this case is of particular interest.27
-
29 From 

kinetic studies,4 the addition to CD2 is expected to be the rate-determining step 

while the addition to CD3 is very fast. Thus, if there is a competition between D

atom addition to CD3 and two CD3 groups finding each other on the surface to 

form ethane, the D-atom addition would be favored. Perhaps this is why no 

evidence for ethane formation has been observed. 

Microscopic Picture 

In the present study, the observed products were methane, acetylene, and 

ethylene. While methane and acetylene were reported previously in a modulated 

molecular beam study,4 ethylene was not. Possible explanations for this 

discrepancy are that the flux of D-atoms is two orders of magnitude higher here, 

and the D-atoms are produced in a supersonic expansion with Eincident- 7.5 

kcal/mole. Previously, acetylene formation was only seen at high surface 

temperatures (above 1000 K), and methane was the only hydrocarbon product at 

lower temperatures (up to 800 K). This suggests that the surface temperature had 
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to be high enough to insure mobility of the CD(ads) species on the surface so that 

they could find each other with a reasonable frequency. The incident beam energy 

of -7.5 kcal/mole is well above kBTsurr at 1000 K (kBTsurr= 1.99 kcal/mole), so there 

may be ample energy available for mobility of newly formed species, depending on 

how much energy is consumed in the initial reaction. Thus, the incident energy 

from the D-atom can be partially accommodated by CD and CD2 mobility at the 

surface, which is necessary for recombination reactions to form acetylene and 

ethylene. 

In further considering the mobility of the radical species at the surface, it 

becomes clear why ethane formation is not favored. The graphitic carbon atom 

starts as an sp2 carbon, covalently bound to three other carbon atoms. As D-atom 

addition occurs, one C-C bond is broken and a D-atom is attached. However, a CD 

species is still anchored to the surface by two other C-C bonds if the sp2 

hybridization is maintained. Likewise, a CD2 species is anchored by one C-C bond. 

A CD3 species loses its anchor, though, if sp2 hybridization is maintained, and thus 

may not remain on the surface long enough to recombine with another CD3 group. 

The fmal D-atom addition quickly forms CD 4, and thus CD3 may be a very short

lived species under conditions of high D-atom flux. This would explain the 

absence of ethane product. In addition, radical species evolution would probably be 

unfavorable. 
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Comparison with other Molecular Beam Etching Studies 

The dynamics of only a few etching reactions have been studied using 

molecular beam-surface scattering. Some are mentioned here for the sake of 

comparison in order to gain a better understanding of the dynamics observed in the 

D-atom/graphite system. Of particular interest is why some systems show 

barrierless thermal desorption behavior and others do not. 

The dynamics of Cl2 etching of GaAs have been studied. In one 

experiment, the etching of the GaAs(llO) surface to form GaCl3 was reported,30 

with GaCl3 evolution well described by a Maxwell-Boltzmann distribution with a 

temperature below Tsurface and a cosine angular distribution. These results were 

attributed to an absence of an activation barrier for desorption. In another 

experiment/1 time-of-flight spectra of the GaCl from Cl2 reacting with GaAs(lOO) 

were measured. A cosine distribution for GaCI was observed, and the authors 

mention that an even better fit was found for cost.5(8), i.e. more peaked towards the 

surface normal than cos(8). The time-of-flight spectrum was wider than a 

Maxwell-Boltzmann distribution (the width was dependent on Tsurface with slower 

products appearing at lower surface temperatures) except at a high surface 

temperature of 550 °C. Attempts to fit the time-of-flight distribution for GaCl by 

including a factor accounting for a surface residence time were unsuccessful. It 

was postulated, however, that GaCl comes from different types of defect sites, 

giving rise to different residence times and thus broadens the time-of-flight 

distribution. 
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The velocities of SiCln (n= 2, 3 and 4) reaction products from the reaction 

of Cl2 with Si(lll) were measured.19 The product time-of-flight distributions were 

well fit with Maxwell-Boltzmann distributions with temperatures 9.0% higher than 

Tsmface· In addition, the angular distribution was a bit peaked toward the normal, fit 

by cosL26(8). The SiC12 results were explained in terms of a low potential barrier in 

the exit channel resulting in translational heating of the newly formed products 

upon desorption. 

The results presented here show broader product distributions than expected 

for a Maxwell-Boltzmann distribution as in the GaCl work, which could arise for 

similar reasons, i.e. reaction and desorption from different types of surface sites. In 

addition, the ethylene ei distribution is more highly peaked towards the normal than 

a cos(S) distribution as observed for the SiC12 and also the GaCl. The acetylene 

distribution follows cos(S) well, but the translational energy distribution shows that 

thermal desorption is not taking place. As in the case of SiC12 formation and 

desorption, there is a barrier in the exit channel for each product, indicated by the 

translational energy distribution peaking at higher energy than a Maxwell

Boltzmann distribution for the surface temperature. 

Conclusion 

The dynamics of three hydrocarbon reaction products in the reaction of D

atoms with a graphite surface have been explored. Time-of-flight measurements of 

individual products coupled with variation of the beam-surface angle allow for 
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determination of the translational energy imparted to each product and the role of 

the incident beam in each product's formation on the surface. Unlike some other 

. etching reactions reported in the literature, the products do not evolve by a simple 

thermal desorption process. In fact, there is a barrier in the exit channel for each 

product, and thus the translational energy distribution is shifted to higher energies 

than a Maxwell-Boltzmann distribution for the surface temperature. Additionally, 

the distributions do not have the functional form of a Maxwell-Boltzmann 

distribution. By examining the influence of the incident D-atom beam, it was 

determined that the methane was formed both by sequential addition of D-atoms 

from the beam to radical species on the surface (Eley-Rideal mechanism) and also 

through a Langmuir-Hinshelwood type mechanism, while acetylene and ethylene 

were formed by recombination of accommodated CD and CD2 species on the 

surface, respectively (Langmuir-Hinshelwood). The accommodation of the incident 

energy allows for surface mobility and the radical species lose "memory" of the 

incident D-atom velocity. The major product was ethylene under the conditions of 

D-atom flux and incident energy used. A study of the branching ratio of products 

by varying the D-atom flux would be interesting and would allow for a greater 

understanding of the competition between the pathways leading to the three 

observed products. 
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Table I . Assignment of Detected 
Ions from Reaction 

m/e parent ion 

assignment 

32 C2D4+ 

30 C2D4+ 

28 C2D4+ 

C2D2+ 

26 C2D/ 

C2D4+ 

20 CD+ 4 

18 CD/ 

16 CD4+ 

C2D4+ 

C2D2+ 

14 C2D2+ 

CD+ 4 

C2D4+ 
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.,, Table II . Fragmentation Patternsa 

m/e Ethane-d6 Ethylene-d4 Acetylene- Tetradeute 
CzD6 CzD4 dz ro-

CzDz methane 
CD4 

36 185 

34 146 

32 1000 1000 

30 273 618 

28 209 640 406 

27 807 

26 106 1000 

24 32 286 

20 1000 

18 830 

16 54 110 13 125 

14 24 64 136 72 

12 194 

2 30 

aData from Ref. 12. 
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Figure Captions 

Fig. 5-l Time-of-flight data (0000) taken at 8i=30° for (a) m/e=20 and (b) 

m/e=l8. The fit (-) is a simulated time-of-flight generated from the 

translational energy distribution in Fig. 2 for both (a) and (b). 

Fig. 5-2 Translational energy distribution for tetradeuteromethane obtained by 

fitting m/e=20 data at all angles ei (some fits are shown in Fig. 3). 

Fig. 5-3 Data (0000) taken for m/e=20 at different angles ei. The left side 

(a, c, and e) were measured with Tsurf=570 K. The right side (b, d, f) 

were measured with Tsurr=705 K. The collisional ionization component is 

shown( ...... ) in (c)-(f) (not a fit) and is off the scale of the graph. The 

simulated tim~-of-flight (-) is generated from the translational energy 

distribution in Fig. 2. The same translational energy distribution is used to 

fit all the data (a)-(f), for both surface temperatures. 

Fig. 5-4 Data (0000) taken at m/e=32 for different angles ei and Tsurr=570 

K. The fit (-) is a simulated time-of-flight spectrum generated from the 

translational energy distribution in Fig. 5. 

Fig. 5-5 Translational energy distribution for ethylene-d4 obtained by fitting 
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m/e=32 data at all angles Si (some fits are shown in Fig. 4). 

Fig. 5-6 Data (0000) taken at m/e=26 for different angles Si and two 

surface temperatures: Tsurf=570 K (a, c, and e) and Tsurf=705 K (b, d, 

and f). The collisional ionization component (off the scale of the graph) is 

shown in (c)-(f) ( ...... )(not a fit). The simulated time-of-flight spectra 

used to fit the product time-of-flight peaks are generated from the 

translational energy distributions of Fig. 5 ( ethylene-d4, -) and Fig. 7 

(acetylene-~, -----). The total fit is also shown( __ ). 

Fig. 5-7 Translational energy distribution for acetylene-d2 obtained by fitting 

m/e=26 data at all angles Si (some fits are shown in Fig. 6). 

Fig. 5-8 Data (0000) taken at m/e=l(:) for different angles Si. The fit is 

generated from the translational energy distributions for ethylene-d4 (-) 

(Fig. 5) and acetylene-~(-----) (Fig. 7). Tsurf=570 K for (a), (c), and (d) 

and Tsurf=705 K for (b). In (d) the collisional ionization component (offthe 

scale of the graph) is shown ( ...... ) (not a fit). 

Fig. 5-9 Data (0000) taken at m/e=14 and 8i=25o for Tsurf=705 K. The 

ethylene-d4 component ( -----), the acetylene-~ component (-), and the 
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tetradeuteromethane component ( ____ ),which is negligible, are 

shown. The translational energy distributions of Figs. 2, 5, and 7 were 

used for tetradeuteromethane, ethylene-d4, and acetylene-dz, respectively, in 

fitting. 

Fig. 5-10 Data (0000) taken for m/e=30, 8;=20°, and Tsurf=570 K. The fit 

(-) is a simulated time-of-flight spectrum generated from the 

translational energy distribution in Fig. 5. 

Fig. 5-11 The translational energy distributions of Figs. 2 

(tetradeuteromethane, ...... ), 5 (ethylene-d4, ____ ),and 7 (acetylene-dz 

_. _ .) are plotted with a Maxwell-Boltzmann distribution for Tsurf=705 

K( __ ). 

Fig. 5-12 The measured 8; distribution for acetylene-d2 (•) is plotted in polar 

form with a cos(8) distribution (e) for comparison. Tsurf=705 K. 

Fig. 5-13 The measured 8; distribution for ethylene-d4 ( •) is plotted in polar 

form with a cos(8) distribution (e) for comparison. Tsurf=705 K. The data 

is best fit with a cos2
·
6(8) distribution, also shown (- ). 
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The measured ei distribution for tetradeuteromethane ( •) is plotted in 

polar form with a cos(8) distribution (e) for comparison. Tsurf=705 K. 

Part of the tetradeuteromethane product shows a "memory" of the beam by 

peaking near ei=45°. 
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