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The e®ectsof rotational alignmert in surfacescattering phenomenaare
studied. Alignment meansa spatial preferencefor the plane of rota-
tion. Speci cally, changesin the re°ection probability for H, reaction
with Pd(111) were studied for di®erem molecular rotational alignmerts
(helicoptersvs. cartwheelers)and di®eren incident translational energies.
Experimertally, moleculesnerepreparedwith well-de ned, non-statistical
alignmerts using a linearly polarizedlaserbeforeinteraction with the sur-
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determine their internal state. We found that the re°ectivity of heli-
copter moleculeswas lessthan that of cartwheelermolecules.This e®ect
increasedwith increasingincident energy The result is interpreted as
meaning that helicopters are more likely to dissaiate than to scatter.

The results are further evidenceof steric forcesin the H,/Pd interaction.
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Chapter 1

In tro duction

The physics of reactionsat surfacesis an interesting and relevant
“eld. Surfacesften act ascatalystsby providing reaction sitesfor gaseous
species.In the automobile industry, catalysts are usedto cornvert noxious
CO into CO, in the exhaustsystem. Catalysts are usedin the chemical
industry to syrnthesize ammonia and methanol. In the atmosphere,ice
particlesin cloudsact ascatalystsfor animportant stepin the destruction
of the ozonelayer. As industry becomesmore and more sophisticated,
designercatalysts becomemore and more desirable. Howewer, although
one can imagine a multitude of combinations of the elemerts to make a
catalyst, testing eat onein the lab is unrealistic. Therefore, modelling

catalysts has becomea burgeoning eld.

Catalytic reactionsare intrinsically complicated. For example,in
the reaction that takes place in the destruction of the ozonelayer, two
speciesmust be adsorked, dissaiated, di®useacrossthe surface,reactand
then the reactart must desorb. While on the surface,reactarts candi®use
acrossor into the surface,or desorb before reacting. In most catalytic
reactionsthe rate limiting step is the adsorption and dissciation of the
reacting species. Therefore, a fundamertal description of the adsorption
and dissaiation of molecular specieson surfacess critically important to

the understandingof the ertire catalytic reaction.



Theorists, beginningwith Lennard-Jonesin 1932[14], have strug-
gledto understandthe basicsof how moleculesscatter from and dissciate
on surfaces.The problem is inherertly complexbecauset involvesmany
degreesof freedomof the moleculeand the surface. A diatomic molecule
approading a surface has six degreesof freedom. These are generally
identi ed in the following manner. (See gure 1.1.) The letters x and
y identify where the moleculeis above the surfaceas a 2D plane. This
is important in identifying whether the moleculeis approading over a
bridge site, on top of a surfaceatom or varying other placesdepending
on the symmetry of the surface. The letter, z, is taken as the distance
from the certer of massof the moleculeto the surface. The letter r de-
notes the bond length of the molecule. It can be time dependern if the
moleculeis vibrating. Finally the Greekletters, pand A, denotethe angle
between the molecular bond and the surfacenormal and the azimuthal
angle,respectively. In arotating moleculetheseare time dependen. This
work is primarily concernedwith the dependenceof surfaceprocesse®n
the angle, . Speci cally, we will look at the role that the alignmert of
the incident moleculehasin molecular scattering and dissaiation in the

H,/Pd(111) system.

Sincethis work is concernedwith molecularalignmert, let us rst
discussalignmert convertions. Consider rotational motion classically
moleculeswith the J vector perpendicularto the surfacenormal are known
as cartwheelermolecules. (See gure 1.2.) As onecan seein the gure,
there are a range of cartwheelermotions. Moleculeswith J vectors par-
allel to the surfacenormal are known as helicopter molecules.If we wish

to considerthe moleculesquantum medanically, we can take a vector of
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Figure 1.1: Coordinate system used for simulations and experimerts of
the dissaiation of diatomics on metals. In the gure, x,y, and z are the
certer of masscoordinates, r is the bond length of the molecule,p is the
polar angleof the moleculewith the surfacenormal and A is the azimuthal
angle. This gure wastaken from reference3].

our choiceto be the quartization axis. (In this type of experimernt this
vector is corveniertly taken as the electric eld of the laser. This will
be explainedin more detail in the experimertal section.) We then de ne
alignmert in terms of the projection of the rotational vector, J, on a space
‘xed axis, the quartization axis. This projection is called m;. If the
quartization axis is perpendicularto the surfacenormal, A moleculeswith
low m; will be helicopters. If we de ne the quartization axis asalongthe
surfacenormal then moleculeswith low mj are cartwheelers.It shouldbe
noted howeer, that quantum medanically, there are no true helicopters
or cartwheelerssincethe J vector is not at a well de ned position with
respect to the surfacenormal, but is descriked by a probability distribu-
tion labelled by J and m;. (SeeFigure 1.3.) Thereforethe assignmen of
helicopter and cartwheelerstates are qualitative. The sign of the J vec-
tor descrikesthe helicity of the motion (clockwise or courter clockwise).

This parameteris called orientation and is not consideredin this study.



J  Helicopters

Cartwheelers J\
X

Cartwheelers

O

%,

J

Figure 1.2: A graphical description of alignmert in the classicalsense.
Moleculeswith J vectorsaligned perpendicular to the surfacenormal are
known ascartwheelers.Thosewith J vectorsalignedparallel to the surface
normal are helicopters.

It should be noted that orientation has other meaningsin the literature
besidethe helicity of the rotation. For heteroruclear diatomic molecules,
sudh asNO or HCI, orientation often describeswhich atom is pointed to-
ward the surfacein the interaction. There is often a distinctly di®erer

PES for the presertation of eat atom. Becauseof this, in the literature,

authors often usethe term, orientation, to describe alignmert.

In this paper, | will review the theory behind the e®ectsof align-
mert on surfaceprocessesgdiscussprevious alignmert experimerts, illus-
trate how the current measuremets were obtained and then presert and

discussmy results.

1.1 The Theory of Gas-Surface Scattering Dynamics

Thosewho wish to describe the approad of a moleculeto a surface
generally use the following approad. 1) Construct a potential energy

surface(PES) for the moleculeasit approatesthe surface,2) Calculate
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Figure 1.3: Aligned distributions can be producedquarntum medanically
by having an unequal distribution of the population among m; states.
This distribution descrites a cartwheeler state if the quartization axis
is taken as a vector perpendicular to the surfacenormal. Typically the
quartization axis is taken asthe electric eld of the laserwhendescribing
the state preparation process.

the dynamics of the moleculeas it approades the surface using either
classicalor quantum medanics, and 3) Calculate surfaceprocessesu
as disscciation for moleculesthat remain on the surface and calculate

scattering dynamicsfor thosethat do not. Let usreview eat step of the

process.

1.1.1 Calculating the Potential Energy Surface

Constructing a PES for a particular system, consistsof calculat-
ing the potertial energy for di®eretn geometries. For example, a sim-
ple one dimensional construct consistsof calculating the energy for the
molecule basedsolely on the distance of the moleculefrom the surface.
For atom/atom reactionsthesetypes of potential energy curvesinclude
the familiar Lennard-Jonesmodel. To construct a higher dimensional
PES, one calculatesthe potential energyin two dimensionsand plots the

valuesfor the energyas cortours. For example one might calculate the



PES for a moleculewith a xed angle pu as the moleculeapproatesthe
surface(changing z) and the bond length increasegchangingr). A com-
posite 6D PES may be constructed be conbining many 2D PES's. The
PES's themseles are generally constructed using density functional the-
ory (DFT) with the generalizedgradiert appraximation (GGA). This ap-
proach is consideredstate-of-the-art. For a history of PES construction,

a good review is found in a paper by Brivio and Trioni [15].

When calculating the PES for systemsinvolving H, and metals,
it is assumedthat the surfaceand the moleculedo not exdhangeenergy
through phononsor electronictransitions. Let usreview ead assumption.
First, in orderto squeld® energytransferto and from phonons,the surface
is kept at 0 K for the purposesof constructing the PES. This is a huge
simpli cation becausethe PES does not have to take into accoun any
surfacemotion or any degreesf freedomof the surfaceatoms. It is most
often thought that the assumptionis justi ed by the large massdi®erence
betweenthe light H, molecule and the heary metal surface atoms. In
sud a systemenergytransfer to the surfacephononsshouldbe negligible.
Howewer, experimertal work done by Watts and Sitz in 1998shaws that
there is signi cant energy transfer between scattered moleculesand the
surface[16]. Watts and Sitz obsened a rotational excitation of scattered
moleculeghat had a strongdependenceon surfacetemperature. Therefore
the surfaceand the moleculeswere de nitely excanging energyand the
motion of the molecules(the surfacetemperature) was having an e®ect
on surfaceprocessesThe medanismis still being debated,but it is clear
that the current theory cannot descrile this energyexcangewell [17]. In

defenseof a phonontheory, Busnengoet al. deweloped a theory in which



surfacephononsmay play a role asthe moleculeis trapped at the surface
long enoughfor sudh e®ectsto becomeimportant [18]. Therefore, it is
not clearwhat e®ectthe energyexdangewith surfacephononsmay have
on surfaceprocessesud as dissaiation. In this study, the experimert
was conductedat a single surfacetemperature sothis parameterwas not

varied through the courseof study.

The secondassumptionof negligibleenergyexdangethrough elec-
tronic transitions is justi ed by the Born-Oppenheimerapproximation [4].
In this approximation the electronsare always consideredto be in their
ground state. In other words, the electron motion follows the nuclear mo-
tion adiabatically. This approximation is accurateaslong as the atomic
velocities are small comparedwith the electronicvelocities. This assump-
tion simpli es the construction of the PES aswell becausethe molecular
degreesof freedomare separablefrom the electronic. Although there are
casesvhenthis is not true, all of the theory that is discussedn this work

is calculated using this approximation.

If onewishesto calculatethe dynamicsquartum medianically, con-
tinuous functions of the PES must be usedinstead of the discrete points
produced by DFT. How this is accomplishedis highly non-trivial and is

described in somedetail in a review article by GroY4[4].

1.1.2 Simulating the Dynamics

Oncethe PESis calculatedit canbe usedto simulate the molecular
dynamics,that is how the moleculeactually beharesasit approadesthe
surface. Dynamics can be simulated using either a quantum medanical

or a classicaldescription. Let us review the bene ts and drawbads of



eah approad.

The classicalmedanics approad is much simpler to carry out.
The forceson a classically described molecule are calculated for di®er-
ert points on the PES and the moleculesmovesaccordingto thoseforces.
Simulations are carried out asa seriesof trajectorieswherethe initial con-
ditions, translational energy rotational state, etc. are selectedat random
from the translational, rotational and vibrational temperature distribu-
tion being studied. Many trajectories are calculated and the dependence
of surfaceprocesse®n initial conditions is determined statistically. Clas-
sicalmedanicscannotdescrike such behavior astunnelling and zeropoint
energye®ects.To descrite sut behaviors one must calculatethe dynam-

ics using quantum medanics.

A quartum medanical approad relieson the solution of the Schradinger
equation. In the gasphase,Hamiltonian operator usedin the Sdrédinger
equation dependsonly on the moleculebeing studied. As the molecule
movestoward the surfaceand interacts with the surfaceatoms,the Hamil-
tonian involves relies not only on the moleculebeing studied but ewvery
surfaceatom. Even atoms far away from the interaction region have an
e®ecton the motion from mean eld theory. Thereforeto study the dy-
namics,we must not only solve the Scrédinger equation for the incident
moleculebut for the ertire surfaceaswell. This processs extremely com-
putationally intensive. Recall alsothat to descrile the motion quantum
medanically, the PES hasto be t to a cortinuous function, an inexact

and error-prone process.

Although much harder to set-up, a quantum medanical descrip-



tion ewlvescoheretly [4]. In other words, when one simulates quarntum

medanically, a plane wave padket probesall impact points simultaneously
instead of having to repeat the simulation many times in a statistical fash-
ion to build up a solution asin the classicalapproad. This is true for
angular coordinatesaswell. Instead of simulating many moleculeshitting

the surfacein a variety of geometries,onemay simulate onemoleculein a
particular (J,m;) state. Lastly, quantum simulations are neededfor slow,
light moleculesn which the de Broglie wavelengthis long rather than fast,
heavy molecules.Therefore,for H, systems,quarntum medanical calcula-
tions are morelikely to be needed.| will discussin detail later, dynamical
simulations, both quantum medanical and classical, which have direct

impact on this study.

1.1.3 Dissociativ e Adsorption

Often the last step in simulating gas-surfacdnteractions is disso-
ciative adsorption. Here a moleculeis stretched by the PES so much that
the bond breaksand two atoms are adsorked onto the surface. Consider
the PES for the H,/Pd(100) systemcalculated by Wilke and Sde?er [5]
[6]. (See gure 1.4, part a.) As the moleculeapproadesthe surfaceit
stays closeto the path of lowest energy When the molecule gets suz-
ciertly closeto the surface,its bond is stretched until it dissciates. A
PES that directs a moleculealong such a path is known as an \elb ow"
plot. Note that along another pathway in plot b of the gure thereis a
barrier to disscaiation. This barrier occurs after the curve or \elb ow" in
the plot and is known as a \late" barrier. Barriers which occur before

the \elbow" are known as\early” barriers and can be overcomewith the



moleculesincident translational energy Late barriers can lead to phe-
nomenasud asvibrationally enhanceddisscciation wherethe vibrational
energyof the moleculeallows it to overcomethe barrier. Systemswhich
have barriers to dissaiation are known as activated systemswhile those

that have no barriers are known as non-activated systems.

As we can seefor Pd howewer, there are some pathways which
have barriers and somewhich do not. Moleculescan be directed into
non-activated pathways through a processknown as steeringwhich | will

discussin the next section.

1.2 Relevant Simulations and Exp erimen ts

Now that we understandhow moleculesimulations are constructed
let us review someimportant predictions of the simulations. | will discuss
two predictionsin detail, molecularsteeringand enhanceddissaiation for

favorable alignmert.

1.2.1 The Theory of Steric E®ects

In seweral molecularbeamexperimerts, it hasbeenfound that the
sticking probability of H, moleculesinitially decreasesvith increasingin-
cidert energy[19][20]. These ndings were cortrary to standard theory
becausetranslational energy should be usedto overcomeany early bar-
riers to dissaiation and late barriers should be overcomeby vibrational
energy Onetheory usedto explain this phenomenawvasa precursormed-
anism. In this theory, the moleculeis initially adsorked in a physisorbed
state and then dissaiated. Population of the physisorbed state can occur

becausemoleculesdoseenergyto surfacephonons[21]. Oncethe molecule
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Figure 1.4: Contour plots of the PES for the H,/Pd(100) system, from
referenceq4],[5], and [6]. The plots keep all degreesof freedom except
the distanceto the surface,z,and the bond length,r, constart. The inset

shaows the disscciation of the moleculegraphically.
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is physisorkedto the surface,it candissciate through di®eren pathways.
Moleculeswith low incident energyare more likely to be physisorbed be-
causethe well depth for the molecularly adsorked state was thought to
be relatively shallon. Therefore, moleculeswith decreasedncident en-
ergy would be more likely to be trapped in this well and subsequetly

dissaiated.

In 1995, Grovs,Wilke and Sde2er reported results from full 6D
quartum medanical simulations that showed that a steric medanism
rather than a precursormedanismmay dominate in the H,/Pd(100) sys-
tem [10]. When a molecule encourters an activated pathway the PES
can lead to a changethe molecule'salignmert so that it is steeredinto
a non-activated pathway. Sud a medanismwould be more prevalent at
low translational energiesand at low rotational levels. Gro%s,Wilke and
Sde2er's simulations showved the initial decreasdn reaction probability
with increasedtranslational energyas found in experimerts. They sug-
gestedthat alongwith other degreeof freedomsud asthe position of the
moleculeon the surface,the molecule'salignmert may be an important

elemen in the steeringmedanism.

Darling, Kay and Holloway also simulated disscaiative reactions
and found evidenceof a steering medanism [22]. They performed both
classicaland quantum medanical simulations and found that anisotropies
in the PES led to repositioning and re-alignmern of the incoming molecule.
The moleculesare steeredinto favorabledissaiative alignmerts, especially
thosein which the moleculeis in the helicopter state. Thesesteric theories
predict that at certain energies,alignmert of an incoming moleculemay

have a profound e®ecton its disassaiation probability.
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Figure 1.5: Sticking coexcient of H, on Pd(111) asa function of incident
energy The squaresare the rotationally averagedsticking coexcient mea-
suredby Gosteinand Sitz [7]. The circleswerereported by Beutl et al [8].
Note that the both nd the lowest sticking coe+cients from 50-75meV.
Herethe steric medanismis not yet applicable and the moleculesdo not
have enoughtranslational energyto overcomethe barriers directly.

The steering medanism was also tested experimertally in both
seededmolecular beam studies and state resoled studies [8] [7]. These
studiessuggesthat the steeringmedanismisindeedstrongin the H,/Pd(111)
systemfor energiedessthan about 73 meV. (See gure 1.5.)Note how the
sticking coexcient readiesa minimum at around 73 meV. It is at this
energythat the moleculedoes not have enoughenergyto overcomethe
barrier but is going too fast to be e®ectiely steered. It is at this energy

that di®erenly aligned moleculeswould experiencedi®eren parts of the

PES without being steeredinto favorable pathways.

Therefore we seethat the theory of steric e®ectspredicts the ex-
perimertally veri ed phenomenaof decreasingreaction probability with
increasingenergy Howe\er, it also predicts other unexpectede®ectssuc
aslarge anisotropiesin the PES for di®eren alignmerts and locations on
the surface. Directly measuringthese anisotropiesand their relationship

to the steric medanismwill be the subject for the remainderof this paper.
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1.2.2 Prediction of Alignmen t E®ects

The steric medanism studiesdescribed above imply that there are
large anisotropiesin the PES that can direct a moleculeto low energy
pathways. If one could probe the anisoptropiesdirectly howewer, what
could she expect to nd? Let us consideronly those anisoptropiesthat
have to do with the alignmert of the molecule. Theorists have calculated
the degreeto which the alignmert of the incoming moleculeenhancests
dissaiation probability. | will discussn somedetail three sud simulations

from Busnengoet al., Gro¥sand Sthe?er, and Kroesand McCormad.

First, let us considera PES calculatedby Busnengoet al [9]. This
work was on the H,/Pd(111) system. He assertsthat the PES for Pd
has a strong anisotropy with regard to molecular alignmert (See gure
1.6.) From classicaldynamic simulations, he study predictsthat the ertire
translational energydependenceof the dissaciation probability is due only
to alignmert forcesat energiesabove 125meV. In other words, molecules
are steeredtoward favorable alignmerts rather than being steeredtoward
favorable disscriation sites. Busnengo'swork implies a strong enhance-
mert in the dissaiation probability for particular alignmerts; howe\er,
the dependenceof the alignmert e®ecton initial translational energy or

rotational state wasnot discussedor explicitly calculated.

GroYsand Sthe2er performeda six dimensionalquartum medan-
ical simulation and predicted that there would indeed be an enhanced
probability of dissaciation for helicopter moleculesin the H,/Pd(100) sys-
tem [10]. (This e®ectwas also calculated on for H,/Cu by Darling and

Holloway [23].) The e®ectincreaseswith increasingrotational state. The
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Figure 1.6: A highly anisotropicPESforthe H>/Pdsystemconstructedby
Busnengo.Moleculeswill be steeredinto favorable (helicopter) alignmerts

by this type of PES. From Referencd9].

authors beliewe that this is dueto moleculeswith high angularmomertum
rotating out of a favorable dissaiation alignmert during the dissaciation
ewert. (See gure 1.7.) The study had a xed incidert translational

energyof 190meV.

Lastly, let us considerwork done by Kroesand McCormad, et al
[11]. In this quantum study, the authors calculated the degreeto which
alignmert enhancemento dissciation dependedon initial translational
energy This work was done on the H,/Cu(100) systemwhich is an acti-
vated systemfor all pathways. The resultswill certainly be di®eren for Pd
wherethere are many pathways with no barrier to dissaiation and there
is strong evidenceof a steric medanism. Still the resultsare the only cal-
culations available which predict the dependenceof alignmert disscciation

enhancemehon incidert translational energy (See gure 1.8.)

In the gure it is evidert that the alignmert of the incomingmolecule
is lessof a factor in the dissaiation probability asthe incoming transla-

tional energydecreasesThere are alsomany details in the reaction prob-
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Figure 1.7: Sticking probability versusinitial rotational state for di®erert
alignmert distributions in the H,/Pd(100) system. The initial kinetic en-
ergywas190meV. Note how there is a preferenceor sticking for helicopter
distributions. From Referencg10].
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Figure 1.8: Computed reaction probabilities for the H,/Cu(100) system.
Note that alignmert enhancemenis much more pronouncedat high trans-
lational energies. Here high m; states are helicopter moleculesand low
m; statesare cartwheelers.From Reference11].
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ability at low energyrelating to quartum e®ects. Note that the lowest
collision energy simulated is 300 meV, much higher than the highesten-
ergy of 72 meV testedin this study. For copper the reaction probability
falls to near zero for these low energiesand molecular states. For this

reasonwe decidednot to do our experimerts on copper.

It is clearthat there are many interesting predictions for the align-
mert in the molecular dissaiation of H, on transition metals. Although
the interdependenceof the role alignmert and incidernt translational en-
ergy has not been explicitly calculated for the H,/Pd(111) system, we
remenber from the work doneby Beutl et al. and by Gosteinet al. that
the steric medanism s only applicable at energiesbelowv about 73 meV.
Much above 73 meV, the moleculehasenoughenergyto overcomebarriers
directly. Therefore, we can expect that the alignmert e®ectto be most

important in this low energyrange.

1.2.3 Previous Alignmen t Exp erimen ts

There has already been someexperimertal work on the e®ectof
alignmert onreaction probability of H, on transition metals. | will discuss

the merits and shortcomingsof eat of theseexperimerts and their results.

The rst experimertal evidenceof an alignmert e®ectwas found
in a study conductedby Gulding and Wodtke [24] [25]. This study was
conductedon the (111) surfaceof copper and usedD, instead of H,. The
experimert consistedof permeatingD atomsthrough a thin Tm of Cuand
examining the desorbingmoleculesvia resonanly enhancedmultiphoton
ionization (REMPI). Through the principle of detailed balance,the results

would be comparableto that of absorbing molecules. The investigators
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discoreredtwo interesting trends. First, the polarization of the desorbing
moleculeswas high in favor of the helicopter motion at high rotational
states but the moleculeswere essetially randomly polarized at low ro-
tational states(J<4). This is cortrary to the results predicted by Gro¥%a
and Sche?er [10]. As | stated beforefor a Pd surface, GroYsand Scezer
predicted molecular alignmert at J statesaslow asJ = 1. Gulding and
Wodtke attribute the discrepancyto steric e®ectswvhich changethe align-
mert of the desorbingmoleculeasit traverseshe PES toward desorption.
These e®ectsshould be stronger for lower rotational states. The other
possibility is that the high surfacetemperature (920 K) has substartially

di®eren dynamicsthan the simulated surfaceat 0 K.

The other result from Gulding and Wodkte's work is the depen-
denceon translational energy In permeationexperimerts, the correspnd-
ing incident translational energyis very ditcult to determinein terms of
detailed balance. Howewer, the experimerters looked at the di®erence
in alignmert for the translational energiesof desorbingmolecules. Here
they probed the alignmert asa function of °ight time. The alignmert of
the desorbingmoleculeswas drastically increasedat longer °ight times or
lower energies. This is opposite of what one might expect from a steric
medanism where slover moleculesexperiencethe anisotropic PES for
a longer time and are therefore steeredmore into favorable alignmerts.
Therefore, at low energies,alignmert would be lessimportant because
moleculescan be steeredinto favorable pathways. Gulding and Wodkte
found the opposite trend and concludedthat steric medanismsdo not

play a largerole in this system.

Another permeation experimert was conducted by Wetzig et al.
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using both H,[26] and D, [27] on Pd(100). With H,, they found an align-
mert favoring the helicopter motion at all J statesprobed although it was
statistically insigni cant at J = 7. The kinetic energy of the desorbing
moleculeshad a Maxwellian distribution with an averageof 118 meV. Al-
though, this study did not show the increasein alignmert for increasing
J as predicted by theory, theory and experiment agreedstatistically. For
D,, Wetzig and colleaguesfound that there was prefererial alignmert
for moleculesin J, 3 and J- 7. The authors attribute the somewhatlow
alignmert e®ectmeasuredto a steeringe®ect. But a direct probe of the
e®ectwas not available due to their inability to measureor cornrol the

molecule'stranslational energies.

One problem with permeationstudiessud astheseis the inability
to directly probe the relationship between alignmert and translational
energyin dissaiation probabilities. For examplein the Wetzig study, the
authors canonly state that their population hasa Maxwellian distribution
of translational energieswith an averagekinetic energy of 118 meV for
the H, study. Evenin the TOF studiesdone on copper by Wodtke and
conorkers, the correspnding incidert translational energyis ditxcult to
discern[25].In orderto truly probe the e®ectwf a steeringmedanismon
alignment enhanceddissaiation probability one must be able to cortrol
or measurethe incidernt translational energy and the incident rotational
state. That is the goal of this study. Through molecular beam methods,
we can corrol the averageincident energiesof our moleculeswithin 2
meV. We can alsolook at the di®erencen scattering betweenmolecules
which are experiencing a steric medanism (energiesroughly <73 meV

from reference [7].) and thosethat are not (roughly <73 meV). In this
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way we should be able to directly probe the anisotropiesin the PES due

to alignmert and their relationship to the steric medanism.

We should also note that these types of alignmert experiments
have beencarried out beforein other systems,speci cally the N,/Ag(111)
system[28]. In this case,the authors were looking for the alignmert of
moleculeswhich were inelastically scattered. They found that molecules
in cartwheelertype alignmerts were much more likely to be inelastically
scattered. Sincewe are only looking at re°ection probability in this study,
lossescould be do to many e®ectsincluding dissaiation on the surface
or inelastic scattering. Howeer, the large energy mismatch betweenthe
incidert energy and the energy neededto inelastically scatter H, into a
higher rotational energystate leadsto the conclusionthat the most likely

lossis to dissaciation. This will be discussedn more detail in chapter 4.
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Chapter 2

Exp erimen tal Set-Up

2.1 Apparatus

The experimertal apparatus has beendescriked 