
Copyright

by

Marcia Joyce Isakson

2002



The Dissertation Committee for Marcia Joyce Isakson
Certi¯es that this is the approved versionof the following dissertation:

The E®ects of Alignmen t on the Disso ciation of H 2

on Pd(111)

Committee:

Greg O. Sitz, Supervisor

Alan Campion

Michael Downer

Manfred Fink

CharlesMullins



The E®ects of Alignmen t on the Disso ciation of H 2

on Pd(111)

by

Marcia Joyce Isakson, B.S.,M.A.

DISSER TATION

Presented to the Faculty of the Graduate School of

The University of Texasat Austin

in Partial Ful¯llmen t

of the Requirements

for the Degreeof

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN

May 2002



Dedicatedto my husband,John M. Isakson,who supported me with all

his heart.



Ac knowledgmen ts

My time in graduate school and the completion of this project

was a tremendously rewarding and challenging experience. I would like

to thank the peoplewho made it possible. First and foremost, I would

like to thank my advisor, Dr. Greg Sitz, who helped me to discover how

interesting surfacesciencecan be. He truly demonstratedwhat it is to be

a great scientist and teacher. I would also like to thank all of the other

students without whom this project would have never happened. These

other scientists not only mademy job easier,they madeit much morefun.

In particular, I would like to thank LeahSchackman, with whom I enjoyed

many lively and helpful conversationsand who helped me keepthe laser

alive, Dr. Jenny Siders,who will be a friend for life, and Dr. Elizabeth

Watts, who taught me the nuancesof two laser experimentation. I also

enjoyed the company of many other students in my time in this lab which

spannedten years: Jerry Kim who is now experimenting in the chamber

which I beganbuilding almost nine yearsago, Michael Gostein, who did

preliminary alignment measurements, Michelle Gotthold, Todd Tinsley,

David Schlichte, Peter Bach and JamesAyers. Lastly, I would like thank

my committee members, Manfred Fink, Buddy Mullins, Alan Campion

and Michael Downer for their time and insight.

v



The E®ects of Alignmen t on the Disso ciation of H 2

on Pd(111)

Publication No.

Marcia Joyce Isakson,Ph.D.

The University of Texasat Austin, 2002

Supervisor: Greg O. Sitz

The e®ectsof rotational alignment in surfacescattering phenomenaare

studied. Alignment means a spatial preferencefor the plane of rota-

tion. Speci¯cally, changesin the re°ection probability for H2 reaction

with Pd(111) were studied for di®erent molecular rotational alignments

(helicoptersvs. cartwheelers)and di®erent incident translational energies.

Experimentally, moleculeswerepreparedwith well-de¯ned, non-statistical

alignments usinga linearly polarizedlaserbeforeinteraction with the sur-

face. After scattering, the moleculeswere probed with another laser to

determine their internal state. We found that the re°ectivit y of heli-

copter moleculeswas lessthan that of cartwheelermolecules.This e®ect

increasedwith increasing incident energy. The result is interpreted as

meaning that helicopters are more likely to dissociate than to scatter.

The results are further evidenceof steric forcesin the H2/Pd interaction.
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Chapter 1

In tro duction

The physicsof reactionsat surfacesis an interesting and relevant

¯eld. Surfacesoften act ascatalystsby providing reactionsitesfor gaseous

species.In the automobile industry, catalysts are usedto convert noxious

CO into CO2 in the exhaust system. Catalysts are usedin the chemical

industry to synthesize ammonia and methanol. In the atmosphere,ice

particles in cloudsact ascatalystsfor an important step in the destruction

of the ozonelayer. As industry becomesmore and more sophisticated,

designercatalysts becomemore and more desirable. However, although

one can imagine a multitude of combinations of the elements to make a

catalyst, testing each one in the lab is unrealistic. Therefore, modelling

catalysts hasbecomea burgeoning¯eld.

Catalytic reactionsare intrinsically complicated. For example, in

the reaction that takes place in the destruction of the ozonelayer, two

speciesmust beadsorbed,dissociated, di®useacrossthe surface,react and

then the reactant must desorb.While on the surface,reactants candi®use

acrossor into the surface,or desorb before reacting. In most catalytic

reactions the rate limiting step is the adsorption and dissociation of the

reacting species. Therefore,a fundamental description of the adsorption

and dissociation of molecularspecieson surfacesis critically important to

the understandingof the entire catalytic reaction.
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Theorists, beginning with Lennard-Jonesin 1932[14], have strug-

gledto understandthe basicsof how moleculesscatter from and dissociate

on surfaces.The problem is inherently complexbecauseit involvesmany

degreesof freedomof the moleculeand the surface. A diatomic molecule

approaching a surfacehas 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 molecule is approaching 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 center of massof the moleculeto the surface. The letter r de-

notes the bond length of the molecule. It can be time dependent if the

moleculeis vibrating. Finally the Greekletters, µ and Á, denotethe angle

between the molecular bond and the surfacenormal and the azimuthal

angle,respectively. In a rotating moleculetheseare time dependent. This

work is primarily concernedwith the dependenceof surfaceprocesseson

the angle, µ. Speci¯cally, we will look at the role that the alignment of

the incident moleculehas in molecular scattering and dissociation in the

H2/Pd(111) system.

Sincethis work is concernedwith molecularalignment, let us ¯rst

discussalignment conventions. Consider rotational motion classically,

moleculeswith the J vector perpendicular to the surfacenormal areknown

as cartwheelermolecules.(See¯gure 1.2.) As one can 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 mechanically, we can take a vector of

2



Figure 1.1: Coordinate system used for simulations and experiments of
the dissociation of diatomics on metals. In the ¯gure, x,y, and z are the
center of masscoordinates, r is the bond length of the molecule,µ is the
polar angleof the moleculewith the surfacenormal and Á is the azimuthal
angle. This ¯gure was taken from reference[3].

our choice to be the quantization axis. (In this type of experiment this

vector is conveniently taken as the electric ¯eld of the laser. This will

be explainedin more detail in the experimental section.) We then de¯ne

alignment in terms of the projection of the rotational vector, J, on a space

¯xed axis, the quantization axis. This projection is called mJ . If the

quantization axis is perpendicular to the surfacenormal, n̂ moleculeswith

low mJ will be helicopters. If we de¯ne the quantization axis asalong the

surfacenormal then moleculeswith low mJ are cartwheelers.It shouldbe

noted however, that quantum mechanically, there are no true helicopters

or cartwheelerssince the J vector is not at a well de¯ned position with

respect to the surfacenormal, but is described by a probability distribu-

tion labelled by J and mJ . (SeeFigure 1.3.) Thereforethe assignment of

helicopter and cartwheelerstates are qualitativ e. The sign of the J vec-

tor describes the helicity of the motion (clockwise or counter clockwise).

This parameter is called orientation and is not consideredin this study.

3
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Figure 1.2: A graphical description of alignment 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 heteronuclear diatomic molecules,

such as NO or HCl, orientation often describeswhich atom is pointed to-

ward the surfacein the interaction. There is often a distinctly di®erent

PES for the presentation of each atom. Becauseof this, in the literature,

authors often usethe term, orientation, to describe alignment.

In this paper, I will review the theory behind the e®ectsof align-

ment on surfaceprocesses,discusspreviousalignment experiments, illus-

trate how the current measurements wereobtained and then present and

discussmy results.

1.1 The Theory of Gas-Surface Scattering Dynamics

Thosewho wish to describe the approach of a moleculeto a surface

generally use the following approach: 1) Construct a potential energy

surface(PES) for the moleculeas it approachesthe surface,2) Calculate

4



Figure 1.3: Aligned distributions can be producedquantum mechanically
by having an unequal distribution of the population among mJ states.
This distribution describes a cartwheeler state if the quantization axis
is taken as a vector perpendicular to the surfacenormal. Typically the
quantization axis is taken asthe electric ¯eld of the laserwhendescribing
the state preparation process.

the dynamics of the moleculeas it approaches the surfaceusing either

classicalor quantum mechanics, and 3) Calculate surfaceprocessessuch

as dissociation for moleculesthat remain on the surface and calculate

scattering dynamicsfor thosethat do not. Let us review each step of the

process.

1.1.1 Calculating the Poten tial Energy Surface

Constructing a PES for a particular system, consistsof calculat-

ing the potential energy for di®erent geometries. For example, a sim-

ple one dimensional construct consistsof calculating the energy for the

moleculebasedsolely on the distance of the moleculefrom the surface.

For atom/atom reactions these types of potential energy curves include

the familiar Lennard-Jonesmodel. To construct a higher dimensional

PES, onecalculatesthe potential energyin two dimensionsand plots the

values for the energy as contours. For exampleone might calculate the

5



PES for a moleculewith a ¯xed angle µ as the moleculeapproaches the

surface(changing z) and the bond length increases(changing r). A com-

posite 6D PES may be constructed be combining many 2D PES's. The

PES's themselvesare generallyconstructed using density functional the-

ory (DFT) with the generalizedgradient approximation (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 H2 and metals,

it is assumedthat the surfaceand the moleculedo not exchangeenergy

through phononsor electronictransitions. Let us revieweach assumption.

First, in order to squelch energytransfer to 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 account any

surfacemotion or any degreesof freedomof the surfaceatoms. It is most

often thought that the assumptionis justi¯ed by the largemassdi®erence

between the light H2 molecule and the heavy metal surfaceatoms. In

such a systemenergytransfer to the surfacephononsshouldbe negligible.

However, experimental work done by Watts and Sitz in 1998shows that

there is signi¯cant energy transfer between scattered moleculesand the

surface[16].Watts and Sitz observed a rotational excitation of scattered

moleculesthat hada strongdependenceon surfacetemperature. Therefore

the surfaceand the moleculeswere de¯nitely exchanging energyand the

motion of the molecules(the surfacetemperature) was having an e®ect

on surfaceprocesses.The mechanismis still being debated,but it is clear

that the current theory cannot describe this energyexchangewell [17]. In

defenseof a phonon theory, Busnengoet al. developed a theory in which

6



surfacephononsmay play a role as the moleculeis trapped at the surface

long enough for such e®ectsto becomeimportant [18]. Therefore, it is

not clear what e®ectthe energyexchangewith surfacephononsmay have

on surfaceprocessessuch as dissociation. In this study, the experiment

was conductedat a singlesurfacetemperature so this parameterwas not

varied through the courseof study.

The secondassumptionof negligibleenergyexchangethrough 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 electronmotion follows the nuclearmo-

tion adiabatically. This approximation is accurateas long as the atomic

velocities are small comparedwith the electronicvelocities. This assump-

tion simpli¯es the construction of the PES as well becausethe molecular

degreesof freedomare separablefrom the electronic. Although there are

caseswhen this is not true, all of the theory that is discussedin this work

is calculatedusing this approximation.

If onewishesto calculatethe dynamicsquantum mechanically, con-

tinuous functions of the PES must be usedinstead of the discretepoints

produced by DFT. How this is accomplishedis highly non-trivial and is

described in somedetail in a review article by Gro¼[4].

1.1.2 Simulating the Dynamics

Oncethe PESis calculatedit canbeusedto simulate the molecular

dynamics,that is how the moleculeactually behavesas it approachesthe

surface. Dynamics can be simulated using either a quantum mechanical

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

7



each approach.

The classicalmechanics approach is much simpler to carry out.

The forces on a classically described molecule are calculated for di®er-

ent points on the PES and the moleculesmovesaccordingto thoseforces.

Simulations arecarried out asa seriesof tra jectorieswherethe initial con-

ditions, translational energy, rotational state, etc. are selectedat random

from the translational, rotational and vibrational temperature distribu-

tion being studied. Many tra jectoriesare calculatedand the dependence

of surfaceprocesseson initial conditions is determinedstatistically. Clas-

sicalmechanicscannotdescribesuch behavior astunnelling and zeropoint

energye®ects.To describe such behaviors onemust calculatethe dynam-

ics using quantum mechanics.

A quantum mechanicalapproach relieson the solution of the SchrÄodinger

equation. In the gasphase,Hamiltonian operator usedin the SchrÄodinger

equation depends only 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 every

surfaceatom. Even atoms far away from the interaction region have an

e®ecton the motion from mean ¯eld theory. Therefore to study the dy-

namics,we must not only solve the SchrÄodinger equation for the incident

moleculebut for the entire surfaceaswell. This processis extremelycom-

putationally intensive. Recall also that to describe the motion quantum

mechanically, the PES has to be ¯t to a continuous function, an inexact

and error-proneprocess.

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

8



tion evolvescoherently [4]. In other words, when one simulates quantum

mechanically, a planewavepacket probesall impact points simultaneously

insteadof having to repeat the simulation many times in a statistical fash-

ion to build up a solution as in the classicalapproach. This is true for

angular coordinatesaswell. Instead of simulating many moleculeshitting

the surfacein a variety of geometries,onemay simulate onemoleculein a

particular (J,mJ ) state. Lastly, quantum simulations are neededfor slow,

light moleculesin which the deBroglie wavelengthis long rather than fast,

heavy molecules.Therefore,for H2 systems,quantum mechanical calcula-

tions are more likely to be needed.I will discussin detail later, dynamical

simulations, both quantum mechanical and classical,which have direct

impact on this study.

1.1.3 Disso ciativ e Adsorption

Often the last step in simulating gas-surfaceinteractions is disso-

ciative adsorption. Herea moleculeis stretched by the PES somuch that

the bond breaksand two atoms are adsorbed onto the surface. Consider

the PES for the H2/Pd(100) systemcalculatedby Wilk e and Sche²er [5]

[6]. (See¯gure 1.4, part a.) As the moleculeapproaches the surfaceit

stays closeto the path of lowest energy. When the moleculegets su±-

ciently closeto the surface, its bond is stretched until it dissociates. 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 there is a

barrier to dissociation. This barrier occurs after the curve or \elb ow" in

the plot and is known as a \late" barrier. Barriers which occur before

the \elb ow" are known as \early" barriers and can be overcomewith the
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moleculesincident translational energy. Late barriers can lead to phe-

nomenasuch asvibrationally enhanceddissociation wherethe vibrational

energyof the moleculeallows it to overcomethe barrier. Systemswhich

have barriers to dissociation are known as activated systemswhile those

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

As we can seefor Pd however, there are some pathways which

have barriers and some which do not. Moleculescan be directed into

non-activated pathways through a processknown as steeringwhich I will

discussin the next section.

1.2 Relev ant Simulations and Exp erimen ts

Now that we understandhow moleculesimulations areconstructed

let us review someimportant predictionsof the simulations. I will discuss

two predictions in detail, molecularsteeringand enhanceddissociation for

favorable alignment.

1.2.1 The Theory of Steric E®ects

In several molecularbeamexperiments, it hasbeenfound that the

sticking probability of H2 moleculesinitially decreaseswith increasingin-

cident energy[19] [20]. These¯ndings were contrary to standard theory

becausetranslational energyshould be used to overcomeany early bar-

riers to dissociation and late barriers should be overcomeby vibrational

energy. Onetheory usedto explain this phenomenawasa precursormech-

anism. In this theory, the moleculeis initially adsorbed in a physisorbed

state and then dissociated. Population of the physisorbed state can occur

becausemoleculesloseenergyto surfacephonons[21]. Oncethe molecule

10



Figure 1.4: Contour plots of the PES for the H2/Pd(100) system, from
references[4],[5], and [6]. The plots keep all degreesof freedom except
the distanceto the surface,z,and the bond length,r, constant. The inset
shows the dissociation of the moleculegraphically.
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is physisorbed to the surface,it candissociate through di®erent pathways.

Moleculeswith low incident energyare more likely to be physisorbed be-

causethe well depth for the molecularly adsorbed state was thought to

be relatively shallow. Therefore, moleculeswith decreasedincident en-

ergy would be more likely to be trapped in this well and subsequently

dissociated.

In 1995, Gro¼,Wilk e and Sche²er reported results from full 6D

quantum mechanical simulations that showed that a steric mechanism

rather than a precursormechanismmay dominate in the H2/Pd(100) sys-

tem [10]. When a molecule encounters an activated pathway the PES

can lead to a change the molecule'salignment so that it is steeredinto

a non-activated pathway. Such a mechanism would be more prevalent at

low translational energiesand at low rotational levels. Gro¼,Wilk e and

Sche²er's simulations showed the initial decreasein reaction probability

with increasedtranslational energy as found in experiments. They sug-

gestedthat alongwith other degreesof freedomsuch asthe position of the

moleculeon the surface,the molecule'salignment may be an important

element in the steeringmechanism.

Darling, Kay and Holloway also simulated dissociative reactions

and found evidenceof a steering mechanism [22]. They performed both

classicaland quantum mechanical simulations and found that anisotropies

in the PESled to repositioning and re-alignment of the incomingmolecule.

The moleculesaresteeredinto favorabledissociativealignments, especially

thosein which the moleculeis in the helicopterstate. Thesesteric theories

predict that at certain energies,alignment of an incoming moleculemay

have a profound e®ecton its disassociation probability.

12



Figure 1.5: Sticking coe±cient of H2 on Pd(111) asa function of incident
energy. The squaresare the rotationally averagedsticking coe±cient 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.
Here the steric mechanism is not yet applicableand the moleculesdo not
have enoughtranslational energyto overcomethe barriers directly.

The steering mechanism was also tested experimentally in both

seededmolecular beam studies and state resolved studies [8] [7]. These

studiessuggestthat the steeringmechanismis indeedstrongin the H2/Pd(111)

systemfor energieslessthan about 73 meV. (See¯gure 1.5.)Notehow the

sticking coe±cient reaches a minimum at around 73 meV. It is at this

energy that the moleculedoes not have enoughenergy to overcomethe

barrier but is going too fast to be e®ectively steered. It is at this energy

that di®erently aligned moleculeswould experiencedi®erent parts of the

PES without being steeredinto favorable pathways.

Therefore we seethat the theory of steric e®ectspredicts the ex-

perimentally veri¯ed phenomenaof decreasingreaction probability with

increasingenergy. However, it alsopredicts other unexpectede®ectssuch

as large anisotropiesin the PES for di®erent alignments and locations on

the surface. Directly measuringtheseanisotropiesand their relationship

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

The steric mechanismstudiesdescribed above imply that there are

large anisotropiesin the PES that can direct a molecule to low energy

pathways. If one could probe the anisoptropiesdirectly however, what

could she expect to ¯nd? Let us consideronly those anisoptropiesthat

have to do with the alignment of the molecule.Theorists have calculated

the degreeto which the alignment of the incoming moleculeenhancesits

dissociation probability. I will discussin somedetail threesuch simulations

from Busnengoet al., Gro¼and Sche²er, and Kroesand McCormack.

First, let us considera PES calculatedby Busnengoet al [9]. This

work was on the H2/Pd(111) system. He assertsthat the PES for Pd

has a strong anisotropy with regard to molecular alignment (See¯gure

1.6.) From classicaldynamic simulations, hestudy predicts that the entire

translational energydependenceof the dissociation probability is dueonly

to alignment forcesat energiesabove 125meV. In other words, molecules

are steeredtoward favorable alignments rather than being steeredtoward

favorable dissociation sites. Busnengo'swork implies a strong enhance-

ment in the dissociation probability for particular alignments; however,

the dependenceof the alignment e®ecton initial translational energyor

rotational state was not discussedor explicitly calculated.

Gro¼and Sche²er performeda six dimensionalquantum mechan-

ical simulation and predicted that there would indeed be an enhanced

probability of dissociation for helicoptermoleculesin the H2/Pd(100) sys-

tem [10]. (This e®ectwas also calculated on for H2/Cu by Darling and

Holloway [23].) The e®ectincreaseswith increasingrotational state. The

14



Figure 1.6: A highly anisotropicPESfor the H2/Pd systemconstructedby
Busnengo.Moleculeswill besteeredinto favorable(helicopter) alignments
by this type of PES. From Reference[9].

authors believe that this is dueto moleculeswith high angularmomentum

rotating out of a favorable dissociation alignment during the dissociation

event. (See ¯gure 1.7.) The study had a ¯xed incident translational

energyof 190meV.

Lastly, let us considerwork doneby Kroesand McCormack, et al

[11]. In this quantum study, the authors calculated the degreeto which

alignment enhancement to dissociation dependedon initial translational

energy. This work was doneon the H2/Cu(100) systemwhich is an acti-

vatedsystemfor all pathways. The resultswill certainly bedi®erent for Pd

wherethere are many pathways with no barrier to dissociation and there

is strong evidenceof a steric mechanism. Still the resultsare the only cal-

culationsavailablewhich predict the dependenceof alignment dissociation

enhancement on incident translational energy. (See¯gure 1.8.)

In the ¯gure it is evident that the alignment of the incomingmolecule

is lessof a factor in the dissociation probability as the incoming transla-

tional energydecreases.There are alsomany details in the reaction prob-
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Figure 1.7: Sticking probability versusinitial rotational state for di®erent
alignment distributions in the H2/Pd(100) system. The initial kinetic en-
ergywas190meV. Note how there is a preferencefor sticking for helicopter
distributions. From Reference[10].

Figure 1.8: Computed reaction probabilities for the H2/Cu(100) system.
Note that alignment enhancement is much morepronouncedat high trans-
lational energies. Here high mJ states are helicopter moleculesand low
mJ statesare cartwheelers.From Reference[11].
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abilit y at low energy relating to quantum e®ects. Note that the lowest

collision energysimulated is 300 meV, much higher than the highest en-

ergy of 72 meV tested in this study. For copper the reaction probability

falls to near zero for these low energiesand molecular states. For this

reasonwe decidednot to do our experiments on copper.

It is clear that there are many interesting predictions for the align-

ment in the molecular dissociation of H2 on transition metals. Although

the interdependenceof the role alignment and incident translational en-

ergy has not been explicitly calculated for the H2/Pd(111) system, we

remember from the work doneby Beutl et al. and by Gostein et al. that

the steric mechanism is only applicableat energiesbelow about 73 meV.

Much above73meV, the moleculehasenoughenergyto overcomebarriers

directly. Therefore, we can expect that the alignment e®ectto be most

important in this low energyrange.

1.2.3 Previous Alignmen t Exp erimen ts

There has already been someexperimental work on the e®ectof

alignment on reactionprobability of H2 on transition metals. I will discuss

the merits and shortcomingsof each of theseexperiments and their results.

The ¯rst experimental evidenceof an alignment e®ectwas found

in a study conductedby Gulding and Wodtke [24] [25]. This study was

conductedon the (111) surfaceof copper and usedD2 insteadof H2. The

experiment consistedof permeatingD atomsthrough a thin ¯lm of Cu and

examining the desorbingmoleculesvia resonantly enhancedmultiphoton

ionization (REMPI). Through the principle of detailedbalance,the results

would be comparableto that of absorbing molecules. The investigators
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discoveredtwo interesting trends. First, the polarization of the desorbing

moleculeswas high in favor of the helicopter motion at high rotational

states but the moleculeswere essentially randomly polarized at low ro-

tational states (J< 4). This is contrary to the results predicted by Gro¼

and Sche²er [10]. As I stated beforefor a Pd surface, Gro¼and Sche²er

predicted molecular alignment at J states as low as J = 1. Gulding and

Wodtke attribute the discrepancyto steric e®ectswhich changethe align-

ment of the desorbingmoleculeasit traversesthe PES toward desorption.

These e®ectsshould be stronger for lower rotational states. The other

possibility is that the high surfacetemperature (920 K) hassubstantially

di®erent dynamicsthan the simulated surfaceat 0 K.

The other result from Gulding and Wodkte's work is the depen-

denceon translational energy. In permeationexperiments, the correspond-

ing incident translational energyis very di±cult to determine in terms of

detailed balance. However, the experimenters looked at the di®erence

in alignment for the translational energiesof desorbingmolecules. Here

they probed the alignment as a function of °ight time. The alignment of

the desorbingmoleculeswasdrastically increasedat longer °ight times or

lower energies. This is opposite of what one might expect from a steric

mechanism where slower moleculesexperience the anisotropic PES for

a longer time and are therefore steeredmore into favorable alignments.

Therefore, at low energies,alignment would be less important because

moleculescan be steeredinto favorable pathways. Gulding and Wodkte

found the opposite trend and concludedthat steric mechanismsdo not

play a large role in this system.

Another permeation experiment was conducted by Wetzig et al.
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using both H2[26] and D2 [27] on Pd(100). With H2, they found an align-

ment favoring the helicoptermotion 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 118meV. Al-

though, this study did not show the increasein alignment for increasing

J as predicted by theory, theory and experiment agreedstatistically. For

D2, Wetzig and colleaguesfound that there was preferential alignment

for moleculesin J¸ 3 and J· 7. The authors attribute the somewhatlow

alignment e®ectmeasuredto a steeringe®ect. But a direct probe of the

e®ectwas not available due to their inabilit y to measureor control the

molecule'stranslational energies.

One problem with permeationstudiessuch astheseis the inabilit y

to directly probe the relationship between alignment and translational

energyin dissociation probabilities. For examplein the Wetzig study, the

authorscanonly state that their population hasa Maxwellian distribution

of translational energieswith an averagekinetic energy of 118 meV for

the H2 study. Even in the TOF studies done on copper by Wodtke and

coworkers, the corresponding incident translational energy is di±cult to

discern[25].In order to truly probe the e®ectsof a steeringmechanismon

alignment enhanceddissociation probability one must be able to control

or measurethe incident translational energyand the incident rotational

state. That is the goal of this study. Through molecular beam methods,

we can control the average incident energiesof our moleculeswithin 2

meV. We can also look at the di®erencein scattering betweenmolecules

which are experiencing a steric mechanism (energiesroughly < 73 meV

from reference [7].) and those that 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 alignment and their relationship to the steric mechanism.

We should also note that these types of alignment experiments

have beencarried out beforein other systems,speci¯cally the N2/Ag(111)

system [28]. In this case,the authors were looking for the alignment of

moleculeswhich were inelastically scattered. They found that molecules

in cartwheelertype alignments were much more likely to be inelastically

scattered. Sincewe areonly looking at re°ection probability in this study,

lossescould be do to many e®ectsincluding dissociation on the surface

or inelastic scattering. However, the large energymismatch betweenthe

incident energy and the energyneededto inelastically scatter H2 into a

higher rotational energystate leadsto the conclusionthat the most likely

lossis to dissociation. This will be discussedin more detail in chapter 4.
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Chapter 2

Exp erimen tal Set-Up

2.1 Apparatus

The experimental apparatushas beendescribed previously [7,29].

I will summarizethe apparatus and detail speci¯c changesmade for the

purposesof this experiment.

A schematic of the apparatus is shown in ¯gure 2.1. A pulsed

nozzleoperating at 10 Hz producesa supersonicbeam of H2 molecules.

The nozzlecanbe heatedor cooledto control the translational energyand

rotational distribution of the molecularbeam. The pulsedmolecularbeam

passesthrough a skimmer and then through a chopper which consistsof

a high-speedrotating disk in a di®erentially pumped bu®erchamber. It

then enters into the main chamber through a specially shaped aperture.

In the main chamber, it scatterso®a Pd(111) crystal at normal or near

normal incidence.

The °ux of the molecularbeamat the sampleis · 1x1012 /cm 2 per

pulse or · 0.00065monolayers (ML) given the Pd(111) site density, NA

= 1.53x 1015/cm 2. The pulsesare about 10 ¹ s wide temporally.

Before interacting with the surface,moleculeswere prepared into

speci¯c alignment states using a \pump" laser. Moleculeswere detected

using a \prob e" laser,beforeor after interacting with the surfacedepend-

ing on the relative ¯ring time of the lasers. I will discussthe spectroscopy
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Figure 2.1: Experimental Set-up.

1 of 1 2/24/2002 11:56 AM

Figure 2.2: Three dimensionalpicture of the experimental set-up.
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of both the preparation and detection in chapter 3.

2.2 State Preparation

Moleculeswere preparedinto speci¯c alignment states using light

from a Raman process.The light was producedwhen the frequencydou-

bled, circularly polarized output from a Q-switched, Nd:YAG laser was

focusedin a Raman cell ¯lled with H2 at 60 psig. A seriesof discrete

wavelengthsof light is produced by this processin accordancewith Ra-

man scattering theory. Elements in the seriesare shifted in energyfrom

the incident light by integer multiples of the J=1 to J=3 energygap in

H2. The stimulated Ramanscattering for circularly polarizedlight in thus

pure rotational (¢v = 0, ¢J = 2) scattering. The copropagatingbeams

exiting the Raman cell wererecollimatedand passedthrough a rotatable,

linear polarizer closeto the scattering chamber. The light was then fo-

cusedby a 20cm focal length lensonto the molecularbeamin the chamber

about 2 mm from the surface.The timing of the Q-switch was controlled

sothat the light intersectedthe pulseof the molecularbeamat the highest

temporal intensity. This light e±ciently excited moleculesform the J=1

state to the J=3 state. (More on the theory behind this transition will

be discussedin chapter 3.) Sincethe beam waist of the laser light was

signi¯cantly smaller than the spatial width of the molecular beam only

a small sectionof the beam was excited. This produced a small amount

of excited moleculesthat were highly localized in time and space. Typ-

ically, the temporal full width at half maximum (FWHM)of the excited

moleculeswas50 ns which greatly distinguishedit from the thermal back-

ground which had a temporal FWHM of about 10 ¹ s. (See¯gure 2.3 The
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Figure 2.3: The timing of the pumped molecularpulseversusthe thermal
background pulse. Note how the pumped moleculesareeasilydistinguish-
ablefrom the thermal background dueto the vast di®erencein time scales.
The signal from the pumped moleculeswas often ten times greater than
that of the thermal background.

excited moleculesalsohad a spatial FWHM of about » 0.1 mm while the

thermal background was at least ten times larger. Therefore, using this

technique it was easyto distinguish the moleculesexcited into j=3 state

via the Raman processfrom the thermal background.

2.3 Detection of Molecules

To detect the molecules,they wereionizedusinga (2+1) resonantly

enhancedmulti-photon ionization (REMPI) process[30,31]. The probe

laser crossedthe molecular beam perpendicularly about 0.1 mm in front

of the Pd sampleas shown in ¯gure 2.1. The laser can be tuned from

201 nm to 203 nm to ionize moleculesin the (v=0, J=3) state via the

Q branch(202.3 nm) or the S branch (201.2 nm). Ions created by the
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interaction of the moleculeswith the laser beam are directed by steering

voltages onto a microchannel plate in the bottom if the detector. The

signal is ampli¯ed and recorded on a data-acquisition computer. The

probe laser ¯ring time can be adjusted with respect to the nozzle¯ring

time and the pump laserby the computer. Scanningthis time allows us to

create a time of °ight (TOF) measurement. A rotatable half-wave plate

wasavailable to control the polarization of the probe light. It wasusedin

the S-branch measurements described in chapter 4.

2.4 The Pd(111) Surface

The Pd(111) sampleusedin this study wasa disk 10mm in diame-

ter and 2 mm thick. It washeatedfrom the back by electronbombardment

and cooled by liquid nitrogen. The surfacetemperature wasmeasuredby

a chromel/alumel thermocouple inserted into the crystal through a small

hole spark-drilled in the side. The samplewas mounted on a samplema-

nipulator which could control the sample'sheight, horizontal position and

the distancefrom the sampleto the bu®erchamber aperture. The lid of the

main chamber could be rotated so that the samplecould alternately face

the molecular beam, the ion gun for cleaningor the low energyelectron

di®raction (LEED) or Auger Electron Spectroscopy (AES) apparatus.

2.4.1 Geometry

A quick description of the geometry of the sampleis in order be-

causecorrugation is expectedto play a large role in creating anisotropies

in the PES with respect to molecular alignment. The (111) surfaceof

a face-centered cubic (FCC) crystal such as Pd is remarkably °at. (See
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Figure 2.4: Diagram of the surfacegeometryof the Pd(111) surface.The
surfaceis highly isotropic and °at.

¯gure 2.4.) All of the moleculeson the surfaceare at the sameheight.

Thereforewe should expect little corrugation e®ect.

2.4.2 Surface Preparation

The sample was cleanedthrough Ar + ion bombardment and re-

ordered through an annealingprocess.The following cleaningprocedure

was used. First, the crystal was sputtered for thirt y minutes using high

energy (340 eV) Ar + ions. The ion current was about 0.9 ¹ a. Air was

usedas a convenient sourceof oxygen to remove carbon from the surface

through an oxidation process.During sputtering, the crystal temperature

washeld at 300o C which is above the desorptiontemperaturesof N2 and

CO. After sputtering, the crystal was heatedto 600o C for 10 minutes to

anneal it and remove residual O2.

The order and cleanlinessof the samplewerecheckedby low energy
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electrondi®raction (LEED) and Auger electronspectroscopy (AES). The

samplewas found to be clean and well ordered. However, the presence

of carbon is di±cult to observe on Pd using AES. Remediesfor this di±-

culty and experiments to further verify cleanlinessarediscussedin Michael

Gostein'sand Elizabeth Watts' dissertations [2,32].

The samplewas cleanedevery two hours. It was found that after

this amount of time, the intensity of the scattered signal changed. Al-

though the basepressureof the scattering chamber was7 x 10¡ 10 Torr, it

would rise to about 2 x 10¡ 9 Torr with the molecularbeamon.
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Chapter 3

Spectroscop y

This experiment usestwo typesof spectroscopictechniquesto pre-

pare and detect molecules: a Raman scattering processand a REMPI

process. Both of these techniques are governed by the two-photon line

strength equation. I will discussthis equation in detail and explain the

impact of the various terms on this experiment. Then I will show how it

speci¯cally appliesto the preparation of the moleculesand their detection.

3.1 The Line Strength Equation

3.1.1 The Basic Equation

The line strength equation will allow us to calculate the intensity

of signal we expect for particular two-photon transitions with particular

experimental geometries[1]. It is dependent on the initial and ¯nal states

of the moleculeaswell asthe geometricrelationship betweenthe polariza-

tion of the laserand the alignment of the distribution. The basicequation

is:

I = C(det)
X

k;q

P k
q (Ji ; ¤ i ; Jf ; ¤ f ; ­) A (k)

q (Ji )n(Ji )

Let me explain each term in this equation. For a complete list of

variablesrefer to table 3.1
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Table3.1: Nomenclaturefor the two-photonline strength equation. These
are de¯ned as in reference [1].

Ji = Rotational quantum number of the initial state
not including nuclear spin

Je = Rotational quantum number of the excited/virtual state
not including nuclear spin

Jf = Rotational quantum number of the ¯nal/resonant state
not including nuclear spin

¤ i = Orbital angular momentum quantum number
for the initial state

¤ e = Orbital angular momentum quantum number
for the excited/virtual state

¤ f = Orbital angular momentum quantum number
for the ¯nal/resonant state

ka = Rank for the squareof the ¯rst photon
kd = Rank for the squareof the secondphoton
k = Rank of the ground state distribution
q = Component of the ground state distribution
­ = Angle describingthe geometryof the laserbeam

with respect to the coordinate systemdescribingthe
moments of the ground state distribution

µ = Angle of the laserpolarization vector with respect to the lab frame
Fi = Total angular momentum
I = Nuclear spin quantum number
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3.1.2 The Exp erimen tal Sensitivit y Factor, C(det)

C(det) is a detection sensitivity constant. It allows for the conver-

sion of calculatedprobabilities to experimental measurements. Basically,

it takes into account all of the laboratory unknowns such as the °ux of

laser light, the e±ciency of the ion detector, the sensitivity and gain of

the electronmultiplier, etc.

3.1.3 The Momen ts of the Ground State Distribution, A (k)
q (Ji )

The A (k)
q (Ji ) terms describe the moments of the groundstate distri-

bution. The ground state alignment is expandedin terms of its spherical

tensor components, A (k)
q (Ji ). Thesemoments will ultimately tell us the

degreeof alignment in a distribution. We are most interestedin A (2)
0 , the

quadrupolemoment. It is the lowest order moment we canuseto describe

alignment. We should also note that o®-diagonalelements such as A (2)
1

describe anisotropiesin the mj state distribution. In other words, these

moments will describe orientation instead of alignment. The two-photon

line strength is insensitive to theseanisotropiesfor linearly-polarizedlight

and thereforeinsensitive to orientation.

The ¯rst few moments of the ground state distribution are related

to the mJ states in the following manner.
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A (0)
0 = 1

A (2)
0 (m) = h

3m2 ¡ J 2

J 2
i

= ¡ 1 +
X

i

3P(mi )
m2

i

J (J + 1)

A (2)
0 (µ) =

1
2

(3 cos2 µ ¡ 1)

A (4)
0 (µ) =

1
8

(35cos4 µ ¡ 30cos2 µ + 3)

Herethe angleµ describesthe ablebetweenJ and the quantization

axis, the electric ¯eld of the laser and cos(µ) = mp
J (J +1)

. P(mi ) is the

population in each mi state.

3.1.4 The Population of the Ground State, n(J i )

The term, n(J i ), is the population of the ground state. It is the

total number of moleculesin any state, J i . At equilibrium, the population

is determinedby the Boltzman equation:

n(Ji ) = (2Ji + 1) exp(¡ E(J i )=kT)

Although nuclear spin degeneracye®ectsthe population of each

state, we will take it into account in the moments of the line strength.

3.1.5 The Momen ts of the Line Strength, P k
q

The terms,P k
q (Ji ; ¤ i ; Jf ; ¤ f ; ­), arethe moments of the line strength.

They are described by the following equation:
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P k
q (Ji ; ¤ i ; Jf ; ¤ f ; ­) = D(q)bk(Ji )gk(Ji )

X

kd ;ka

(¡ 1)kh(kd; ka; k; Ji ; Je; J 0
e; Jf ) £

²(kd; ka; k; q; ­ lab) £
X

Je ;¤ e ;J 0
e ;¤ 0

e

S(Ji ; ¤ i ; Je; ¤ e; Jf ; ¤ f )

Kummel, Sitz and Zare present a very usefulderivation of the line

strength in their 1986paper [1]. This referenceis a good starting point for

line strength calculations. Here, I will merely summarizethe contribution

of each of the components of the moment of the line strength, present some

calculationsfor the H2 systemand make someconclusionsasto what each

term implies in this study.

The alignment degeneracy factor, D(q)

This factor accounts for the symmetriesone encounters when set-

ting up such an experiment. If onede¯nes the y axis of the experiment as

the direction that the laserbeamis propagating, then for a ¯xed k, P k
q for

a positive q is degeneratewith that for a negative q. Therefore,as long as

q is not zero, this factor equalstwo. If q is zero,D(q = 0) = 1.

Scaling factors for the ground state distribution, bk(Ji )

Thesefactorsscalethe alignment moments of the ground state dis-

tribution accordingto the GZ convention [33]. In this convention, A (0)
0 = 1

so that the population is independent of the ground state moments.
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The angular momentumcoupling terms, h(ka; K ¡ d;k ; Ji ; J ¡ e;J è; Jf )

The angular momentum coupling terms describe how the electric

¯eld of the photon coupleswith the angular momentum of the molecule

to producean excitedstate. Let us ¯rst discusswhat coupling means[34].

Classically, two angularmomentum vectorswill add as ~J = ~J1+ ~J2. Quan-

tum mechanically, we have a superposition of states jJ1m1; J2m2i . This

new state is an eigenvector of the operators, ~J 2
1 , J1z, ~J 2

2 ; and J2z. The

eigenvaluesof J1z and J2z are m1 and m2 respectively. The state is also

an eigenvector of the operators ~J 2 = ( ~J1 + ~J2)2 and Jz = J1z + J2z.

Thesedescribe a completeset of commuting operators of which jJmi is

the eigenvector. You can relate the superposition state, jJ1m1; J2m2i to

jJmi through the Clebsch-Gordon coe±cients by:

jJ1m1; J2m2i =
X

J;m

C(J1J2J ; m1m2m)jJmi

For a geometric interpretation consider¯gure 3.1. J1 and J2 pre-

cessaround their resultant, J . Becauseof this, the values for m1 and

m2 are not well de¯ned but the resultant projection, m = m1 + m2, is.

Thus hJ1m1; J2m2jJmi is the probability amplitude that at any moment

J1z jJmi = m1jJmi and J2z jJmi = m2jJmi .

Using this idea, we can considerhow the angular momentum vec-

tors of the photons couple with the angular momentum of the initial,

excited and ¯nal statesof the molecule.We can usea shorthand term for

the Clebsch-Gordon coe±cients called the Wigner 3-J states. Computer

programsfor their calculation canbe found in reference[34]. The Wigner

3-J states relate how two J states,such as the initial angular momentum
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Figure 3.1: A geometricinterpretation of angularmomentum coupling. In
the ¯gure ~J = ~J1 + ~J2 and m = m1 + m2. Becauseof the precessionof ~J1

and ~J2 about ~J , m1 and m2 are not constants of the motion.

state of the moleculeand the photon couple to form a third state like

the excited state. Sincethesecoupling coe±cients are dependent on the

projections of the angular momentum on a space¯xed axis, they depend

on the moments of the ground state distribution and the moments of the

photon electric ¯eld vector. I will not put the explicit form of the angular

momentum coupling term here. It can be found in reference [1].

The hyper¯ne depolarization factor, gk(Ji )

The hyper¯ne depolarization factor takes into account that the

line strength is sensitive to ~Ji instead of the total angular momentum,

~F . For molecules,such as H2 with non-zeronuclear spin, ~Ji precessesin

spaceabout ~F becauseit is coupled with the spin angular momentum,

~I . ~Ji may initially be aligned but a short time afterwards may become

partially randomized. This e®ectwas experimentally veri¯ed by Sitz and
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Farrow [35]. Depolarization occurs for N2 on the order of 300 ns. H2

is an interesting caseof hyper¯ne depolarization becauseonly the odd J

states have non-zeronuclear spin. This is due to the requirement that

the total wavefunction must be anti-symmetric becausethe H nucleusis a

fermion [36]. Symmetric rotational states,the evenJ states,combine with

anti-symmetric spin states. In the caseof H2 with its two protons there is

only oneanti-symmetric spin state whereI = 0. Likewiseanti-symmetric

rotational states, odd J states, combine with symmetric spin states. We

can calculate the coupling betweenthesestates to produce the hyper¯ne

depolarization factor via the equation:

gk(Ji ) =
X

I

X

F i

(2Fi + 1)2f
Fi Fi k
Ji Ji I

g2

Here we have madeuseof the Wigner 3-j state which are directly

related to the Clebsch-Gordoncoe±cients. Wealsonote that the equation

for gk(Ji ) includesthe nuclearspin degeneracywhich causesa 3:1 intensity

alteration for odd to even J states in H2.

The geometricinterpretation of the hyper¯ne depolarization factor

is the samethe Clebsch-Gordon coe±cient geometrydiscussedin the pre-

vious section. (See¯gure 3.2.) In this case,~J is ~J1 and ~I is ~J2. For odd

J states in H2 there are three valuesfor the spin, ~I , that couplewith ~J .

For the even J states,I = 0 and there is no depolarization. Becauseof the

coupling between ~I and ~J , mJ and mI are not constants of the motion.

So there is a time dependenceto the population distribution in mJ and

thereforeto the alignment.

Resultsof a calculation of gk(Ji ) are presented in ¯gure 3.3. From

the ¯gure we seethat the e®ectis zero for even J. The e®ectof hyper¯ne
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Figure 3.2: A geometricinterpretation of angular momentum coupling in
hyper¯ne depolarization. In the ¯gure ~F = ~J + ~I and mF = mJ + mI .
Becauseof the precessionof ~J and ~I about ~F , mJ and mI arenot constants
of the motion. For odd J statesof H2, therearetwo additional spin states,~I
that couplewith ~J . For evenJ states,I = 0 and there is no depolarization.

depolarization lessensasJ i increasesbecausethe magnitudeof ~J increases

but the magnitude if ~I remainsthe same.Thereforeas ~J lengthens,there

is lessprecessionabout the resultant.

The systemgeometry, ²(kd; ka; k; q; ­ lab)

This term describesthe geometryof our system. A judicious choice

of the lab frame vis a vis the detector frame will reducethe complexity of

this factor immensely. In our experiment, the x axis is alongthe molecular

beam. Note that this is also the surfacenormal. (See¯gure 2.1.) From

this choice we seethat the experiment has cylindrical symmetry. This

reducesthe moments of the ground state alignment to just A (2)
0 and A (4)

0 .

We can also let the lab and the detector framescoincideby de¯ning the
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Figure 3.3: The hyper¯ne depolarization factor for H2. Shown are calcu-
lated valuesfor P0

0 (solid line), P2
0, (dashedline), and P4

0, (triangles). Note
how hyper¯ne depolarization is lessof a factor as J increases.Note also
how even J's are not depolarized becauseI=0.

z axis as the direction that the laser beam propagates. Now the angle,

µ, will describe the anglebetweenthe electric ¯eld of the laserand the y

axis. It will be varied in order to determine the alignment moments by

changing the polarization of either the pump or the probe laser. In our

experiment, the system geometry is further simpli¯ed becausethe ¯rst

and secondphotons for the two-photon absorption processare identical

and have the samepolarization angle. (ka = kd) Therefore,the geometric

factor is proportional to the sphericalharmonics. Speci¯cally:

²(k; q; ­ lab) / [(2k + 1)=4¼]1=2Pk(cosµ)

The system geometry term is the only term in the line strength

equation that is dependent on the polarization of the laser. Therefore,
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we can ¯t a variation of the detected signal with respect to the laser

polarization angle to the sphericalharmonicsto determine the degreeof

alignment.

Reduced matrix elementsof thedipolemomentoperator, S(J i ; ¤ i ; Je; ¤ e; Jf ; ¤ f )

This term describes how e±ciently the dipole moment operator

makestransitions betweenstates. The squareof the Stermsareequivalent

to the HÄonl-Londonfactors. They areindependent of the couplingbetween

the photons, the coupling between the angular momentum vectors and

the anisotropy of the ground state distribution. The explicit form can be

calculated using Clebsh-Gordoncoe±cients in the form of Wigner 3 ¡ j

symbols.

S(Ji ; ¤ i ; Je; ¤ e; Jf ; ¤ f ) = (J 0
e¤

0
ekr (1) kJi ¤ i ) ¤ (Je¤ ekr (1) kJi ¤ i )

£ (Jf ¤ f kr (1) kJ 0
e¤

0
e) ¤ (Je¤ ekr (1) kJe¤ e)

where

(J1¤ 1kr (1) kJ2¤ 2) = (4¼=3)1=2R(¤ 2 ¡ ¤ 1 )
21 (2J2 + 1)1=2

£ (¡ 1)(J2 ¡ ¤ 2 )

µ
J1 J2 1
¤ 1 ¡ ¤ 2 ¤ 2 ¡ ¤ 1

¶

and

(J2¤ 2kr (1) kJ1¤ 1)¤ = (¡ 1)(J2 ¡ J1 )(J1¤ 1kr (1) kJ2¤ 2)

As onecan see,the reducedmatrix elements of the dipole moment

operator depend on radial matrix elements, R(¤ 2 ¡ ¤ 1 )
21 , that are generally
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Figure 3.4: Allowed two photon transitions for § ! § transitions. This
¯gure was adapted from reference[12].

unknown. Often the radial matrix elements can be included in the de-

tection sensitivity factor C(det). Unfortunately, for H2, the transition in-

volvesa § ! § transition in which the ratio of the transition strength of

the two pathways, § ! § ! § and § ! ¦ ! §, could make thesefactors

unique for di®erent pathways. The radial matrix elements can be deter-

mined empirically through a schemeoutlined by Bray and Hochstrasser

[12]. In this scheme, one exploits the fact that di®erent pathways are

available for di®erent branches. Consider¯gure 3.4.

This ¯gure merelyshows allowed dipole transitions betweenstates.

Note how the Q branch (¢ J = 0) has ¯v e pathways while the S branch

(¢ J = 2) has only 2. Both have pathways that are § ! § ! § and

§ ! ¦ ! §. Let

¹ 2
S = j2R0

eiR
0
f e + 2R+1

ei R¡ 1
f e j
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and

¹ 2
I = j2R0

eiR
0
f e ¡ 2R+1

ei R¡ 1
f e j

Then the signalstrength of the S branch dependsonly on ¹ S while

the Q branch depends on ¹ I and ¹ S. To determine the elements em-

pirically, one measuresthe relative line strengths of the Q branch and S

branch. From the ratio of the signal strengths,we can determine the rel-

ative ratio of the radial matrix elements. The signal strength ratio was

measured,normalized for laser intensity and found to be about 10. The

resulting radial matrix elements wereusedin the calculations.

3.2 Making an Aligned Distribution:Stim ulated Ra-
man Scattering

Now that wecancalculatethe intensity with which moleculesmake

transitions through interacting with two photons, let us look at the impli-

cations of the line strength equation in preparing an aligneddistribution.

Recallthat, quantum mechanically, analigneddistribution is equiv-

alent to an unequalpopulation in the mJ states. An easyway to produce

this typeof distribution is to excitea moleculefrom oneJ-state to another

using a two-photon transition with linearly polarized light. For this tran-

sition, selectionrules insure that ¢ mJ = 0. Therefore,if we can promote

a moleculefrom J = 1 to J = 3, for example,we will only populate the

middle three mJ states in J=3 even though the mJ states in J = 1 were

populated isotropically. (See¯gure 3.5.) The mJ states in the J=3 state

will be aligned with respect to the electric ¯eld of the laser. Sincein our

experimental set-up,wehavechosenthe laserbeamto beperpendicular to
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the surfacenormal, we can createdistributions which are aligned relative

to the surface. Aligned distributions can be created in this manner with

any J-changing transition, however we are limited becausehomo-nuclear

diatomic moleculessuch as H2 must have ¢ J = 2 or 0 for two photon

transitions.

Since we wish to have a J-changing transition for the molecules

in the chamber and we wish to pump the moleculesvia a Raman cell, we

needto havethe sameJ-changingtransition in the Ramancell. Recallthat

Raman scattering will producephotonswhich have a di®erencein energy

equal to the energyof the stimulated transition. (See¯gure 3.6.) Also,

since Raman scattering is a stimulated processthe strongest transition

will always producethe coherent light. From the two photon line strength

equation, we calculate that the Q branch transition is about 10 times

stronger than the S branch transition for linearly polarized light. (We

also measuredthis to determine the ratio of the radial matrix elements.)

However, Bray and Hochstrassershow that for circularly polarized light

the Q branch is much weaker than the S branch [12]. So, in order to

producea J changingtransition in the Ramancell, we placea 1/4 ¸ wave-

plate in front of the cell to changethe linearly polarized light produced

by the YAG laser into circularly polarized light. Sincewe know from the

Boltzmann equation that J=1 is the most populated state in room tem-

perature H2, the S branch transition from J=1 ! to J=3 dominatesthe

stimulated Raman scattering.

We direct the output light of the Raman cell through a rotatable

polarizer, producing linearly polarized light at a selectedangle relative

to the surface. We were unable to use another 1/4 ¸ plate to linearize
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Figure 3.5: Creating an aligned distribution through an S branch transi-
tion. Moleculesbegin in an isotropic J=1 state with equal population in
m = 0,§ 1. As moleculesare pumped to J=3 ¢ m =0 so only the central
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the circularly polarized light. We found that the Stokes and anti-stokes

light producedbe the Raman cell were of opposite helicity from the fun-

damental. If thesewerepassedthough a 1/4 ¸ plate, the anti-Stokesand

Stokeslight werepolarizedperpendicular to the fundamental. Due to con-

servation of angular momentum, thesepolarizations producedno excited

moleculesin the molecular beam. Therefore, we useda polarizer, which

unfortunately, lessenedour laser intensity by half. The polarized light is

usedto promote J=1 moleculesto J=3 in the chamber, thus producing an

aligned distribution relative to the polarization of the laserand from our

choiceof the lab geometry, relative to the surface.

3.3 Detecting molecules through a two-photon REMPI
Pro cess

Now that wehavecreatedan aligneddistribution, wecanagainuse

the two-photon line strength equation to predict what we can expect to

detect. The moleculesare ionizedstate-selectively using (2+1) resonantly

enhancedmultiphoton ionization (REMPI) through the E,F1§ +
g Ã X 1§ +

g

transition. (See¯gure 3.6.)

The degreeto which the signal is modulated by the systemgeome-

try dependson the typeof transition. For example,considerthe calculated

valuesfor P2
0/P 0

0 for speci¯c valuesof the moments of the groundstate dis-

tribution (A (2)
0 and A (4)

0 for the Q branch vs the Sbranch. (See¯gure 3.7.)

Plotted in the ¯gure is the expectedion intensity, normalizedto the popu-

lation and other branch speci¯c factors, for di®erent valuesof the relative

polarization of the pump and probe lasers.Sofor the S branch, we expect

a much larger changein measuredion intensity due to the changein the
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spondsto the polarization of probe laserrelative to the pump laser. Note
the intensity changesover the rangeof anglesmuch more for the S branch
than for the Q branch.

relative polarization than for the Q branch.

In order to seea large change in ion intensity and therefore be

better able to calculatethe moments of the ground state distribution, one

should use the S branch. The small change in the Q branch intensity

due to the quadrupole moment would be di±cult to discern especially

considering the unpumped thermal background in J=1 . However, we

also know that the line strength for the S branch is ten times lower than

that of the Q branch. The laser intensity in that region is alsoabout half

what it is for the Q branch. Sincethe ion intensity is proportional to the

squareof laser intensity for a two photon process,signal intensity of the

S branch is lessthan 5 percent of that for the Q branch. The measured
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relative signalsare shown in ¯gure 3.8.

Even with the large decreasein signal strength for the S branch

we wereable to useit to characterizethe alignment of the incident beam.

However, after interacting with the surface,the moleculesscatter into a

broad distribution and the density of the scatteredsignal is at most sixty

percent of that of the incident even when the re°ectivit y is 100 percent.

Also the presenceof the sample tends to e®ectthe e±ciency of the ion

collection and the scattered signal from the S branch was often at the

limits of detectability. Becauseof this, we chosenot to characterizethe

alignment of the scatteredmoleculesusing the S branch. Sincewe were

able to characterizethe alignment of the incident moleculeswell, we can

usethe Q branch to measurethe re°ectivit y of di®erent incident alignment

distributions.
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Chapter 4

Results and Conclusions

4.1 Characterization of the Aligned States

The ¯rst step in conducting this experiment was characterizing

the aligned state distribution. From the framework discussedin chapter

3, we can measurethe dependenceof the S branch signal strength on

the relative polarizations of the pump and probe lasersand extract the

quadrupole moment of the ground state distribution. From this moment

and our knowledge of the selection rules, we can construct an m-state

distribution of the ground state. Measurements were taken of the J=1

! J=3 transition while varying the polarization of the probe laser. In

¯gure 4.2, the pump laserwaspolarizedat 0 degreesand the probe laser

waveplatewasvaried from 0 to ninety degrees.(We will usethe following

convention, a 90 degreepolarization corresponds to the electric ¯eld of

the laser pointing in the samedirection as the surfacenormal. A zero

degreepolarization corresponds to the electric ¯eld of the laser pointing

perpendicular to the surfacenormal.) This measurement corresponds to

a distribution that has a preferential alignment of the rotational angular

momentum vector perpendicular to the surfacenormal. Classically, the

distribution consistsof all cartwheelers.From the line strength equation

we found that the only terms dependent on µ are the moments of the

ground state distribution and the line strength. The µ dependent part of
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the line strength equation can be reducedto the sphericalharmonicsfor

this geometry. Thus the theta dependent line strength equation reduces

to:

I (µ) = C(det)f A (0)
0 P0

0 + A (2)
0 P2

0 g

= C(det)f A (0)
0 C(0)

0 + A (2)
0 C(2)

0 £
1
2

£ (3 cos(µ)2 ¡ 1)g

= C(det)f 1 + A (2)
0

C(2)
0

C(0)
0

£
1
2

£ (3 cos(µ)2 ¡ 1)g

Here we have kept only the ¯rst two non-zeromoments, the monopole

moment and the quadrupole moment. The constants C(0)
0 and C(2)

0 are

the part of the linestrength that is independent of µ. We set the monopole

moment equalto oneaccordingto the GZ convention. We can then ¯t the

data with the aboveequationsto determineA (2)
0 . Wecancalculatethe C (2)

0

C (0)
0

from the line strength equation developed in the previous section. This

ratio is shown for di®erent valuesof initial rotational state in ¯gure 4.1.

From this analysis, we calculated quadrupole moments of verti-

cally polarized distribution A (2)
0 = ¡ 0:58 § :09. This measurement was

taken 0.197¹ s after the interaction of the pump laserwith the molecules.

In a similar measurement, done at ¢t = 0.120¹ s after the interaction,

the measuredquadrupole moment was higher. If only the three center

m-stateswerepopulated, the quadrupole moment would be -0.73. There-

fore, we seevalues for the quadrupole moment that are both di®erent

from what we expect and time dependent. This inconsistencyin the value

for the quadrupole moment could have a number of causes: an imper-

fect polarization of the pump laser, a spreadin the angular distribution
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Figure 4.1: The calculated relative moments of the line strength for dif-
ferent valuesof J for the S branch in the E,F1§ +

g Ã X 1§ +
g transition in

H2.

of the molecular beam or hyper¯ne depolarization. Let us consider the

contribution of each cause.

If the pump polarization is not complete, the light will be ellipti-

cally polarized. This would causem-statesother than the central m-states

to be populated, that is transitions other than ¢m = 0 would occur. The

degreeof elliptical polarization would be related to the amount of pop-

ulation produced in the states, m= § 2; § 3 of J=3. However, the electric

¯eld of the laser is very strong. The moleculemakes many transitions

between the J=1 and J=3 state before ¯nally settling into the J=1 or

J=3 state. This phenomenawas tested experimentally by turning down

the intensity of the laser. Even at an intensity of half of our working

intensity, we still got roughly the sameamount of moleculesin the J=3

state. Therefore,if the laserwaselliptically polarized,we shouldexpect a

50



0.36

0.38

0.4

0.42

0.44

0.46

0.48

0.5

0 30 60 90 120 150 180

S
(3

) 
R

E
M

P
I S

ig
na

l

Polarizer Angle

Figure 4.2: Changein ion intensity for the S(3) branch due to a change
in the relative polarizations of the pump and probe lasers. In this con¯g-
uration, the pump laser is polarized parallel to the surfacenormal.

random m-state population distribution which correspondsto a valueof 0

for the quadrupole moment. Furthermore, if the e®ectwas due to incom-

plete polarization wewould not seethe time dependenceof the quadrupole

moment observed.

If the molecular beam has signi¯cant spreading,the J vectors on

the edgeof the beam would be aligned at a di®erent angle than those in

the center of the beam. This could result in an apparent population in the

outer m-statesif the angleis large enough.Classically, the anglebetween

the J vector and the quantization axis is given by:

µ = cos¡ 1[
m

p
J (J + 1)

]

The anglesfor the m-states in J=3 are given in ¯gure 4.3. From

the ¯gure, we seethat in order to apparently populate another m-state,
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the molecular beam spreadingwould have to be greater than 30o. We

calculate the spreadingto be no more than 1o. Therefore,the population

in the outer m-states is not due to angular spreadingon the molecular

beam. Lastly, molecular beam spreadingdoes not account for the time

dependenceof the quadrupole moment.

Lastly, let us consider hyper¯ne depolarization. This processis

time dependent sowewould expect a di®erent contribution for the process

at di®erent time delays between the pump and the probe lasers. We

should seea time dependent variation of the quadrupole moment due

to the precessionof ~J which is coupledto the nuclear spin, ~I , about the

resultant total angularmomentum, ~F = ~J + ~I . The time dependenceof the

hyper¯ne depolarization hasbeenmeasuredfor HF [13]. (See¯gure 4.4.)

In the ¯gure, one seesthe quadrupole moment of HF for J=3 (on the

left) and J=10 (on the right) asa function of time. The time scaleof our
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Figure 4.4: Time dependenceof the quadrupole moment of HF due to
hyper¯ne depolarization for J=3 and J=10 due to the evolution of ~J ¢~I .
As the magnitude of J increasesthere is lesse®ect.Note that in the time
rangeof our experiment there is considerableoscillatory behavior. Taken
from reference[13].

experiment is on the order of tenths of microseconds.We would be able

to seethe small scalestructure at the beginningof the graph. Therefore,

we think that the laserdoesalign the ~J with ¢ m = 0, but by the time we

observe the quadrupole moment, it has beendepolarized by its coupling

with the nuclear spin.

Measurements were also taken of the S branch signal strength

with respect to the polarization of the probe laser when the pump laser

was polarized at zerodegreesor vertically relative to the surfacenormal.

(See¯gure 4.5.) Classically, this distribution consistsof helicoptersand

cartwheelers.Its quadrupolemoment wascalculatedasA (2)
0 = ¡ 0:53§ :03.

Its corresponding m-state distribution will be comparableto that of the

horizontal polarization case.Wedid not perform the changeof coordinates
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Figure 4.5: Changein ion intensity for the S(3) branch due to a change
in the relative polarizations of the pump and probe lasers. In this con¯g-
uration, the pump laser is polarized perpendicular to the surfacenormal.

necessaryto put the m-state distribution for this casein the samecoor-

dinate systemas the casewherethe pump laser is polarized horizontally.

Both m-state distributions are relative to the quantization axis de¯ned by

the electric ¯eld of the pump laser.

4.2 Surviv al Probabilities of Aligned States

Now that we have two distinct distributions, we can seethe e®ect

of alignment on total survival probability. The ¯rst step in measuring

survival probability is measuring the signal scattered from the surface.

The probe laser was focusedwithin .25 mm of the surface. The timing

betweenthe opening of chopper and the Q switch of the pump laserwas

optimized so that the densestpart of the molecular beam was pumped.

This timing was held constant for the remainder of the experiment. The
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Figure 4.6: Time of °ight measurement from a cold (» 100K H2 covered
surface. The re°ectivit y for this type of measurement was found to be
between 0.97 and 1.0 when summed over a range of scattering angles.
The incident energyof this measurement was 68 meV.

relative timing betweenthe opening of the chopper and the Q switch of

the probe laserwasvaried sothat the probe lasercould temporally sample

the molecular beam. The data were taken as follows: measurements are

taken at a particular relative timing, the timing was adjusted, the nozzle

¯red again and another measurement was taken. The result of this type

of measurement is calleda Time of Flight(TOF). A typical TOF measure-

ment is shown in ¯gure 4.6. Each point in the ¯gure represents an average

of thirt y shotsof the nozzleat a particular relative time. Beforet=0, the

incident moleculesare detected. At t=0 the moleculesare at the surface

and are out of the focusof the probe laser. After t=0 the moleculesscat-

tered from the surfaceare detected. Figure 4.6 represents a measurement

done on a cold (» 100 K)Pd(111) surfacecovered with H2 and shows a

high re°ectivit y.
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It hasbeenshown that this surfaceis 97-100%re°ective [37]. The

peak heights of the incident and scattered moleculesare not equal be-

causethe moleculesare scatteredinto a broad angular distribution while

the incident moleculesare more collimated. In our experiment, we are

concernedwith the relative survival probabilities of the two distributions

rather than the absolutesurvival probabilities. To compute this relative

survival probability, we usethe areaunder the scatteredpart of the TOF

curve ¯t to a Gaussiandistribution and normalizedto the areaunder the

incident part of the TOF curve ¯t to a Gaussiandistribution. The solid

lines in ¯gure 4.6 are Gaussian¯ts to the data. This method is valid as

long as the two distributions (for the two pump laserpolarizations) have

the samescatteringpro¯le. We measuredthe relative signalsfrom the two

distributions at di®erent heights of the probe laserrelative to the focusof

the pump laser. The heights corresponded to di®erent scattering angles.

We found little or no di®erencein the scatteringpro¯les. The variation at

large scattering anglesis due to a very low signal to noiseratio in those

data. (See¯gure 4.7.)

Relative survival probability measurements were taken at a sur-

face temperature of 450 K. A typical measurement is shown in ¯gure

4.8. In the ¯gure we seethat the area under the scatteredcurve for the

horizontally aligned pump laser polarization (cartwheelerdistribution) is

greater than that of the vertically aligned pump laser polarization (he-

licopter/cart wheeler distribution). We repeated this measurement at a

number of di®erent incident energies. The incident energieswere con-

trolled by cooling the nozzle. Cooling the nozzlehad two e®ects.First,

it decreasedincident translational energy. Second,it decreasedincident
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Figure 4.7: Incident and scatteredbeam pro¯les of the two distributions
corresponding to di®erent polarizations of the pump laser. In the ¯gure,
the horizontally polarized incident distribution is given by ² , the verti-
cally polarized incident distribution is given ±, the horizontally polarized
scattereddistribution is given by ¥ , and the vertically polarizedscattered
distribution is given by .

57



0

0.2

0.4

0.6

0.8

1

-0.1 -0.05 0 0.05 0.1

Q
(3

) 
R

E
M

P
I S

ig
na

l

Time [us]

x 5

Figure 4.8: Time of °ight measurement for two di®erent polarizations of
the pump laser. The horizontal polarization (¥ ) will createa distribution
that hasa preferencefor the cartwheelermotion. The vertical polarization
distribution (±) contains both helicoptersand cartwheelers.The incident
energyfor this measurement was64meV. The calculatednormalizedratio
of the horizontal polarization distribution's scatteredsignal to that of the
vertical polarization was 1.53.

rotational temperature. The decreasein rotational temperature had the

e®ectof taking population in the ground state out of J=3 and putting it

into J=1. This decreasedthe thermal background of the experiment and

increasedthe pumped signal strength becauseof the higher population in

the ground state of the pump transition, J=1 ! J=3. In turn, the results

of the cooler translational temperatureshad a higher signal to noiseratio

and required lessaveraging.

The resultsof the e®ectof translational energyon relative survival

probability are shown in ¯gure 4.9. Graphed are the ratios of the nor-

malized area of the scattered signal of the distribution where the pump

laser was polarized horizontally to that where it was polarized vertically.
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Figure 4.9: The ratio of the scatteredsignal from the horizontal polariza-
tion of the pump laser to that of the vertically polarized pump laser for
di®erent incident energies. Note that the ratio is highest at the energy
where the steric mechanism is balancedby the abilit y of the moleculeto
overcomethe barrier with incident translational energy.

A ratio of more than oneindicatesthat the cartwheelerdistribution hasa

greater survival probability than the helicopter/cartwheelerdistribution.

A ratio of one indicates that there is no preferencefor alignment in the

survival probability.

4.3 The Stark E®ect

One concernabout experiments such as theseis that they are re-

liant on the degeneracyof mJ states. If the mJ statesare degeneratewe

candetect all of the statesat a particular laserfrequency. The Stark e®ect

describesa situation wherethe mJ statesare no longerdegeneratedue to

a strong electric ¯eld, such as that producedby focusinga laser. This ef-

fect leadsto a broadeningof the line pro¯le for a particular J r ightar row
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Figure 4.10: Simulated pro¯le of the B1§ +
u Ã X 1§ +

g transition of spatially
isotropic H2. In the simulation the maximum intensity of the Gaussian
beam pro¯le was 10 GW/cm 2 with a linewidth of ¢ º = 1:0 cm ¡ 1. The
contribution of each mJ state is shown in thin lines. This ¯gure is taken
from reference[38].

J' transition. Di®erent mJ states would contribute to the line pro¯le at

di®erent frequencies. Wetzig et al. calculated the broadening for H2 as

shown in ¯gure 4.10 [38].

If the mJ states are as broad in our experiment as in Wetzig's

calculations,we would not be measuringall on the mJ statesat any par-

ticular frequencyof the probe laser. (The linewidth of the laser is only

0.07 cm¡ 1.) In order to ensurethat the Stark e®ectwas not a factor in

this experiment, we measuredthe line pro¯le of the Q(3) transition at

di®erent laserintensities. As shown in ¯gure 4.11,the line pro¯le doesnot

changeappreciably even for intensities that are 4 times greater than the

least intensemeasurement. (Experiments were conductedat the highest

laser intensity possible.) In addition to the line pro¯le being constant, its
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Figure 4.11: Measuredlinewidth at various laser intensities. The highest
intensity is given by , 60% laser intensity is given by ±, and 25% laser
intensity is given by ¥ ¯lled squares.Note how the line pro¯le doesnot
changewith laser intensity. Each line pro¯le can be ¯t with a Gaussian.

shape is Gaussian.Therefore,we do not expect any contribution from the

Stark e®ectto changethe measuredmJ distribution.

4.4 Discussion

In this study, we have measuredthe relative survival probability of

the two distributions. This does not necessarilyrelate directly to their

dissociation probability. Survival probability measuresthe amount of

moleculesthat are scatteredback in their original state. Moleculescan be

inelastically scattered(changestate) or can dissociate (not be re°ected).

Let us look at each of thesechannelsand determinea likely contribution

to the signal.

First let us considerinelastic scattering, speci¯cally, rotational ex-
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Table 4.1: Sticking Coe±cients and Inelastic Scattering Probabilities for
J=3. The transition probability for J = 3 ! 5 value is calculated from
the apparent activation energyfound in reference[2].

Inc. Trans. Energy
55§ 2 73§ 3

S3 0.47§ .14 0.54§ 0.13
T3! 1 0.07§ 0.13 0.09§ 0.13
T3! 5 0.01

citation or relaxation. (Vibrational excitation is extremely unlikely due

to the very large energygap betweenthe v=0 and v=1 states,516meV.)

Becauseof nuclearspin statistics, H2 is subject to the selectionrule ¢J =

§ 2,0. SoJ=3 moleculescould be relaxedto J=1 or excited to J= 5, 7 etc.

It has been shown that rotationally inelastic transitions are possibleat

theseincident energiesin this system[16,37]. Even though the rotational

spacingis larger than the incident energythe moleculesare able to inter-

act with the surfacevia phononsto make the transition. The important

sticking coe±cients and transition probabilities as measuredby Gostein

and Sitz [7] and Watts and Sitz [16] are given in table 4.1.

In the current experiment, the measuredtotal lossfor 67 § 2 meV

was 0.66 § 0.1. This value compareswell with the total re°ection loss

expectedat 73 § 3 meV of .63 § 0.18from the table. In fact becausewe

had no contribution from T1! 3 or T5! 3 we can narrow the uncertainty in

our measurement of total re°ection loss. Inelastic scattering is a de¯nite

contribution to the survival probability, up to 14%for 73meV. However, it

is not the dominant mechanism. It remainsto beseenif inelasticscattering

is dependent upon alignment in this system as it has been seenin the
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N2/Ag(111) system[28].

Sinceinelastic scattering will account for lessthan 15%of the loss,

the major contribution to the survival probability is dissociative adsorp-

tion. From the data in ¯gure 4.9, we seethat the helicopter distribution

is preferred over the cartwheelerdistribution at incident energiesin the

60 meV and up range. As the incident energy decreases,the dissocia-

tion has no preferred alignment. This is consistent with the work done

by Gostein et al. [7] and Beutl [8] et al. who found that at around 70

meV, the steeringmechanism is not dominant and the moleculesdo not

have enoughenergyto overcomeactivated pathways directly. It is at this

energywe should ¯nd the highest degreeof alignment preference.There

areno known theoretical calculationswhich relate alignment preferenceto

incident translational energyfor this systemin the literature, thereforeit

is di±cult to make a direct comparisonto theory. However, someinsight

may be gained by comparing the results of Gro¼,Wilk e and Sche²er in

Figure 1.7 to our results. Recall that these data were calculated at an

incident energyof 190meV for the H2/Pd(100) system. For J=3, Gro¼et

al. expect a ratio of the sticking probabilities for a pure helicopter state

to a pure cartwheelerstate of 2.05. Sincewe do not have pure states, the

ratio of our helicopter/cartwheelerstate to the cartwheelerstate would be

1.52accordingto their calculation for a mixed distribution of helicopters

and cartwheelersrelative to a distribution of all cartwheelers.This is not

inconsistent of the value of 1.5 § .3 we observe at 66 § 3 meV. However,

sincethe incident energies,and the distributions are di®erent from those

measured,it is still di±cult to make a comparison. More work needsto

be donein this area.
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Chapter 5

Future Work

There are still major contributions to be made in the area of the

alignment e®ectson dissociation on metal surfaces.Also, this experiment,

with its abilit y to temporally isolatea singlero-vibrational state, provides

an excellent opportunit y to examineother areasof surfacescience.I will

describe several attractiv e future projects. Determining other interesting

projects in surfacescienceis left as an exercisefor the reader.

5.1 Extending the Energy Range of the Alignmen t
Exp erimen t

Measurements in this study were only conducted using a small

rangeof incident energies,32 meV to 63 meV. A larger rangeof energies

would be interesting. At higherenergies,theory predicts that the in°uence

of alignment on dissociation probability should be lessimportant. This

is due to the molecule having enough incident translational energy to

overcomethe barrier directly in activated pathways. Therefore, it has

lessof a preferencefor unactivated pathways. To realize higher incident

energiesexperimentally, one can heat the nozzle. Sincehydrogen is the

lightest molecule,seedingis not an option. Heating the nozzleintroduces

a an experimental di±cult y because(1) the thermal background in J=3 is

increasedand (2)the signal is lowereddue to lesspopulation in the ground

64



state, J=1. This di±cult y can be overcomeby using a higher intensity

laser,or a normalization chamber to reduceshot-to-shot noise[2].

At lower energies,theory predicts that the alignment is lessof a

factor in dissociation. We have already shown this trend in this study.

However, weexpect the ratio to becomecloserto unity asthe translational

energy is lowered. Cooler translational temperatures can be reached by

seedingthe gaswith a heavier moleculesuch asnitrogen. The nozzlewas

already operated at near liquid nitrogen temperatures so further direct

cooling would be di±cult.

5.2 Alignmen t E®ects in Other Ro-vibrational States

One of the major problemswith this experiment wasthe hyper¯ne

depolarization. However, if we performed the experiment using an even

J state such as J=2, nuclear spin would be zero. Therefore, there would

be no hyper¯ne depolarization. This would involve pumping from J=0 to

J=2. SinceJ=0 has a single m-state, m=0, using this transition would

result in perfect alignment in J=2 with only the central m-state popu-

lated. Any di®erencein the dissociation of di®erent alignments would be

enhanceddue to this perfect polarization of the molecules.

There are two approachesto accomplisha J=0 ! J=2 pump tran-

sition experimentally. First, one could cool the Raman cell so that J=0

is more populated than J=1 and therefore dominatesstimulated Raman

scattering. However, since there is no mechanism for J=1 to transition

to J=0 without breaking the internuclear bond, one would also need to

placea catalyst in the cell to facilitate the conversionof ortho-hydrogento
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para-hydrogen. Onewould expect the signalstrength of the measurement

to be lower than that of the J=3 transition becausethe population of J=0

is lower than that of J=1 in the molecular beam. However, becausethe

hyper¯ne depolarization would be zeroand the moleculeswould occupy a

singlem-state, this experiment is very worthwhile.

The secondapproach is using a tunable laser for the Stokes light

instead of a Raman cell. By using this method, onewould not be reliant

on the populations inside the Raman cell.

5.3 Inelastic Scattering Exp erimen ts Using the J=3
Temp orally Isolated Signal

In previous experiments that measuredthe sticking coe±cient of

J=3 and its inelastic scattering probabilities, measurements were taken

using a beam that had many J states occupied. Parameterswere deter-

mined by changing the relative population of the J states in the incident

beam, comparing them to the relative population in the scatteredbeam

and solving a seriesof linear equations. In this experiment, one J state,

J=3, is temporally isolated. Therefore,any inelastic scattering into other

J states, J=1,5,7 etc., would be similarly temporally isolated and could

only be due to the J=3! J=1,5,7 transitions. If one could measurethe

scattering in J=5 from the pumped J=3, onecould more accuratelymea-

surethat transition probability. This is very interesting especially in light

of recent theoretical work doneby Wang, Darling and Holloway [39] who

calculatean abrupt changein the apparent inelastic activation energyfor

particular surfacetemperatures. Such a sensitive probe of the J=3 to J=5

transition, as is available in this experiment, could experimentally verify
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Figure 5.1: TOF measurement of J=5 ( ) and J=3 (² ). Note that there
is somepumping into J=5 as evidencedby the temporally isolated J=5
signal that is coincident with the incident J=3. It is di±cult to discern
any J=5 scattering. This data wastaken at an incident energyof 54 meV.

thesecalculations.

Preliminary measurements have been conducted in this area. It

was found that at low translational temperatures,there wassomeJ=3 !

J=5 transitions occurring in the Raman cell which led to an observable

amount of J=5 in the incident beam. (See¯gure 5.1.) This population

would make it more di±cult to observe J=3 ! J=5 transitions in the

scatteredbeam becausethere would already be somepopulation in J=5

from elastic scattering. At higher translational energies,wherewe would

expect more inelastic scattering, the scattered population in J=5 could

not be discernedfrom the noise.
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5.4 Measuremen t of the Time Dev elopmen t of the
Hyp er¯ne Dep olarization Factor for H 2

This experiment is the perfect setup to measurethe time develop-

ment of the hyper¯ne depolarization factor for H2. Moleculesareprepared

in a very small time window, .03 ¹ s and there is very little time spread-

ing down stream due to the narrow translational energy. Therefore, the

quadrupole moment can be measuredaccurately in time increments of as

little as .01 ¹ s, merely by moving the focus of the probe laserbeamwith

respect to the pump laser beam. For moleculesmoving with an average

velocity of 2500m/s, this correspondsto moving the focusdownstream»

.4 mm for each 0.1¹ s. Usingthis method onecould accuratelymap out the

time dependenceof the quadrupole moment and therefore the evolution

of ~J ¢~I .
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App endix A

Alignmen t How-T o's

Optical alignment in a two-laser,pump-probe experiment is tricky.

Here I have collected somehard-earnedknowledgethat might be useful

to future experimenters.

² The ¯rst step in this experiment is to turn on the entire experiment.

Instructions on this can be found in the lab under Running Pooh.

² Tune the laser to H2,J=3, dial number 24276.

² Make sure that the sampleis not in place, the back lens is out, UV

light is maximized through the tracking boxes and the pump laser

is o®or blocked.

² Align the ¯rst laser by adjusting the two steeringprisms. Place an

index card on the far endof the chamber to seethe UV °uorescence.

² Onceyou can seethe laser through the chamber placethe aperture

on a wire into the lenstubeat the incident endandalign by adjusting

the upstreamsteeringprism.

² Now move the aperture to the far end and align using the down-

streamsteeringprism. It is useful to usethe blue glassesthat block

the 606nm light to do this.
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² Repeat until both endsare aligned and the blue °uorescenceis in

the center of the dye light.

² Put another aperture betweenthe steeringprismsand center on the

UV beam. This will aid in alignment of the pump laser.

² Obtain a good signal for J=1 Q branch (at least 0.1 V for a room

temperature nozzle). Note wherethe shadow is, wherethe surfaceis

and the peaktime. The time shouldbe about 3818¹ s for a chopper

frequencyof 300Hz.

² Placethe ¯rst lensat least .75" away from the surfacewhenit is put

in placeand at least .03" above or below the shadow. Do this by ad-

justing the micrometers. Insure that the timing is at the maximum.

Insure that the wavelength is set to maximize the signal intensity.

You will now align the secondlens.

² Put in the pump lens tube into the window port of the chamber.

² Closethe aperture betweenthe front two positioning prisms to al-

most as small as it will go.

² Align the pump lensby sliding the aperture on a wire from the front

of the tube to the rear. When the aperture is in the front of the tube

use the micrometers to align the vertical and horizontal positions.

When the aperture is at the rear of the tube usethe tilt of the tube.

You can tilt the tube by slightly releasingthe bolts that hold the

tube onto the stand and onto the vertical positioning stage. Look

to insure that the laserspot is not moving asyou slide the aperture

back and forth. You can useslight imperfectionsin the laserpro¯le
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as a guide as to whether the spot is moving as the aperture goes

back and forth. IMPORTANT: Do not push the aperture all the

way through the tube. The only way to get it out is to remove the

tube. Then you will have to start all over again.

² Remove the tube and put on the lens. Repeat the previousexercise

only this time open the front aperture a bit more. You are now

looking to ensurethat the UV light is in the center of the orange

light. This alignment is very important or you will not get a good

pumped signal.

² The distancebetweenthe pump lensand the center of the molecular

beam is also important although not as critical as the rest of the

alignment. This distance insures that the pump lens focusesthe

pumped light onto the molecularbeam. The current position is the

lenstube 2 11/16" from the back of the tube to the edgeof the main

chamber.

² Align the aperture on the pump side of the chamber to the center

of the UV light.

² Now watch the orange light as it travels through the pump light

optics. (The UV will be absorbed sincethe optics are BKT glass.)

It should go through the center of the pump light aperture on the

front end of the chamber. Adjust the pump steeringoptics so that

this occurs.

² Turn on the pump laser. If you are doing alignment experiments

ensurethat the 1/4 waveplate is in front of the Raman cell. Steer
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the pump light so that it goes through the pump aperture on the

front sideof the chamber. This is the sameaperture you steeredthe

residual dye light through in the previousstep.

² Closethe front pump aperture to about 3/4". Closethe back aper-

ture to about 1/2" diameter and the front aperture to about 1/4"

diameter. Align the pump light through both apertures using the

two steeringprisms. Ensure the light goesright through the center

of each aperture. This is crucial.

² Onceyou are sureof your alignment open all apertures all the way.

² Now check your unpolarizedpump signal. Adjust the timing on the

delay generatorso that the signal from the photodiode on the laser

table shows the pump and probe pulses50 ns apart. Ensure that

the pump laser is ¯ring beforethe probe laser. You can adjust the

timing betweenthe °ash lamps and the Q switch of the pump laser

by a knob on the timing box in the NIM bin. This knob will change

the intensity of the pump light. In this way you canboth check that

the pump is before the probe and that the pump is at the highest

intensity possible.

² Now insure that both the the probe light and pump light are going

through the chamber, the sample is not in place, the nozzle and

chopper are running and the bu®er gate valve is open. You are

ready to look for a signal.

² You will haveto adjust both micrometers(horizontal and vertical) to

¯nd the signal. Adjusting the horizontal micrometer is the sameas
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adjusting the timing so you will not have to do both. It sometimes

takes a long time to ¯nd the pumped signal. The most common

problem leadingto not beingable to ¯nd the signal is misalignment.

² Once you have found the signal, it should be at or above .5V on

the gated integrator sensitivity scale. You are ready to put in the

polarizer in the back of the chamber.

² Closethe back pump aperture to pinhole size. Put in the polarizer

so that the greenlight is in the center of the crystal. Now open the

the aperture. Check to insure the intensity of the signal is the same

for both polarizations. If it is not you will have to readjust the back

polarizer. Make sure that the polarizer is parallel with the back of

the lens tube both horizontally and vertically. Your signal should

decreaseby about a factor of 2 with the polarizer in place.

² From now on you will not touch the alignment of the pump laserex-

cept to changethe polarization from horizontal to vertical. (Vertical

polarization is when the rejected light is exiting the polarizer and

goingdown onto the lasertable. Horizontal polarization is whenthe

light is going to the side.) Insure that that thesebeamsare blocked

as closeto the polarizer as possible.

² Now to take a TOF of the pumped signal move the b (horizontal)

micrometer in front of the chamber toward the sampleabout .025".

Changedthe timing sothat the start point of the TOF is the timing

you usedto ¯nd the signal at the overlap. Insure that the stepsare

0.01¹ s long.
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² Somenotesto help:

{ It is much easierto ¯nd the pumpedsignalat cold translational

energies.This is becauseof the much higher population in J=1

and the lower background population in J=3. However, it is

sometimesdi±cult to ¯nd the background signal at very cold

nozzletemperatures.

{ When you need to cool the nozzle I found the following con-

versionsfrom temperature to translational energies.Theseare

estimated numbers and you should always measureyour own

translational energy. Room Temp 23oC = 72 meV. 0oC = 57

meV. -32oC = 50 meV. -70oC = 43 meV. -80oC = 32 meV.

{ It is sometimesdi±cult to ¯nd the scatteredsignal. It is very

small for warm surfacetemperatures. Always look at the cold

H2 coveredsurface¯rst. Then the scatteredsignalwill beabout

60%of the incident signal.
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