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Dynamics of Ill Photodissociation in the A band Absorption 

via H-atom Doppler Spectroscopy 

ABSTRACT 

The technique of Doppler spearosoopy wu used to measure die angular distnl>utioo of the H-atoms ejected during 

the dissociatioo of isola•ed Ill molecules excited in the A band absorption continuum by a polarized beam of UV 

radiation. The observables characterizing the dynamics of Ill photodissociatioo were obtained from the Doppler 

spectra at nine photolysis pb()(OO energits dlroughout die A band. The comparison of these observables with those 

obcained in previous srudies exhibits marked disaepanci~ which are shown to be the consequence of m clusters 

that were present in the molecular expansion used in a previous study. 

The high level of confidence in the precise values of die observables determined in the present study warranted 

a fcnnal quantum mechanical analysis leading to the defmninalion of the electronic structure of Ill in die A band. 

The parameu:rs of the potential energy curves were obtained for the dissociative stares involved in the transitions 

respooS1l>le fer A band absmpticn. These parameters allowed for an extrapolation of the observables between and 

beyond the disaete values of photolysis photon energies at which experimental measurements were performed. 

over the whole A band absmptim. The assumption of a direct adiabatic dissociation model provided an excellent 

representation of the experimental observables fO£ this primary process. 
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Chapter 1 Introduction 

1. 1 Photofragment spectroscopy 

The term photofragment sWtds for pbotodissociation fragmenL Photofragment spectroscopy addresses the 

following problem: to charactaize the tntimare mechanisms occumog during lhe primary photochemical events, 

i.e. die dynamics of the pbOIOlytic bond-meaking. In dle prototype of a photodissocialioo process. a molecule AB 

is excited by the absmpaon of a pbOIOD bv. and then dle S)'Slelll evolves lO produce two fragments. A and B, each 

in their specific quantum Slate, denoted cp. and 4'11 in equation (1-1). 

AB + hv ➔ [AB]* ➔ A(cpa) + B(cpb) (l-1) 

The first step of equation (l-1) represents the absorption of the pbOOJD observed with traditional u:cbniques of 

abscwpdon specttoscDpy, wbile dle seoond step is the concern of molecular dynamics: the fate of the excited slate, 

and its evolutim into a velocity disttibution of pborofi'agments. Hence, this subject is concerned with three related 

sets of information: (1) the electronic structure of the parent molecule involved in the absorption processes. (2) 

the distribution of energy in the internal degrees of freedom of the nascent fragments. and (3) the correlation 

between the vector quantities involved in the global process. from photon absorption to fragment recoil and 

internal excitations. The methods of photofragment spectroscopy proceeds through the measurement of (2) and 

(3), and the deduction of ( 1) from the analysis of the experimental information. 

The general case of single pboroo pb()(O(lissodation includes many types. 1 among which we distinguish direct and 

indirect dissociation mechanisms. The case of direct dissociation, shown in figure I a), is characterized by broad 

featureless absorption, and the fragments evolve on lhe dissociative potential following the onset of photon 

excitation. On the other band. indirect dissociation processes involve an additional coupling of tbe initially 

excited boond state with another molecular state through which dissociation occurs. This more complex situation 

is exemplified by electronic predissodation, illusttated in figure l b). where a rovibrooic level of an otherwise 

bound state is coupled to a dissociative state. The nature of the bound excited srate is deduced from the disaete 

transitions in the absorption spectrum. lbe coupling to the dissociative state reduces the lifetime of die excited 

bound state, and as a consequence. this mechanism broadens the effective width of the energy levels observed in 

absorption specttoscopy, in proportion to die square of the coupling stteogth. In larger molecules, vibratiooal 

predissodatim <r inranal vibrational energy redistribulioo (IVR) can occur when a bound vibmnic state couples 

to another vimonic state abm'e i~ dissociatit'Q limiL Howe,ier, the present study needs only to consider the simpler 

case of direct dissociation to desaibe the dissociation of ID ensuing absorption in the A band. 



a) 
Absorption 

J 
E, = E.-+bV 

...... 
> 

b) Absorption 

~ a: -> 

Fipre t.1 Schematic representation. of a) diftCt dissociation. and an example of indirect dissociation. is illustrated by 
b) cledraiic pRdisscdarka. when: the rate« predissoeialioo depends on lbc coupling between two excited states. Nocc lhc 
shape catbc CXllftlsp:mding abscrplic:m spectra. represented an the right of the energy diav,uns. The bottom axis of lhc energy 
diagram represents the internuclear distance. while lbc left axis represents the po1.eatial energy of the electtoaic interaction 
betM:en the atam A and B. 1be vertical arrow rq,n::seats the energy bv araosfcrred from the photon to the molecule. resulting 
in a transition between electronic states of the molecule. 
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An experimental investigation of photoftagment spectroscopy proceeds typically in three steps. Fr.rst a beam of 

coherent light excires an ensemble '1 target molecules to an elearooic srare. and the excited molecules break apart. 

evolving rapidly to their ~ptodc state. Secood, die final swes of the pbotofragments are probed by a technique 

best suited to the needs of the experimenL In the case of the present experimental study, the technique used was 

Dopplec spectroscopy of the hydrogen atom fragments. Third, the data obtained by photofragment spectroscopy 

are juxtaposed with the results of absorption specttoscopy, and the whole set of information is analyzed with the 

methods of quanllllll DJ«banics. The final results are the cbaraaerizatioo of the molecular states involved in the 

dissociation, and consequently, die analytical representation of the pbotofragmentation dynamics. 

1.2 Historical perspective 

The history of pbotofragment spectroscopy is naturally tied to both photochemistry and to spectroscopy. 

respectively from the fundamental quest it bas originated and from the enabling analytical probe it provides. 

However. only through a derailed study of the electronic structure of the molecules, may a unifying picture arise. 

In the limit, this field can be finked to a large fraction of atomi~ molecular and optical (AMO) physics. Thus. 

because the list of all the studies performed in the field is too extensive foe this introduction, reference is only 

made to maj<r reali7.atims>" and to published waks aepm;ting milestones for the general and topical pea spective 

of this study. . 

1.2.1 General perspective 

An early milestone in unravelling the physie<Kbemical effect of light upon matter bas been afforded by the 

technique of flasb photolysis, introduced in 1949 by N<nisb and Poter, and refined in 1950 by Porter3; their work 

was recognized by the 1967 Nobel prize, "for their studies of extremely fast chemical reactions. effected by 

disturbing the equilibrimn by means of very short pulses of energy", which was won half-jointly with Eigen from 

Gottingen. Although great progress bas been made from this technique, indirect photochemical methods used to 

probe the fundamemal ~ bad a relatively low selectivity for excitation and a limited detection sensitivity. 

Consequently, the answers to many aucial fundamental questions were either inaccessible or impractical. 

The <riginal wmk of Alfred ~er on optical pumping led to bis discovery of double resonance, and to the 1966 

Nobel prize in Physics, "for the discovery and development of optical methods for studying bertzian resonances 

in aums". His work bad far-reaching consequences in specuosmpy and in atomic strUcture, where its concepts 

can be linked to bd-am.gng speclr05c0py and nonlinear optics in gases. Of specific interest here, bis work led 

A Below, the expressioos in double quotes arc the original quotes &om the Nobel foundation. taken from the searchable data 
base on their web site (bttp=l/www.nobel.se/). 
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to the development of masers and lasers. between 1952 and 1958. by Townes in the US. and by Prokborov and 

Basov in the USSR. f<r which they won the joint Nobel pri7.e in 1964. Searching for better gain medium for laser. 

Zare and Herschbach4 have investigated vector correlations in the photodissociation dynamics of Nal used as a 

source of excited iodine atoms. with regards to the oonsequence of the Doppler broadened fluorescence on gain 

medium properties. The experimental observation of an efficient atomic iodine laser based oo CFJ 

pbOlodissociatim. by Kasper and Pimentel, 5 have Slimulated further inrerest for the basic mechanisms in molecular 

photodissociation processes_ 

Prior to widespread availability of lasers as a laboratory tool. the technique of photolysis mapping6 provided a 

rudimentary means to investigate anelalioos between the photolysis light polarization and the momentum of the 

photodissociation products. The group of Richard Bersobn also investigated pbotodissociation dynamics in a 

molecular beam using~ specttometticdeteaion,7 but the excitation afforded by the mercury-xenon lamp used. 

which spans a few tens of nanometres around 300 ~ was lacking selectivity; also only crude information could 

be obtained concerning the energetics of the process. 

The discovery of lasers in the fifties. and their availability for laboratory application in the sixties. have spurred 

breakthrough developmen~ with regards to these limitations. The group of Kent Wilson initiated the field of 

laser photofragment spectroscopy.• In their pioneering experiments. an effusive source was used to expand 

molecular species in vacu~ which were pflorodissocia•oo with the 4111 harmonic of a Y AG laser at 266.2 nm. and 

the pbocofragments were detected by quadrupole mass spectrometry. Their apparatus yielded measurements on 

the distributions of ttanslational energy. and angular distribution of velocities. for the pbotofragments .. They 

applied their methods to the investigation of the plt,OIOdissociation dynamics of a few alkyl iodides9 and HI10
• Now 

in the nineties. widespread availability of very short puJse 00·15 • 10·12 second) laser sources has enabled 

experimental methoh capable of probing the dynamics of primary photochemical processes in real-time. These 

sophisticated tools have permitted to enhance the knowledge on this topics. and they have confirmed the very short 

time scales of the dynamics which were expected from molecular structure derived from spectroscopic analysis. 

Also of primary importance to the present work are some of tbe studies by Mulliken 11
•
12.13 on molecular physics. 

whose ttemendoos reali7.alioo woo him the 1966 Nobel prize in cbemisary "for bis fundamental work ooncemiog 

chemical bonds and the electtonic sttucture of molecules by tbe molecular orbital method". 

As the present thesis will demonstrace, it can be said that pbocofragmeot spectroscopy is still in its adolescence. 

Although a respectable body or data exists for numerous small molecules. the understanding of the fundamental 

proresses, and the ratiooaUzarira of lbeir physical causes. is by no extent definitive. Consequently. the challenge 

to unravel their nature awaits us. 
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1.2.2 Topical perspective 

Among the nmnerous Sludies of photoftagment spectroscopy, the leading work of Welge and coworkers must be 

mentioned. They used the technique of Doppler spectroscopy to probe NHz14 and OH15 fragment in the UV, and 

lhey used initiated Doppler specrrosoopy of atomic hydrogen (H-atom) at the VlN Lyman « ttansition. 115 H-atom 

deteetioo is a a:ntral Iheme in Welge's group. They developed a resonant tw~pboton-ionization (fPI) technique 

to detect ff-atoms. which led to the method of translational spectroscopy of H-atom photofragments.17 These 

technical innovations were used to investigate che VUV pborofragmeotalion of "20.11 Lately, Welge and 

coworkers refined the time-of-flight (TOF) mass spectroscopic detection of H-atoms by using the ~photon­

resonance ~ IO prmnoce the nascent H-attm ftagments to a long lived high Rydberg state rather than directly 

ionizing the atoms with the TPI process. This improvement resulled in a superior energy resolution: 0.3% as 

opposed to 1-2% for the TPl.19 

Welge's group exploited this leebnique to study the fundamental (H+D:z) hydrogen exchange reaction in a aossed­

beam dynamical studies. 20 The method has also been used by Ashfold and coworkers to obtain a precise 

detemlinatioo of the C-H boncJ dissociation energy of C,1{29 
21 and 10 further investigate the dissociation dynamics 

of H2O at 121.6 nm photolysis.22 Very recently, the group ofWodtke bas demonstrated that time-of-Oight of 

neutral atcms and odlas radical species, :a excited in a m~e electronic state. bas the potential to unravel finer 

details of the dissociation dynamics in polyatomic molecules. 

Doppler specuoscopy of pb<XOft'agmencs bas been utilized by many groups previously. Bersobn and bis co-workers 

have recently employed Doppler spearosoopy of H-akm.S IO obtain dynamical information both on the dissociation 

of HzS (used as a source of fast H at001s).~ and on hydrogen exchange reactive scattering experimencslS. Paul 

Houston bas studied26 and reviewed27
.21 the topic of vector correlation within which Doppler spectroscopy plays 

a central role; be and his coworkers have made extensive use29.JCU1 of this technique. 

Of significant importance to our study, as we will see in chapter 2 and 6, is lhe work performed by the group of 

De Vries. Their work was the first simultaneous determination of the branching ratio and angular distribution 

of the fragment products of HI pbotodissociatioo. at the 193, 222 and 248 nm excimer pbot0lysis wavelengths. 

Their pbotofragmenaation spectroscopy experiment used TOF delectioo32 of the fragments to probe the 

pbotOdissociation processes in IO and IBr', in Cli3I and CD:J33 and in HI34. 

Wittig and cowmkers have also considerably coottibuted to H-aum pbotoftagment spectroscopy. Using the 

technique of velocity-aligned Doppler spectroscopy (V ADS). they measured the branching ratios and angular 

distributions of the pbotofragmeot produced by the photolysis ofm at the 193 and 248 nm wavelength. and of 

HBr at 193 nm.35 They also studied pbotoinitiated pnxrsses in CO-HI complexes with subpicosecond excitation.16 
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Using the method developed by Welge and co-work~ i.e. high resolution time-of-flight (HRTOF) of bigb-n 

R)'dberg swes. tbeyobseneddfectsofintamoleculara>llisims initialed in molecular aggregates (called dusters). 

Through tbe present study. our contribution to the field is the measurement of electronic branching ratios and 

angular distributions of lbe pbotofi'agmeots velocities distribution. for lbe dynamics of pbotodissociation of Ill 

ensuing absorption in the A band. Determinations of the partial absorption aoss sections. for each electronic 

product. will allow a quantum mechanical calculation of lbe elearooic structure for the direct dissociative srateS 

responsible for A band absorption. 

1.3 Motivation for research topic: evolution of the perspective 

1.3.l lnltial g .. l: coherent control 

Before our investigatioo on tbe topic s~ Levy and Shapiro bad just published a study on the determination 

of the elearooic SlrUCtUrC orm in the A band. TT Assumed well-unders~ the Ill molecule appeared as an ideal 

candidate to test a theory of quantum interference in pbotodissociation dynamics. developed by Asaro. Brumer 

and Sbapiro. 31 This theory asserts that the dynamics of molecular pbotodissociation can be controlled. through 

quantum interference between excited scattering states, via the polarization of a photolytic optical excitation. 

Hence the m molecule was a model system to demonstrate quantum interference in photodissociation; this was 

indeed the initial goal of the present study. 

Repeated etrcns. aimed at observing tbe predicted quantum interference effects in the pbotodissociation dynamics. 

did not meet with success. Within the precision of our measurements (<5%). it has been asserted that no 

interference effect between scattering matter wave producing a noticeable change of the products angular 

distribution. occurs as a result of varying the polarization state of the photolysis laser. This result was presented 

as an oral paper at a conference two years ago (OSA-Il..S •95• in Dall~ Texas). 

1.3.2 Revision or the .-umptlon: electronic structure or ID 

The amplex experimenral appararus. that was initially mnsttucted for the coherent conttol experiment. has been 

employed to investigate more usual questions concerning the dynamics of Ill pbotodissociatioo following 

absorption continuum. also denominated the A band. There was still a lot of experimental work required to 

axnpletely confirm lbe theory on lbe electronic sttucture of die first absorption continuum of m. developed by 

Levy and Shapiro.» Thus. the experimenlal apparatus and the spectroscopic method implemented were used to 

investigate the validity of that theory. Therefore the present study is concerned with the desaiptioo of this 

investigation. and the analysis of the measurements that were obtained. 
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Through our journey toward understanding the intricate nature of the microscopic worl~ discoveries are 

scmetimes found at the end of a long winding road. and it require patience and often serendipity. This certainly 

applied to the broader investigation which led to the topic at band. 

1.4 Overview of the thesis 

Chapter 2 summarizes previous studies on the low-lying electronic states of the Ill molecule, and other related 

properties of this S}'Slelll. ClJaprer' 3 introduces the basic theory desaibing direct photodissociation and discusses 

vecur coreJatioo in dlese pro!'esses, with tht. perspecti"e of relating them to the Doppler spectroscopy technique. 

The technical aspect of the experimental work is presented in chapter 4. The data reduction procedure, i.e the 

sratistical averaging and related processing of the digital measurements, is described in chapter 5. 

In chapter 6, the results of sysrematic measurements, aimed at testing the theory of Levi and Shapiro on the 

electronic structure of Hl,37 are analyzed. The angular distributions of the pbotofragments velocities. and the 

branching ratios for the products are obtained from the analysis of the ff-atom Doppler speara. Then a 

comparative analysis exhibit the central result of this work concerning the pbotodissociation dynamics in this 

molecule. A quanrum mecbanial analysis yielded a quantitative determination of the electtooic structure for the 

A band abs(rptioo, enabling extrapolation of the observable between and beyond our measurements. Chapter 7 

summarizes the results and introduces a few suggestioos regarding expectations for other members of the hydrogen 

halide family. 
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Chapter 2 The low-lying electronic states of m 

The goal of this chapter is to recapitulate our state of knowledge of the low-lying electronic stares of molecular 

m. prior to the experimental study described in this thesis. In section 2.1. a discussion of coupling cases is 

followed by a derivation of the correlation diagram from group theory arguments. The numerous experimenlal 

and theoretical studies that coruributed ro the knowledge of this system are introduced in section 2.2. The 

infmnalioo is SUDllll3ri2.ed in seclim 2.3. and the global picture obtained is further complemented by a discussion 

of the perturbation from ion pair oo the electronic sttucture. The facts gathered in Ibis chapter will be referred 

to in the comparative analysis of section 6.2. 

2.1 Symmetry: coupling cases and correlation diagram 

To repn:sent the eigenstates of a quantum system, it is customary ro make use of invariance under rotation. In an 

atomic system. the total angular momentum J is conserved as a ronsequence of the spherical symmetry of the 

central potential of the nucleus. In a diatomic molecule. the spatial symmetry imposed by the intemudear axis 

results in the cmservatioo of C. the axial projection of the total electronic angular momentum. Below we follow 

the medlod delineated by Herzberg1 to show bow the molecular states can be derived from the constraints of the 

molecular field on the atomic symmetry. 

2.1.1 Mulliken's prediction 

A lot of information on the structure of molecular energy levels can be obtained from group theory arguments, on 

the basis of symmetry considerations and correlation diagrams. Mulliken 7.19 first demonstrated these principles 

for simple molecules such as m. as depicted by figure 2.1 taken from reference 9. This picture illustrates only 

thnc;e electtooic states that possess the proper symmetry ro rake part in a one photon absorption spectrum from lhe 
1Eo. ground state. denOled N by Mulliken. One can note that amoogst lhe first group of states. lhe 3Il1, 

3Ilo., and 
1Il states denoted by Mulliken as lhe 3Q1, 3Qo., 1Q or the Q-group of states, lhose wilh C:l correlate with the 

ground iodine aum produa. while the ooe with 0=0 leads to an excited iodine atom. Hence Mulliken denoted the 

A band absorptioo as the N-Q ttansition. 

Anodler important observation that Mullilcen empbasized was that the T 31:1 state should be too bigb in energy 

to amaibute to the A band ahoptioo, beomse it aneJaus to die second excited configuration of the united atom. 

Below, we will further discuss correlation in the electronic sttucture. but first we shall discuss the coupling or 
angular momenta pertaining to the electronic states involved in the dynamics of m pbotodissociation. 
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2.1.l Angular momenta: coupling cases 

The various coupling cases to desaibe angular momenta in molecules can be grouped in two classes: the weak 

spin-<rbit coupling cases (analog of aromic Russell-Saunders in an at<m). and the strong spin-orbit cases (analog 

of atomic H coupling in an atom). 

In the limit of weak spin-<Xbit wupliog fir a molecule. die orbilal electronic angular momentum of each atom (LJ 

is coupled with the internuclear field; Ibis drmioates the S1&-ucture of lhe energy levels. The projectioo of lhe total 

orbital angular momentum onto the intemudear ~ ~ is a good quantum number. The IOOll spin S is then 

coupled with A and the quantization of the projection l: of the total spin results; this is the presaiptioo for A-l: 

coupling, also denoted Hood's case a coupling. In this angular momentum coupling scheme. 0 = A+l: is also 

conserved. In the consideration of the general problem, the rotation of the nuclei N., is added to Cl to produce J. 

the total angular momentum of the syslelll. When A=O. we have the Hund's case b, in which case the t()(.a) spin., 

S, does not couple to the axis. and it is vectorially added directly to the rotation of lbe nuclei to produce J; the 

consequence is that each rotational level (with N~O) is split into (2S+l) components. 

Depending on lbe relative strength of the spin-orbit interaction within the separated atoms versus the interaction 

energy between the amponent atans, two case c mupling schemes need to be considered: the "close nudei" spin­

orbit, or Hund's case c coupling, denoted here by (Ia, C)., and the "far nuclei" spin-orbit. or Mulliken's case c) 

coupling, denoted here by (C&>1, ~>-

In the Hund" s case ~ first the total orbiw electronic angular momentum of the diatom L couples with the total 

spin oflhe dialan S, and then the tolal spin and total Cl'bital angular momenra add to prcxluce J •. whose projection 

on the internuclear axis C iscooserved; cmsequendy, lbe possible values ofC span the range: C = [IL-Sl,IL+SIJ­

The vectorial additioo of the nucleus rocation N to Q gives J, the total angular momentum of the system, which 

is also an invariant of the system. In order for such a spin-orbit interaction to occur efficiently, it was deemed 

required that the at001s must be in close proximity, whence the "close-nuclei .. denomination for this case c. 

In the Mulliken case~ it is the total electronic angular momentum of each atom Ji= Li+ Si, i=l,2, which each 

couples to the internuclear axis to result in ~ . and therefore C = w1 + c.>2 • is the only good quantum number for 

lhis coupling scheme. Mulliken realized that interaction between diatom partner~ at a large enough interatomic 

distance, will be such that the interaction energy of tbe atmlic spin-orbit will prevail over tbe diatom interaction 

energy. Cmsequenlly, be amduded that the "far nuclei" case c must always come into play, to a variable extent. 

when die diaUm separates; lbe transitim occurs in the recoupling regior, the region where each individual total 

atomic angular momentum recouples. 
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a) close nuclei case c for HI in the X 1l:o., state 

S=l 

H I 

'1=1 
'1=1 

~=1/2 O>i= 1/2 

b) close nuclei (Hund's) case c for HI 'n1 , and far nuclei (Mulliken's) case c for HI 3Il1 

Figure 2.2. Angularmanenta coupling cases in HI; a) close nuclei for the ground electronic 11:o. state. and b) ccmparisoo of 
the close and far nuclei coupling in the 3111 dissociative state. 
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This impMant ooncept can be used to guide vector coupling algebra aimed at explaining the general correlation 

between molecular electronic states and tbe asymptotic atomic stateS. In the ground electronic state of the m 
molecule. the "close nuclei" case c should prevail. on the basis of the existence of the strong boo~ 3.054 eV, 

compared to the iodine spin-orbit energy 0.943 eV. The tolal orbital angular momentum of the electrons, L, 

coolributed by lhe p-orbital or the iodine atom, bas a null projection on the internuclear axi~ as shown in figure 

2.2 a), so it must precess around it, averaging to zero over time. 

In an excited dissociative state of m. the "far nuclei" case c will rapidly become dominant. if it is not already so, 

right upon excitation to the dissociative state. As an example. lets consider the 3Il1 state. for which both the 

"close" and "far nuclei" case c coupling are illustrated in figure 2.2 b). In principle. we may assume that the 

excited molecule is born in close nuclei coupling; then, as the atcms repel each other and the atomic spin-orbit 

energy comes to dominate the electronic strUcture. the far nuclei coupling better represents the system. 

However, it may also be that the recoupling region i~ to a large extent. in the Franck-Condon region, in which 

case the dissociative state could be described as the correlated sum of two atomic states. The reader should note 

that the aJUpling correlation energy for the angular mcmenta should be very w~ of the order of MHz to GHz. 

If the separation of the atoms is sufficiently sudden, there will be no time for the correlation between the atomic 

states to evolve; the relatively slow natural frequency of that correlation is in the range of few tens of 

femtosecon~ which is mere than four <rder of magnitude slower than the relaxation time of dissociation for this 

s}'Slelll. Coosequendy, the distribution of the respective angular momenta for the atomic parmers will be aligned 

and/or oriented. depending on the polarization of the photolysis excitation. At the end of this thesi~ we will 

elaborate on the conservation of total angular momentum in the matter-radiation system. 

2.1.3 Correlation diagram: derivadon 

A) Various approach to molecular orbilal theory 

In the present swdy, we draw many arguments from the work of Mulliken 7.u to derive the diagram of figure 2.5, 

illustrating the correlatim between the extteme cases of united atoms and separated atoms. The electronic orbitals 

of a diatm1ic molecule can be derived by using tbe building-up principle and the atomic orbitals of the separated 

atcms (method of Heider and Loodm, er valence-bond theory). Conversely the molecular orbital can be obtained 

from the molecuJarization of tbe isoelectronic united atmns orbitals (Xe atom in the case of HI), i.e. the 

symmetti7.ation of an atmnic mbital in tbe molecular field. At a higher level of sophistication. one often considers 

the linear combination of atomic orbital-molecular orbital (LCAO-MO); this approach uses the combination of 

original atomic orbitals symmetrized by the axially symmetric molecular field. 
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Fer example. the op atomic orbital becomes divided into npa and np1t in the internuclear molecular field, while 

rhe ns orbital can only become nsa. In the ground electronic state of hydrogen iodide. only the pa orbital of the 

iodine arom enters into chemical valence with the so mtiral cmtributed by the hydrogen atom. but the np1t orbital. 

due to the proximity of its energy level. also influences the structure. 

Srarting from the united aum. the ground srate electron configuration of Xe:(5sa)2 (5pa)2 (Spx)' corresponds to 

the ground swe •~ in the (A-1:) representatioo. er er in the {'2-s) representation. The first excited configuration 

of molecuJarized atomic orbirals (5sa)2 (Spa)2 (Sp1t)3 6sa• correlates to the srates of the Q-group: { 1Il. 3Ilo.. 3Il1). 

The next excited united atans coofiguralioo is the (5sa)2 (Spa) (Spx)' 6sa•. which correlates to the T and V states 

illustrated in figure 2.1. 

B) Heuristic arguments regarding the electronic transitions to the Q-group 

Aaxrding to Mulliken's theory. absorption in the A band results from excitation of a non-bonding 1t.electron to 

an anti-bonding a• orbital. Invoking molecular <Xbital tbeory3. the consequence of this electronic transition is 

to reduce the bond order from 1 to 1/2. Consequently. exciration in the first continuum weakens the bond and 

dissociation occurs. Another heuristic argument is developed as follow: (1) one needs to excite a bole in the px­

shell to generate the Q--group of II molecular srares; (2) the 1t-abital results from the contribution of the p-electron 

by the iodine atan to the molecular orbiral; consequently: one can loosely say that the iodine is the cbromopbore 

for the A band absorption. 

CJ Co"espondence between atomic and molecular states 

As the atoms approach each Olher. the spherical symmetries of the individual atoms are altered by the interaction 

arising along the internuclear axis. and the invariance of the total electronic angular momentum for each separate 

atom is lost. However, the axial symmetry of the diatom potential results in the conservation of the projection of 

the toral electronic angular momentum along that axis. Invoking the Ehrenfest adiabatic law1
• we expect a 

correspondence between the atomic and molecular srates as the atoms approach or repel each other. 

Mulliken concluded that the molecular sraces of the first absorptioo continuum are: {1II. 3Ilo., 3111} in the 

customary (A-I:) represenration. To generate these states mm the separated atomic orbitals, the only atomic terms 

that need to be considered are the ground state 2S of hydrogen and the lowest 2P term of iodine. Although the 

hydrogen 2S bas two hyperfine components separated by 1.4204 GHz. it is a single state at our experimental 

resolution. Thus the spin-ubit ampmeots of the iodine aum, 2Pm and 2P~ are the atomic states responsible for 

the symmetries of the molecular states corresponding to the first continuum of absorption. However this relation 

of completeness is not reciprocal. since the iodine multiplet also correlates to 3Ilz and to the T 31:1 state. 
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D) Enumertllion of stales using group theory 

In (A-E) 1epcsmtatioo. Ille molecular mbitals are obtained with the aid of the following group theory arguments. 

The representation of an atcmic term, in the symmetry group of rotation SO(3). is determined by the total orbital 

angular m001eotum of Ille term. and die parity of each atomic term, g or u. depends on whether Eli is even or odd 

respectively. Using Ille correspondence of die representation between the atomic symmeuy group S0(3) and the 

diatomic symmetry group c._., lbeir contributions result in Ille possible molecular orbital symmetries. Only 

molecular states of the type E+ or II are oblained fr<Dl the tensor product of the represenrations for each atomic 

sysrems, as shown in the figme 2.3. When A=O. the resulting E term may have either + or - parity; the parity is 

defined by1: p=l:Ju.+Lt, p=O or 1 corresponds to a term of molecular parity denoted by+ or - respectively. 

If the interaction energy between the two atomic orbitals is stronger than the coupling between the L1 and S. in 

each of the separated atems. we can add the spins of the individual atoms and use the possible values of the sum 

to attribute a multiplicity to lhe spinl~ molecular tenns obtained above. In the limit of weak spin-orbit coupling. 

the Slates are denoted by tenns of the fcnn: <2S+1>Ag_ Due to the spin-orbit coupling, the total spin couples with the 

field of the intemudear axis through A·E coupling. and C=A+E is a better invariant. 

F<r m, the total spin can be 0 or 1. the multiplicities are singlet and triplet. and we obtain the following terms: 
3Il29 

3Il1, 
3Ilo., 3Ilo., and 1n. For increasing strength of the spin-orbit coupling, the precession frequency of the 

total spin and orbital angular momenta becomes so large that they lose their meaning. and C is the sole good 

quanrum number eventually left. To properly enumerate the states. we must: m reduce the spin wavefunctioo to 

the molecular group symmetry and, (ii) take the tensor product of the spin wavefunction' projected in the C .. v 

group5
; this procedure is represented schematically in the figure 2.4. 

Mulliken showed.7 that Che energy of the components of the •.ln multiplet. or the Q-group. should increase in the 

order: 31I29 31I1, ~. 3Ilo.., and •n, for reasons similar to the ooe invoked by Hund·s rule for the inversion of the 

atomic multiplet when lbe term coofiguration is more than half-full. Among these srates. only 3111• 
3Ilo., and 'II 

are of interest to this study. because single photon transitions to the 3Il2 and 3IIo. are symmetry forbidden. 

Allhough the large spin-atit energy of the iodine atom affects the coupling of angular momenta in m. such that 

C is the only good quantum number for die electronic states in this system, the (A.l:) represenration of the 

electronic terms allows for an intuitive and familiar way to enumerate the states. The correlatioo diagram of 

figure 2.5 resulted ftOOl the consequence of the above considerations. 

To ooodude Ibis seclioo, Ille global symmetry of this dynamical system is briefly discussed. in view of its central 

importance in the present study. It must be noted that the A band involves two types of electronic transitioos: 

16 



parallel • .Ml= 0, and perpendiwlar, 40= :1. Moreover. assuming that Mulliken is right in his assertion that the 

A band absorptioo is due to the N-Q transitions, then the correlation between alomic and molecular symmetries 

predict that the gramd stare iodine products are the results of perpendicular transitions. and excited state iodine 

produas are the consequence of a parallel transition. 

2.2 History: evolution of our knowledge 

Mmt of the previous \\Uk on the pbmodissodatim mm. which brought new information on the dynamics of this 

system prier ao the present study. are reviewed below. A few spectroscopic works on m. devoted to the region of 

energy above the first CXJOlinuum of absorption and up to molecular ionization. are also cited whenever they were 

found to contribute useful arguments toward the elucidation of the low-lying electronic structure of HI. 

2.2.1 Early studies (1935-1.955) 

A) Goodeve and Taylor (1935-1936) 

In the mid-thirti~ Goodeve and Taylca-6 meamred the earliest absorption spectrum foc HI in the ultravioleL lbey 

obtained a quantitative ~ent of che absorption ooeflicients. They concluded that the maximum of the smooth 

continuum of absorption was located around 2250 A. 

B) Mulliken (1936-1937) 

During the same peri~ Mulliken published a series of three theoretical papers'·u on the low-lying electronic 

states of simple beteropolar diatomic molecules. In these studies, be investigaled the differences and similarities 

of the elearooic sttuc:ture of uni-univaleor diarnmic molecules built frcm sa-sa and po-sa molecular orbitals from 

the combination of separated atoms of hydrogen, meral and halogen. The third paper of the series focussed on 

univalent diatomic halides; the case of hydrogen halides (especially Ill and HBr due to the availability of dara) 

was discussed in detail. His theoretical considerations, developed on lhe basis of coupling cases and symmetry 

correlation, yielded an estimate of the low-lying electronic structure oflll shown in figure 2.1. 

CJ Price (1936-1938) 

Price10
• who first reca'ded part of the B band with a resolution belier lban 1 A. observed lhal a spectral feature at 

1762 A was consisting of a very sharp Q-brancb. not wider than 10-15 an·1
, with diffuse rotational structure on 

eithec side; be observed that band in lhe range extending from 1759-1770 A. At much higher energy above the 

first continuum. the discrete specttum was also photographed f«r Ille first time by Price11 in 1938. He recorded 

the vtN absorption spectra oflU fnm 1800-1128 A. 
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Additionally, Price obtained the iooization porential by extrapolating the Rydberg series of bands existing between 

1124.4- 1346.1 A. By observing that the Rydberg series corresponded to the upper component of the 2II orm•. 
and by assurning that the spin-emit coupling of the Hr ion is very dose to the atomic valu~ he estimated the two 

limits of tbe iooa.ation porential, which correspond respectively to the X (2II312 .. v = 0) and to the X (2II112 .. v = 0) 

at: 10.33 and 10.99 eV. This compares very well to the mOl'e recent values obtained by Hepburn and Hart12: 

10.386 and 11.0S1 (:t0.001) eV. 

DJ Romand and Vodar (1948) 

Remand and Vodar13 have measured the spearum from 2300 to 1500 A .. shown in figure 2.6 a). They observed 

that the first continuum,. denoted the A band, reaches a maximum at 2180 A. after which it decreases to a 

minimum at 1900 A. A markedly sharp rise occurs at 1800 A.. marking the onset of the B band. 

Rooland 14
'
15 bas theoretically analyzed the A band absorption. He bas postulated a shape for the A continuum. 

free of the presumed overlapping by the B band below 2000 A. On theoretical basis, he has decomposed the A 

band into two partial absorptions.. as shown in figure 2.6 b). where curve l is the toral A band absorption,. curve 

2 is the partial absorption due to the 3Qo.-N transition, and curve 3 is the partial absorption due to the 3Q1- N 

transition. Note that acarding to Romand, the photolysis of Ill would produce a strongly inverted population of 

the electronic spin-orbit products. Moreover,. he was assuming that the B-band was produced by the 1Q-N 

transitioo; this ww; a reasonable asmmptioo justified on the ground that this singlet-singlet transition must be the 

strongest of the Q-group.. and that the much stronger B band appeared to be a good candidate for this assignmenL 

2.2.2 Era or photochemical studies (1955-1975) 

Here are coosidered dle studies that further illuminated the dynamics of Ill pbotodissociation, either as a goal in 

itselt CY as a consequence of research on a related topic. In general,. photochemical studies provided instructive 

results. but they also suggested mOl'e questions. which partly motivated the development of pbotofragment 

specttoscopfl. 

A) Donovan and Husain (1962) 

Donovan and Husain have produced a series of three articles on the generation of excited Iodine atoms I(2P.,J by 

flash photolysis ofCF3116 and ffi17
, and their collisional deactivation11 (or quenched relaxation) in various bath 

gases. These studies used lhe technique of kinetic specttoscopy19 of the Iodine atcm productS in the VUV to 

investigate the dynamics of photodissociatioo initiated by flash pb0tolysis. The broadband photolysis source.. 

assumed to encxmpass the whole absorption continuum of In, was observed to produce about one fifth of the 

Iodine atoms in the excited state. 
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Figure 2.6. a) Abs«ptioa spectrum measured by Rmumd and Vodar (tiom ref. 13). b) Tbcorctical d«ompositioa. by 
Remand. of the total absorption of Ill into partial absorption by each dissociative states (from ref. lS). 
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B) Martin and Willard (1964-) 

Martin and wmard20 used the photolysis of m at 1849 A to produce bot ff-atoms with 2.6 and 3.6 eV of kinetic 

energy. Their results provided an experimental test for the theoretical model obtained from the analysis of 

Remand cited above. They n()(ed that due to the effect of the selection rule 4S=0. the 'Q- N must be several times 

stronger than the 3Q1- N. This points to the fact that Romand bad assumed that the B band corresponds to the 

'Q-N transition. lbe mere presence of spectral structure. near the region where the B band and the A band 

overlap. indicates the involvement or a predissociatiog stare. most likely locaced above the Q-group. Because of 

this fact. the interpretation ofRomand required revision. 

CJ Huebert and Martin (1968) 

Huebert and Martin21 measured the absorption spectrum oflll from 3000 to 1800 A shown in figure 2.7. Their 

result confirmed qualitatively the measurement of Roman<!. but provided more information and improved 

measurement precision. By measuring the absorption spectrum of m. with and without Dry Ice packed around 

the cea they concluded that 12 absorbed around 9% of the radiation in the range 1850-1900 at S.T.P .• while the 

contnlJution to the absorption by 12 at longer wavelength is less than the measurement uncertainty of 0.5%. The 

numerical values of their extinction coefficients for Ill are shown in table 2-1. 

Table 2-1. Molar extinction data from Huebert and Martin (from ref. 21). 

Wavelength (A) E 1. mo1.·1cm·1 6{e) I. mol:1 cm·' Wavelength (A) E L mol."1 cm·• 6(£) I. mol:1 an-1 

3000 7.4 0.1 2300 203.5 1.0 

2900 13.6 0.1 2215 212.9 0.5 

2800 24.9 0.2 2100 196.0 0.7 

2700 45.3 0.1 2000 164.l 0.4 

2600 78.1 0.8 1950 146.1 0.9 

2537 106.8 0.6 1900 133.5 0.5 

2500 124.3 1.2 1877 130.8 0.8 

2400 170.3 0.9 1850 134.2 1.2 

D) Cadman and Polanyi (1968) 

Cadman and Polaoyi investigated the reaction dynamics of m with H•atoms generated by 2537 A gas phase 

pb~ysis22, and by a discharge tecbnique?'. They probed the reaction dynamics via measurement of lhe emission 

intensity from the infrared chemiluminescence of electtonically excited Iodine ({2P1,i) produa. From lhe 

ccmbinatioo of lhese studies, Ibey obtained an estimated value of 55:t:25 % for the relative yield of excised atoms 

from the primary photodissociation event at 2537 A photolysis. 
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E) Compton and Martin (1969) 

Crmpum and Martin)' investigated the phooxtiWJdadrm dynamics of m. Their pb01ochemical method was based 

on the abstraction reaction by bot H-atoms occurring when ID was pbOlolysed at the 2537. 2288 and 1850 A 
wavelength~ in the presence of C.Ou,. yielding HD. The analysis of their results provided an estimate of the 

electronic branching ratio for each photolysis pbOIOO energy investigated. 

Based on their values of electronic branching, they suggested that Romand's earlier theoretical decomposition of 

the absmplion spearum to partial absmplim ~ seclim for the states of Q-group needed reconsideration. Their 

experimental branching rati~ along with their estimate qf the partial absorption aoss section for each states of 

the Q-groop. is shown in figure 2.8. .Howevec they followed Romand's assumption that the B band was due to the 
1 Il of the Q-group. using the argument that this singlet-singlet transition must be much more intense than the 

cransition to the 3Il states. 

F) Ogilvie (1970) 

Ogilvie measured the absorption spectrum oflU in the spec:tral region 32000-52000 cm·1• shown in table 2-2;25 

the IDlce:rtainty on the extinctim coefficients e was quoted 2%. He also calculated the radial wavefunction for the 

lowest vibrational state of the ground ele.ctrooic srateE (11: oJ of m represented in equation 2.1, using the J­

dependent formula derived by Herman, Tipping and Sb~ based on the parameters of a Dunham polelltial. 215 

He showed that the radial wavefunctioo is insensitive to the rotational quantum number J from J=O to 1=4"\ but 

at 1=14, wnespooding to T-2000 °K. the vibrational wavefunction differ significantly from that for the J=O state. 

\Vlfl4) = CO • exp ~I • X + C2 • x
2 + C3 • x 3 + C4 • x

4 
+ C5 • x 5

] 

where: x = (r - re) I re, 

CO = 2. 7183 Ct = l.28235 C2 = -88.6353 

C3 = 75.7743 C4 = -553190 C5 = 34.0135 

(2-1) 

In the same study, Ogilvie also attempted to represent die first absorption continuum by a 1ransition to a single 

dissociative polaltial energy curve (PEC). Beca11se the use of a single PEC allows for only one spin-<Jrbit 

ampooent. and tbelefme fails to represent the two spin-orbit products previously observed in numerous studies. 

bis calculated PEC is not useful fer lhe present study. However we will use bis measurement or extinction 

coefficienas. and the radial function obtained for the ground vilJronic state. later in chapter 6. 

A J::4 is the most populated state at nxm temperature. 
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Table 2-2. Absorption data measured by Ogilvie (from ref. 25). 

wavenumber E wavenumber E wavenumber E 
(an·') O. mol. •1 arf1) (an·'> o. mot:• an·1) can·') 0- mol. ·• an·1

) 

32000 2 38500 82 45000 220 

32500 3 39000 97.S 4S500 219.S 

33000 4 39500 113.S 46000 217.S 

33500 5.S 40000 130 46500 215.5 

34000 8 40500 14S 47000 209.5 

34500 11 41000 159.S 47500 202.5 ----
35000 IS 41500 174.S 48000 197 

35500 20.S 42000 185 48500 191 

36000 27 42500 195 49000 184.5 

36500 35.5 43000 203.5 49500 177.5 

37000 45.5 43500 210 50000 170.5 

37500 55 44000 216.5 50500 163.5 

3800) 68.5 44500 219.5 51()()() 156.5 

G) Oldershaw. Porter and Smith (1972) 

Oldershaw, Pater' and Smith invemgated the energy partitiooing in the photolysis of ID, by studying the product 

yield from reaction of the photochemical ff-atoms with N20. 'II An estimale of 11±14% was obtained for the 

proportion of excited Iodine atoms produced by the 279 nm photolysis of m. 

H) Summary of the results from various photoc!iemical studies 

From a glance at table 2-3, it is readily observed that values for the electronic branching ratio, obtained by 

photochemical methods, were plagued by large uncertainty and discrepancies. Clearly, a more accurate method 

to determine these physical quantities was highly desirable. 

Table 2-3. Summary of Ille electronic branching ratios obtained by photochemical methods 

PbotolysisWavelengtb (A) Branching ratio: R=aa•)/[a(I)+a(l•)] References 

Integrated continuum Approximately 0.20 19 

2790 0.11 z 0.14 27 

2537 o.ss ±0.25 22 

2537 0.07 z0.10 24 

2288 0.19 z0.10 24 

1850 0.00 ± 0.10 24 
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2.2.3 Age or pbotorragment spectroscopy (1970-1995) 

Experimental techniques of photofragment spectroscopy were developed to allow a derailed investigation of the 

d)118Dlics ofpbOfOdissociatioo events. Fundamental information on the dissociative states of matter, required to 

canplement die extremely detailed knowledge of bound states oblained by traditional method of spectroscopy. can 

be provided by these sophisticated techniques. 

A) Clear. Riley and Wilson (1975) 

After having developed the pbotofragment spectrrmere,211, W-tlsoo and coworkers studied the photndissociatioo 

dynamics of many simple mole.cular systems, including the pbowlysis of hydrogen iodide at 266 nm.29 

Combining the results of previous photochemical studies with their measurements at the 266 nm photolysis 

wavelength. they calculated the energy dependence of the partial absorption cross section for each electronic state 

of the first absorption continuum, as shown in figure 2.9 a). 

Frcm this infc:mwioo, a PEC calailatioo was perfmned using the reflection method to evaluate tbe radial overlap 

of the wavefunaioos fer lhe bound-to free transition. The limited precision of the data used in their partial cross 

sectioo calculation did not warrant an exact quantum mechanical solution for the dissociative wavefunction, and 

they made use of the semiclassical 6-approximatioo. The results obtained from this procedure indicated that the 

A band. or the first absorption continuum, can account for all three allowed transitions to the states of tbe Q­

group. which are shown in figure 2.9 b). This result was in marked disaepaocy with the condusion of Romand17
, 

but in qualitative agreement with Mulliken's prediction' and consistent with Price's observations5
, with regards 

to the predissociative nature of the stare(s) of the B band. and the direct dissociative nature expected for tbe states 

of the Q-group. 

BJ Schmiedl. Dugan. Meier and Welge (1982) 

lbe applications of the Doppler spectroscopy technique to the detection of photo.fragments have been reviewed 

by Welge and Schmiedl30 for both one-photon and multi-photon dissociation processes. Soon after, Schmied!, 

Dugan, Meier and Welge31 applied this technique to the detection of ff-atoms by laser induced fluorescence (LIF) 

at the Lyman-a ttansition. In dle latter work. a linearly polarized 266 nm photolysis pump beam dissociated HI 

molecules in a stalic cell at low~ and an <Ythogmal vacuum ultraviolet (VUV) probe beam was tuned over 

the range of Doppler shifted Lyman ci ( 2S-2P) transitims of the fast H-atoms. The resulting Doppler profiles were 

acquired for few s)'Dllllettic relative orieorations of the linear polarizati01, of the ph010lysis with respect to the 

probe beam direclioo. The angular distribution and electronic branching ratio of the pbotoproduas were obtained 

by a fmward CXlllWllution technique. Although values for the branching ratio and anisottopy of the products were 

estimated mm these meamrements, tbe main results of this paper was limited to the demonstration of the proof­

of-principle for Lyman-a detection of ff-atoms angular distribution. 
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Fipre 2.9. a) Partial absorptioo. to each states of the Q-group. and b) PEC for these states (&cm ref. 29 ). 

C) Van Veen. Mohamed. Baller and De Vries (1983) 

Van Veen32 et al. measured lhe photofragment specttOSCOpy of HI by H-atom. dme-of•ftight {TOF) specuoscopy. 

at tbe 248, 222 and 193 nm photolysis wavelengths. They observed tbat a perpendicular transition provided a 

~gniflcanr rmlribudon to lbeir measured aoss seaicn for lhe excited iodine product channel In mder to explain 

lheirresults, dley assumed lbat dae T 'Et state w located ata Iowa' energy tban Mulllken9 bad predicted. in order 

to explain its amtribution to the ttansitions of the first amlinuum. 

25 



They fitted a repulsive potential for the excited dissociative states of the first absorption continuum~ using a 

reflection method to calculare the energy dependence of the bound to ftee transition amplitudes. oo the basis of 

then expaimdltal measurrmencs of branching ratios and angular distnootioo of the products. Partial extinctions 

to each dissociative state assumed to take pan in the ttansitioos of the first absorption cootinuum were obtained 

in the analysis of their results; these are shown in figure 2.10 a) and b); the PEC are showed in 2.10 c). 
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Fiprc 2.10. a) Partial abscq,tion acss seclion by the <tissocfati~ states ( 1D. 3111) leading to ground state iodine atom products; 
b) Partial absorption cross sectioo bytbc dissociative states ( 1Il.3II1) leading to the excited iodine atom products; b) PEC for 
calculated for each of the dissociative states (from ref. 32). 
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D) Xu. Koplitz and Wittig (1988) 

In this work33, Xu. Koplitz and Wittig used the technique of velocity aligned Doppler spectroscopy (a variation 

of Ille technique of Scbmiedl et al.31 menlioned above) lO characterize the dynamics of In photodissociation. They 

determined values of the anisottopy parameters and the electronic branching ratios of the products at the 248 and 

193 nm photolysis wavelengths. 

E) Summary of results from photofragment spectroscopy on HI 

The values of the electronic branching ratios and fragments anisotropies. that were obtained by these study of 

photofragment spectroscopy at various photolysis wavelengths. are summarized in table 2-4. It is readily 

appreciated that there is a relatively small number of wavelengths at which the dynamical variables of the 

phooxlissociarion have been determined. NOie that there is a disagreement between rhe results of Xu et al.33 and 

Van Veen32 et al. concerning anisotropy of the excited ftagments. pa•). and electronic branching, R. at the 248 

nm wavelength photolysis. 

Table 2-4. Summary of the results ftom photoftagment speccroscopy studies on m. 
Photolysis Electronic Branching pro: Anisotropy pa•>: Anisotropy References 

Wavelength (nm) R=oG*)/[ o(l)+a(I•)] Parameter for I Parameter for I* 
266 0.36%0.05 -1 2 29 

0.40 ±0.05 -1.0 :t0.2 2.0:0.2 31 
248 0.57 :t0.04 -0.92 :t 0.06 1.08 ± 0.04 32 

0.46%0.05 -1.0:t0.20 1.7 :t0.2 33 
222 0.43 :0.04 -0.90 ± 0.06 0.78 :t0.04 32 
193 0.00:t0.05 -0.88: 0.06 N/A 32 

<0.10 --1.0 NIA 33 

2.2.4 Recent works related to our study on Bl photodiaoclatlon 

A few other snxHes, impmtant to the argumentation developed later in the present work. are briefly summarized. 

A) Huber and Herzberg (1979) 

Huber' and Herzberr" cxmpiled a list of the spectroscopic consaants for lil published before 1979. They tabulated 

a dissociation energy of 3.054 eV, as calculated from the dissociation energies of 12 and Bi and from die beat of 

fmnatim of Ill. lbey also tabulated a synthesis of the spectroscopic studies on the electronic structure of m in 

the energy range encompassing the regioo from ~ the first absorption continuum up to the ionization 

threshold. ne most prominent contributors to this set or spectroscopic data have been Ginter and coworkers. 
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BJ Ginter and coworkers (1970-1982) 

Ginter and coworkers have published a series or studies35.36.J7 in which VUV absorption spectra of Ill were 

analyzed to elucidate the molecular electronic sttucture in tbe range or 55800 10 74400 an·1
• In this range of 

excitation energy above the first absorption continuum., the T and V Sl31es have been identified. along with 

numerous other states. We will return 10 this result in dle tbird. secdon ortbis chapter. 

C) Werner, Reinsch ll1UI. Rosmus (1981) 

Werner, Reinsch and Rosmusll have performed ab initio calc11lation of die r-dependent dipole mrment roc dle 

ground electronic state ~the b)'lrogm halides. fiun. HF to Ht. It cm be noted in figure 2.11 dlat m distinguishes 

itself frrm the other b)'drogen halide with respect to this ph)'Sical property. Their results illusttate the fact that 

the dipole moment of m bas a relatively small sensitivity to its dependence on internuclear distance around re. 

This indicates a relatively weak perturbation by the ion Slate. 

p/D 
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15 

,.o 

0..5 

• 

1.0 2.0 
r1l . 
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Fipft 2.11. Calculaced and experimental dipole mm1ent of hydrogen halides (&cm ref. 38). The vertical bars indicate the 
equilibrium. inrcmudca:r disla00e fer each molecules. the symbols represent theoretical values. and the solid lioes arc obtained 
fnxn experimental measurements. 
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DJ Chapman. Ba/asubramanian and Un (1985) 

Chapman et al." performed relativistic configuration interaetioo calculations on the low-lying electronic states 

of m. Although their calculation deviated by up to -10% for the dissociation energy, lbeir results agreed 

qualitatively well with Mulliken"s predictions. lbe qualitative aspects of the PEC for the calculated dissociative 

states, shown in figure 2. lZ confirms lhe lheorelical expectation that these dissociative states are properly 

desaibed by the "far-nuclei" or Mulliken case c coupling. 

EJ Levy and Shapiro (1988) 

Pri<r to the present thesis. die wen of Levy and SbapmfO was Ille latest theoretical study on Ille pbotodissociation 

dynamics of m following A band excitation. It was ~ on a collection of experimental data obtained from 

photochemical and pboro&agment spectroscopy s~ but the data of van Veen et al.32 bad apparently a 

predcminant influence oo their lbcuy, which was reasonable given the fact that it was the most detailed study on 

this system. As a aJDsequeoce of the obsavalioo made by van Veen et al.32 regarding the anisotropy of die excited 

iodine fragment channel. and of their condusion regarding the low-lying electronic stmcture of m. Levy and 

Shapiro analyzed the dynamics of dissodatioo, induding the nooadiabatic interactions that would ensue. A 

pictmal summary of their results is reproduced in figure 2.13. According to lbeir analysi~ the "tmly" adiabatic 

porential energy curve (PEC) was determined for lbe four dissociative states previously assumed by van Veen et 

al. 32 to participate in the transitions of Ille first absorption continuum. 

FJ Coxon and Hajigeorgiou (1991) 

Coxoo and Hajigecrgiou'1 obtained the most recent parameterS for the vibrational and rotational structure of the 

ground srate (X 1~) onn frrm the fit or an effective oooadiahadc Hamiltonian, of a large number of line positions 

available frcm the liaaature. The rovil:ntiooal energy levels are given by the power series of equation (2-2). They 

providedaa:urate paramerers for Ille ground electronic state. We liste4 in rable 2-5, the parameters for the five 

lowest vibrational levels. Their work provided an accurate description of Ille ground state for ID molecule. 

E(v, J) = G v + Bv [J(J + l)]- Dv [J(J + 1)]2 + Hv [J(J + l)f + ... (2-2) 

Table 2-S Parameters for the levels of the ground electtonic state of HI (&om ref. 36). 

V Gy 8., lO'·D. 1<>9·11,, 

0 1145.2436 6.4263643 2.068672 2.8782 

1 3374.8252 6.2552378 2.064996 2.6329 

2 5524.4701 6.0829499 2.066559 2.319 

3 7593.2780 S.9088108 2.074726 l.9121 

4 9579.9517 S.7319726 2.001303 l.3769 
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G) Zhang, Dulligan, Segal, Wen, and Wittig (1995) 

In this wmc. 2Jlang et al.42 Sllldied lbe pbotodiSfiOCiation dynamics of HI dimers. The dynamic of this process bas 

been dearly elucidaled widl unsurpassed sensitivity, provided by the aecbnique of higb-n Rydberg time--of-Oigbt 

{HRTOF) spearoscopy. They have shown many convincing spearoscopic proofs that the dissociation dynamics 

of pbotoexcited m dimers proceeds in a concerted and predictable fashion., a somewhat surprising result; we will 

return to this topic in the discussion of chapter 6. 

HJ Comparison of the PEC parameters from previous studies of HI 

In all the determinations of the PEC for the dissociative states of die first cootinuum. the functionality assumed 

is an expmenlial dependence oo the intemudear radius, expressed by equation 2-3. Each PEC is characterized 

by three parameters: a preexpooenlial factor A. an exponent factor B. and an offset C which is equal to 0 or 

7603.15 an·•, the energy separation between the spin-orbit stat~ of the Iodine atom.'3 The value of C is fixed by 

the asymptotic product corresponding to each dissociative state. 

V(R) =A· exp[-B(R- Re)] (2-3) 

A amparisoo of the values for the parameters obtained in previous studies is listed in rable 2-6 a), b) and c), for 

the results of Clear et al. 29, van Veen et al. 32 and Levy and Sbapiro40 respectively. The values of the average 

transition dipoles. oblained by □ear et al.29 and by van Veen et al.32
, are of limited usefulness because the 

reOectioo method"' used to calculate Ille energy dependence c:Ltbe 1ransitioo inrensity overestima1es the value oftbe 

transition dipole. µ .. as it underestimale the overlap of the ground and dissociative wavefunction. Also lhe 

monerical values obtained by this method should only be regarded as an approximate relative values. In the case 

of Levy and Shapiro, their proper quantum mechanical calculation led to much smaller values of the ttansition 

dipole. which are in tbe same order of magnitude lban the quantilative estimates obtained by Mulliken. 

Tabl 2-6 ) PEC e a nai m1eters om ear et rr a . en r . al (tak fum ef 29) 

States {µ)1 (debyel} A (an·1) B cA-1
) 

•n 0.126 :t0.015 21850 :t3SO 1.90 :t0.00 

'IIo. 0.160 :t 0.024 11250 :t400 4.10 :t0.10 

3111 0.038 :t 0.004 15 800 :t2SO 2.85 :t 0.06 

Tabl 2-6 b) PEC e Dai IDleters mn an een et al. {taken fr V, V, mm f 32> re - . 
States (p)l (debyel} A (c:m·1) e cA·1> 

•n 0.193 :t 0.025 25900:tSOO 2.86 :t0.06 

31Io. 0.146 :t 0.006 12350 :t2SO 4.80:t0.05 

3E1 0.041 :t 0.003 12 600 ::t 2SO 3.75 :t0.06 

1n. 0.038 ::t 0.004 16 300 ::t 250 2.85 :t 0.06 
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Table 2-6 c) PEC parameters from Levy and Shapiro. (from ref. 40). 

Srates (µ)l (debye2) A (an·1) a ck1> 
in l .04 l 7E-04 23860 2.081 

3Ilo. 3.6719E-05 10240 3.483 

lI:1 2.7908E-05 9 161 3.001 

lfil l.7170E-05 12 090 1.971 

The as.wmptioo, by Levy and Shapiro. that nonadiabatic effecas are important in the dissociation dynamics of m. 
had impmant amsequences oo lhe values of transition dipole and PEC parameters that they obtained. Yet, even 

with their highly sophisticated dleoretical model, they only achieve partial agreement with the absorptioo 

measurements of Ogilvie. as the reader will appreciate by inspection of the figure 2.13 b). 

2.3 Summary: observations and discussion 

2.3.1 General observations or comlstency 

A) Energy ordering within the Q-group of states 

Following Mulliken, the (Idering of die states aboYe die Franck-Condon region. near the equilibrium internuclear 

disrance, must be: 3II1, 
3It., and' n in increasing order of energy. Amongst the previous studies consulted by the 

author of the present study, all agreed on this point. 

BJ Coupling case 

Indication of the coupling case at work in a given molecular system is provided by its consequences on the 

structure of the energy levels and the relative sttength of the optical ttansitions in that molecular sysrem. For 

example, in A-E coupling. energy separation between the pairs of states <3ll2 -
3Il1) and (3Il1 -

31Jo.) are expected 

to be approximately equidistant and of the order of the atomic spin-orbit energy. However, in the case of "dose 

nuclei" (Hund's) case c coupling, lbe position of the dissociative energy levels are expected to lie in two groups: 

the lower pair (3112 - 'Il1) and the higher pair c3IIo.. - 1Il), wbicb would be separated by an energy of lbe order of 

a <r a•. the spin~t <XJDstant of the halogen atom or ion respectively. The energy separation within each group 

is expected to be much smaller dlan a. 

At first glance. the etecumic structure of the first continuum of m can be expected to be mainly desaibed by the 

"cla;e nuclei" cze c aiupliog at re• the internuclear distance of the ground state equilibrium. This .. dose nuclei'' 

(or Hund's) case c should d<minate the coupling in the ground state oflhe m molecule. and in the dissociative 

state at re. However, the large energy of the spin-orbit coupling in the iodine atom implies that the "far nuclei" 
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(or Mulliken's) case c becomes rapidly dominant in the first continuum. and perhaps may even contribute 

significantly near re. In fact. if the recoupliog of the electronic sttucture of the atoms begins to be important al 

r,. the desaiption of the dissociative state reduces to a repulsioo of oriented alomsA in a collective state of 

correlated angular momentum. 

A relativistic amiguralioo interaaioo (Cl) calwlatioo was pafu:mdl by Chapman et al.;39 they obtained ab inilio 

PEC's for the low-lying electronic states of m. Inspection of their PEC. shown in figure 2.1~ suggests a 

qualilative agreanent with Mulliken conclusion. which predicted that the "far nuclei" coupling should dominate 

the electronic sttucture in the Q-group of states. 

C) Relative strength of transitions 

It was ~ in early experiments on m, that Ille transitions to the first absorption continuum are relatively 

weak ampared to ttansitions to bound states at higher energies. To explain this observation,. Mulliken pointed 

out that the molecular sttucture of the first continuum results from the molecularization of the two spin-orbit 

canpooents of the ground electronic term of the iodine atom. Recalling that inttamultiplet transition in atcmic 

system are either forbidden or- much weaker than intermultiplet transition, the corresponding situation in 

molecular system. although relaxed,. explains tbe low relative intensity of the first continuum. 

2.3.2 Disagreements and controversy 

A) Comparison of results from previous photofragmemation studies 

A amparison of the observables measured in previous photofragment spectroscopy studies is summarized in the 

table 2-4. Figure 2.14 compares of these measurements with the theoretical calculation of Levy and Shapiro . ., 

The reader will recall tbal the latter calculation was based on the results of van Veen et al.32 Noteworthy is the 

fact that the measurements of Schmiedl et al.31 at 266 nm photolysis wavelength, and those of Xu et al. 33 at 248. 

are in distinct disagreement with van Veen results.. and hence also with the theory of Levy and Shapiro. 

B) Evolution of our knowledge of HI 

Coosideratioo of previous investigations on the low lying eleclronic sttucture of m lisled in section 2.2 offers a 

global perspective oo lhe evolution of our understanding of this syslan. Soon after the first measurement by 

Goodeve and Tayloe, 6 Mulliken developed tbe theory for the electtooic structure of simple diaroolic molecules, 

and suggested arigoroos model for the A band of HI. Ten )atS later, Romand and coworkers111
'-

15 attempted ro 

4 By oriented atom. the author refers to the orientation of the Ullal. electronic angular momentum vector of lbc akllll. Since 
the relative cnentalion of tbe atomic fragments is a coascqucnc:c of total angular momentum c:ooscrvatioo in die light-matter 
interactioo. and the molecular eigenstates are cbaractcri7.ed by a wcll~efined state of tocal angular momentum. the atcmic 
oorrclatioo must be related lo the angular momentum of the field. 
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apply that thecxy to explain measurements that also included the B band above 50000 cm·1
. Because the B band 

was so much more inten~ be asaibed its origin as being due to a transition to the 111 state. Photochemical 

measurements of Martin and coworkerg3>- 21
.26 represents an early attempt at testing the state of the theory on m. 

by a deu:nninatioo of the physical observables. but they were misled in the assignment of the partial aoss section 

of the products, by following Rmland's ~umptioo regarding the causality relation between 1II state and B band. 

Photofragment spectroscopy. combined with the rise of Ille computer and Ille information age, bas permitted 

clarification on this topic. Oear et al. 29 used their measurements, combined with a thorough documentation of 

all previous works on the topic. to sbow dlat Mulliken's model was amsistent with the observatioos. However, 

it must be noted, lbat they only oblained measurement at mly one photolysis photon energy, at the then newly 

available 266 nm wavelength fr<m the fourth harmonic of a YAG laser. Moreover, the quantum mechanical 

calculation ~ rather aude, and depended largely on lbe body of previous photochemical measurements, which 

were plagued with large uncertainties. This motivated the photofragment spectroscopy experiment of van Veen 

et al. 32 at other photolysis photon energies. m the basis of which Levy and Shapiro'° developed their theory. 

2.3.3 Effects ol the Ion pair state on molecular structure 

In <rder to offer the best 1D1derstanding at the end of this study, some fundamental concepts of molecular physics, 

developed by Mullilcen and discussed by Herzberg, are recalled fer the sake of completeness. The relation between 

the relative energy position of the ion pair state, and its consequences on the electronic structure, are discussed 

fer b)'drogen ball~ with particular attention paid to the properties affected by their perturbative contributions 

to the electronic structure. 

A) Penurba1ion by the ion pair stale 

Our understanding of the molecular s1n1cture is developed on the basis of first-order states. such as the ones 

mentioned in lbe axrelatim diagram of figure 2.5. However, experience in quantum mechanical calculation has 

showed that in order to better desaibe experimental observation. a a>upling between the first-order states must 

be introduced, wbicb correspond to dle introduction of a perturbation, and a more exact quantum mechanical 

calculatioos of such states are obtained by taking into acoount lhese perturbations. 

Of specific impcwtan0e fer tbe ground electro11ic state is tbe perturbation by a special state, the ion pair state, i.e. 

the state that corresponds to the separation of tbe dialOrnic molecule into positive and negative ions. Its 

importance is determined by the combination of the three following facts: 1) the ground state of a dose shell 

<tiaronv: molecule bas a 1Eo.. symmeuy type. and it is also the case for tbe electronic stak; conesponding to a pair 

of close shell atomic ions; 2) the perturbation is most significant between states of same symmetry type; 3) the 

magnitude of the perturbation depends on the energy spacing between the first order-states. 
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probably be much smaller than for a heavier positive ion. since only the proton-proton repulsion can account for 

the repulsion. By comparing the difference between lhe energy positions of D0 and W 2:~• with the permanent 

dipole. µ. the reader will note that the closer this zero-order ion pair state is to the true (experimental) ground 

stare. the bigger is the value of the permanent dipole. 

BJ Radial dependence of the permanent dipole for HI 

In figure 2.11. the permanent dipole ma:nent for m was shown to have a relatively small dependence on the 

internuclear radius. By inspection of table 2-7. the reader will note lhat Es is lower than E. for all hydrogen 

halide molecules except for m. This may be explained by the fact that for m. the • ion pair, i.e. tbe ion pair K 

+ r♦, does actually lie at lower energy lhan the usual ::t (i.e. ff• + I"); as a consequence, they may be mixed and 

effectively ••baJance·· each other around the ground state equilibrium internuclear distance of the ground state. 

Because the elearon-elearon repulsion term can be expected to be stronger for lhe E. =E(H·JX•) than for the Es: 

=E(H•JX·), these two ion pair states will eventually a055y for the singular case of In molecule. This is a 

reasonable explanation for the striking difference in the radial dependence of the permanent dipole for m. in 

comparison with the other hydrogen halide molecules. as wimessed by figure 2.11 above. 

C) Position of the T 3E1 stale 

A final point of controversy that must be addressed is the assignment by van Veen et al.32 of the 3E1 state to a 

partial absaptioo ~ section coo1n1Juting to A band absorption. Mulliken had argued that this state will be too 

high to contnlJute to this abscxptioo because it correlates with the second excited configuration in lhe united atom 

picture, in addition to the fact that its symmetry must be mixed with that of an ion pair state whose asymptote is 

relatively high. The E~ = E(H/r♦) asymptotic limit was shown in table 2-7 to set a lower limit for that ion pair 

state at 1.583 eV above the dissociation energy. Assuming the electron repulsion term contributes an energy of 

the order of I eV. this second ion pair could in fact be involved with die B band. 

In the spectroscopy community, Ginter and coworkers35• J6. n have been working on the electronic structure of Ill 

f<r a few decades. and have previously amgned die T and the V staleS to bound electronic states. The V state has 

bands lying in tberegioo of68000-72000 an·1
, and a diffuse band at 64300 an·1 bas been attributed to the T 3E1 

state. By as.ggning dle T 3E 1 state to a partial absorption coottibution of die A band. van Veen et al. 32 implicitly 

assumed that Mulliken and Ginter were misled. 
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Chapter 3 Theory of the photophysical processes 

The objective of Ibis chapter is to provide a theoretical framework to analyse and to discuss the experimental 

results of this Sllldy. Before getting involved in die details of the theory, a few concepts related to this pump-probe 

experiment are introduced, in order to provide a better physical picture. The theoretical formalism and the 

experimental measuranents will combine into a clear picture of the pbotopbysical processes that occur in 

molecular Fil excitation to the A band, and in the subse.quent detection of photofragments. 

3.1 Photophysical proc~ and observables 

Typically, photofragment spectroscopy employs an inrense W source, usually a laser or other bright optical 

source. to dissociate molecules into fragment products. The latter can be detected using methods of mass 

spectroscopy. optical spectroscopy or a mixture of both. In our study. an optical method is used to detect the 

photofragment products: the technique of Doppler spectroscopy. 

3. 1.1 The three steps or our pbotorragment experiment 

The famal desaiption of our pbotofi'agment spectroscopy experiment involves three steps: pbotoexcitation of the 

parent molecules. lhe dynamics of dissociation. and the product detection. Although our specific experimental 

srudy CXJDSidered ooly these three steps, it should be mentioned that the initial preparation of the parent molecul~ 

and a final detection of the polarized Oucrescence ftcm excited fragments. could in principle also be performed. 

as anticipated in the theoretical summary of Greene and Zare. 1 and exploited in the density matrix formalism 

developed by Singer. Freed and Band (SFB).2 However. the scope of the present experimental study is 

appropriately described by the wavefunction formalism ~eviewed by Shapiro and Bersobn. 3 

A) Pho1oexci1a1ion of parent molecules 

The optical exciration of a parent molecule ro a dissociative st.ate, and the consequent dissociation dynamics. are 

the centtal topics of pbotoftagment spectroscopy. The photolysis laser used to excite molecules into dissociative 

state(s) is referred to as the pump laser. The excitation of parent molecules by the pump laser is the first light­

matter interaction occurring in die course of our photodissociation experiment. 

B) Dynamics of dissociation 

Various dynamical effects can play a role during a dissociation event, as we already mentioned in chapter 1, 

depending on the type of electrooic stares involved and the specific mechanism of dissociation lhat results. 

Dissociation processes can be separated in two types: direct dissociation. and indirect dissociation or 

p-ediswciation. In a direct diswciation process an excited state of the molecule decays into photofragments very 
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rapidly compared co dle lypical time scale of the molecular vibration. By comras~ lbe dynamics of indirect 

phocodissociation is usually slower. because it proceeds via the coupling of an excited metastable state co a 

dissociative stare. The present swdy is concerned with lhe dissociation of Ill following absorption in the A band. 

for which the broad featureless absorption specuum sugg~ a direct dissociation process. 

CJDeteaion of photofragments 

The detectim of pbOIOfi'agments ~ pedc.cmed with Doppler ~Y- This ledlnique uses a tunable coherent 

light beam of narrow linewidtb, referred co~ the probe beam, to excite resonantly a selected velocity group of the 

pbowfragmeots. Tuning the frequency of the probe laser over the width of a Doppler broadened resonance. and 

collecting the consequent Laser Induced Auorescence (LIF). yields the Doppler profile spectrum. 

D) Goal of the overall procedure 

To obtain Doppler profile measurements is lhe first stage of a procedure leading co the determination of dle 

dissociative stares. Such measurements were performed at various phocon energies of the photolysis pump 

excitation. Analysis of these measurements yielded numerical values for the observables characterizing lhe 

photodissociation dynamics. Based on lbese observabies. a quantum mechanical calculation allowed the 

determination of potential energy curves (PEC' s) for the excited dissociative states of the A band absorption .. 

3.1.2 The observables 

To desaibe the pbcincHssociatioo of Ill molecules following one-photon excitation in the A band. lhe observables 

used are: branching ratios between electronic products. and photofragment anisotropies. These observables were 

determined mm lhe experimenaal Doppler profile. and lhey provide sufficient information to unravel the dynamics 

of pbOlOdissociation in this system. 

A) Electronic branching of the photoproducts 

Following excitation in the A band ac a specific energy., two product channels are possible. corresponding co the 

accessible electronic scales of the pbocoproducts: the ground < 2PY.J. and the excited ( 2Pm> scales of the iodine 

atoms. The dependence of the electronic branching ratios on phorolysis photon energies cbaraelerizes the 

dissociation dynamics. In addition co quantifying the partition of energy among the product cbanne~ the 

electronic branching is of central importance. in aJ111binatioo with tocal absorption aoss section (T ACS) 

measurements. to the determination ofdle PEC•s ax1espooding to the dissociative stales. 

B) Anisotropy of the photo fragments 

Direct photodissociation of diatomic molecules widl a pump laser of linear polarizatioo results in an axially 

symmetric angular distribution of the pbotofragments with respect lo the polarization direction. In dle case of 
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an unpolarized or circularly polarized photolysis laser, the symmetry axis is defined by the propagation axis of 

lbe pmnp laser, i.e. its wavevecur.1
~ The anisotropy of the pborofragmenl distribution reveals information on the 

type of electronic stares involved in the optical transition. 

Pboto&agment anisottopies are of significant importance in assessing the presence of nonadiabatic effects in the 

dissociation dynamics.1 since large and abrupt variation of the anisottopy dependence on the photolysis photon 

energy is predicted to result from oooadiabatic effects. 2 

3.1.3 The pbolophyslcal pr~esses and their theoretical clescrlptlom 

Initially the molecular ensemble is in an isotropic staee: for any I-value of the total angular momentum, the M1 

projections are all equally populated. The optical excitation of the pump beam induces a first anisotropy that 

depends on the stale of the pump laser polarization, and the on symmetry of lhe ground state and of the excited 

dissociative states. Once lhe molecular bond is broken and the atoms are flying apart. the challenge remains to 

measure the dynamical states of the system. 

The pbowfragment dynamics must be probed soon after the dissociation event occurrs, in order to avoid collision 

relaxation with backgroond gas, er befme lhe pboro&agments leave the experimentally accessible zone altogether. 

Doppler spectroscopy of the H-arom photofragments is used lO perform this task. To this end, a probe beam is 

tuned around the Doppler-shifted resooant frequency of the ff-atoms to oblain a Laser Induced Ruorescence (LIF) 

signal This second light-matter interaaion involves a specific ttansition in the H-atom fragments; it exploits the 

dependence of lhe precise resonant frequency of a given H-at~ on the projection of its velocity onto lhe probe 

axis. The resulting Doppler spectrUm is effectively a projection of the photofragments angular distribution onto 

the probe beam axis. ll is a 1-D projection of the 2-D angular distribution of the photofragments. 

Doppler spectta were measured for two ortbogooal orientatioos of lhe pump polarization versus the probe laser 

beam axis. The Doppler spectra. orthogonal in diis vectorial~ can be inverted to retrieve the angular 

distribution of the pbOlofcagmenas using a madiematical procedure outlined below. The angular distribution 

results from the pbocodissociatioo dynami~ which is characterized by physical observables. The determination 

of lhe observables is the goal of die products detection performed with the Doppler spectroscopy. 

Section 3.3 is devOled to the mathematical relation between Doppler spectra and physical observables. The 

detenninadm of Cbese obiervables fnm these Doppler speccra is lhe first goal of our analytical procedure. Once 

determined with suflident accuracy. die values of these observables are used in a quantum mechanical analysis 

leading to the determination of the PEC"s for the dis.codative states of the first absorption continuum. The 

quantum mechanical analysis of chapter 6 is a numerical implementation of the theory desaibed hereafter. 
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3.2 Theory for the direct photodissociation of HI molecules 

During die la lWfl decades. Ule lhc:oelical wadentanding of the pbotodissociatioo processes have evolved a great 

deal as a result of lhe inaeased availability of experimental observatioos. and of powerful compuu:rs. which 

spurred development for numerical implanencation of quantum mechanical methods. The theory of diatomic 

phc-octissodatioo m been developed to a high degree c:L sopbistiauim by SFB2
, whose density malrix formulation 

allows the systematic description of all the possible steps mentiooed in section 3.1.1. However, the theoretical 

desaiption of the physical processes occurring in the pbotcxlissociatioo dynamics of m is developed along the 

lines of the wavefunctioo formalism2, because it satisfied lbe immediate requirements for lbe analysis of our 

experimental results. Only some concepts defined in lhe work of SFB2 will be used in discussing sane finer 

points. The basic amcep15 that suffice to the operatiooal analysis of lhe present study (chapter 6) are introduced. 

3.2.1 Basic physical concepts 

A) Phorodissociation reaction 

Consider a gas of isola1ed HI molecules, at a density low enough to ensure that the photodiswciatioo is a 

unimolecular process. i.e. that intermolecular collisioos are negligible both in the photodissociation process and 

up to the lime of pboto&agment detection. A molecular expansion (see chapter 4) is used to produce an isolropic 

ensemble of HI molecules at a relatively low temperature; i.e. the population of the rotational (N) and vibratiooal 

(v) quantum number is predominantly in their respective ground state: N-0, v- 0. Optical absorption of HI 

moleaiies in the A hind excites direct dissociative sta~ which relax rapidly to their corresponding assymptotic 

atomic products. The pbotodissodalioo reaction can be denoted by equation (3-1). where am·1,(lll)·2
, etc 

represent the indeterminacy in the number and identity of the excited scares. 

(HI)*l 

cm)*2 
{H+I} IIl+liOl ➔ ➔ H • +I 

(3-1) 

(Hl)*ffl 

Two aspects of the reaction are explicitly undefined in lhe equation (3-1): (i) lhe exact number of excited 

dissociative states involved in the absorption continuum. and (ii) the correspondence between dissociative states 

and aumic product channels. Our goal in writing equation (3-1) is to represent lhe coouoversy that existed when 

we approached dlis topic (see chapter 2). and that bas been resolved through the experimental measurements and 

the anesponding quantum mechanical analysis perfomed in the present work. 

While the number and symmetty type of the electronic states are intrinsic properties or the molecule, lhe nature 

of the auespondence between the dissociative stale and product channel can. in general, be made amplex by the 
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presence of oonadiabatic interaction during the act of dissociation. Although previous studies5.6 bad concluded 

that lhese inreraaion were significma. lhe present SbJdy will show. en the basis of our experimental measurements. 

that it is not the case; the discrepancies between ours and previous results will be explained. 

BJ Instantaneous photoexcitation and fast recoil 

The symmetry of a dissociative electronic state determines the possible molecular orientations. at the time of 

excilalioo. n:Jati,te to Che polarization ex the pbololysis radiation field. Because the angular frequency of molecular 

rotation is more lban three orders of magnitude slower than the angular frequency of the tN radiation being 

absorbed. a given molecule appears frozen during an electtooic transition. Thus the absorption of a quantum of 

radiation can be approximated as being instantaneous. oo the time scale of nuclear motion. 

Io the first absorption continuum of the HI molecule. the cross section is non-zero only at energies such that the 

fragment atoms are produced with a large kinetic energy in the centre-of-mass, in the range of0.50 to 3.5 eV. 

Once a molecule is excited. the atoms recoil axially. due to their mutual interaction, within a few tens of 

femtoseconds. On the other band. the period of molecular rOlation is of the order of three picoseconds, two orders 

of magnitude longer than the fragment recoil time; this justifies the axial recoil approximation, which assumes 

that the trajectory of the fragments is along the direction of the vibrational motion. 

C) Symmetry of electronic states 

As a result of the vectorial nature of the electrcmagnetic radiation, two types of electronic transition may occur 

at low intensity of the pbOU>lysis radiation: parallel or perpendicular transition. Each corresponds to a change of 

the projection of tbe total elearooic angular mmnentum cnto the intermolecular axis equal to O or ±1 respectively. 

The terms parallel and perpendicular take their meaning from the geometric relation between transition dipole 

and intermolecular axis. within the framework of the dipole approximation for electronic transition. For a 

diatomic molecule. a parallel transition is represented by a transition dipole vector that lies parallel to the 

molecular axi~ and correspondingly for the perpendicular cransition. When irradiated with linearly polarized 

light. molecular excitation to an excited state occurs with a probability P that depends on the relative orientation 

of the transition dipole p with respect to lhe electric field E as: P = IE·pl 2 = {E µ cos(8)}2
• 

DJ Global perspective of the theoretical trea1ment 

In lnef, this work will show that the direct pbotodissociation of HI. following absorption in the A band, is very 

well represented by assuming tbe validity of axial recoil approximation, and that the dynamics of dissociation 

proceeds a<Jiatetically, i.e. excitation to a specific dissociative state is followed by evolution to fragment product 
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without transition to other stales. These assertions are based on the facts that: (i) there is no physical evidence 

that nonadiabatic transitions between the dissociative states play a role in this system, and (ii) the axial recoil 

approximation reproduces the measurements within experimental uncertainties. Moreover, the steep radial 

dependence of the exdted cfissodad'IC ~ and the rotational constant of the electronic ground state. are such 

that the initial rowioo of the molecule could not affect significantly the angular distribution of the products in 

the experimmtal conditions used in this work. Consequeody, the angular distribution of the fragments is solely 

detenn.ined by the symmetry of the states involved in the excitation. These assertions are concisely expressed in 

the mathematical formalism developed bereafter. 

3.2.2 Mathematical formalism 

A) Conservmion of energy 

Conservation of energy in the pbotodissociation reaction is expressed in equation 3-2. where 1'1(1) is the photolysis 

photon energy, Eo{lU) is the parent excitation prior to photon absorption, O0(Ill) is the molecular dissociation 

energy, E(H) and E(I) represents the ~ible product excitation, and K(mff.J is the cenue of mass kinetic energy. 

Eo(HI) + lim = E(H) + E(I) + K(mH-I) + D 0 (lll) (3-2} 

Eo(HI) = 0; E(H) = 0; Ea)= {0, 7603.15 cm-1}; D 0 (IIl) = 24630 cm-• 

The first absorption continuum in m, which span the range (32000 - 52000] cm·1
, produces either the ground 

( 
2P,n) or the excited ( ~an> electronic spin-orbit state of the I-atom product. while the only electronic state 

energetically available for the H-atom is the ground state. The use of a molecular beam expansion reduces the 

initial thermal excitation (300 °K) of the parents to a low level (10-30 °K); thus the initial parent excitation is 

negligible compare to the photolysis excitation and dissociation energy. 

B) Hamiltonian 

The energy operaur is expressed by equation (3-3). which is the sum of the operators for the matter Hamiltonian 

~' and the operator representing the radiation-matter interaction fir. The matter Hamiltonian, equation (3-4). 

is Ille energy operator in the absence of the radiation field, while the light-matter interaction is represented 

in terms of the semiclassical dipole approximation of equation (3-5). The energy of the radiation field is 

quantized, but the veam- properties m Ille radiation field and the form of the interaction are desaibed classically. 

This customary representation satisfactorily desaibes the measurements performed in the present study. 

H = HM +H1 (3-3) 

where: {"Ml'I';} = E;l'I';} (3-4) 
H1 = µi.m ·£Ct> (3-5) 
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C) Ba.sis states 

The basis is beurislically chosen as the set of molecular bound sta~ eigenstates of ff.t, and Ille scattering states 

of the diS,4;0riative balf~oo anelating as)'IDplotically IO plane waves for the atoms in electronic states n, with 

energy Eu, and momentum l'lk,r As usuai the total wavefuncdon is expressed as a product of electrooic and 

nuclear wa\'Cfunaioos. whose pupaties ensure mdlonmnality ex die basis in Che general sense. i.e. equations 3-8. 

Continuum basis: (R,. r f 'I'm En, k 0 , n-) = q,f (r; R) xf0 _ (R) (3 - 6) 

Bound states basis: {R, r I 'Pi)= cpi (r; R) Xi (R) (3 - 7) 

{'I'm Eu, ka, n-j'l'm• Ea•• ko•• n•-}=B(Ea• -Eu)8a.n'8m.m' 

Ortbonormality: {'l'i f '1' m Eu. t 0 , n-) = 0 

("'i j 'l'j) = ai.j 

(3-8) 

In the 1-equatioos, R is Che intcmudear distance, r represents the electronic degrees of freedom, o refers to an 

asymptotic electrooic product. m is an index denoting an excited dissociative state. and the index i and j are 

indices for bound states. 

D) Born-Oppenheimer approximation and PEC 

The separability of the molecular wavefimcticn implicidy assumes the Born-Oppenheimer approximation, i.e. lhat 

the elearaiic degrees of fRedcm follow adiabari.,.]ly the molioo of the nuclei; the electron distribution rearranges 

itself in real lime, wilbout experiencing ttansilioos between the eigenstates of the instantaneous electronic system. 

Coosequeotly the mattec Hamiltmian is separable as a sum of nuclear and electronic Hamiltonian (3-9). Because 

the electronic wavefuncdoo depends parametrically oo the internuclear COOl'dinate R. in e.quations (3-10), the 

eigenstates of the electronic Hamileooian also depends oo R. This dependence defines V(R) in equation (3-11 ), 

the polential energy curve (PEC) representation for lhat molecular state. 

HM= He +HN (3-9) 

('Pm IHe l'Pm) =(q,i!1(R)jHe jq,r<R>) (xfn-lxfn-) (3-10) 

= Vm(R)= PEC (3-11) 

Vm (R) = Am expfBm {R-Re)]+Cm (3-12) 

In practice. the PEC for the ground state is obtained ftom a numerical fit ro spectroscopic constants obtained 

experimentally. This was done for die ground state of m by Coxon and Hajigemgiou (see chapter 2). F<X' the 

direct dissociative states. it bas been custmnary to represent die PEC by die analytical form of equation (3-12). 
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E) Transition amplitude and Franck-Condon Approximation 

Within the dipole approximation. the transition amplitude from an initial bound state I 11' ~ lo a final dissociative 

state 111' u Gr ,n·) cm be caladated with equation (3-13). Integrating over the electronic coordinaleS in (3-14), the 

result is an R-dependent ttansilion dipole f1i.a{R) of (3-15). Faced with a lack of infom1ation on lhe radial 

dependaoce of fiua{R), one usually invda:s the Franck-Condoo ap(l"OXUWllion (FCA), expressed in equation (3-16); 

it will be showed lO describe the observation appropriately. 

Tm.i ={'l';lr-ej'Pm En, ko_, n-} 

= {X; KfP; j~q,f ~ Xf.o-) · £ 

= {Xi IJli.m (R~ xf n-). £ 

= R11i.m)•e ]{xdxfn-} 

F) Panial and total absorption cross seaions 

(3-13) 

(3-14) 

(3-15) 

(3-16) 

The calculation of a ttansition amplilude, from the ground state Ii) lo a given dissociative state Im}, allows for 

the definition of a partial absorption aoss section to state m (PACSS(m), O£ am>• as shown in (3-17). Note that 

we denoted am the partial absorption aoss section to a state m (PACSS(m)), and 0° the partial absorption aoss 

sectioo for the product n (PACS(n)). NO(e also that rigc.-ously speaking. R is the relative yield for excited product; 

although the branching ratio is sometime defined as the ratio of the relative yield, R defined in the present work 

is a ratio, and it clearly quantifies the product branching. so it is a proper qualifier of the branching ratio. The 

occurrence of nonadiabatic transitions in the dissociation dynamics is discussed in appendix G. Because no 

indication of lbe presence of nooadiabatic effect was observed in the results of our experimental study of ID 

photodissociation, a direct relation is expected between dissociative state and product. as expressed by (3-18). 

The tow absapdon aoss section (T ACS) is calculated by summing all PACSS(m) in equation (3-19), while the 

electtooic branching ratio Ru for the product n, is simply the ratio of the partial absorption aoss section for the 

product n (P ACS(n) or a0
) divided by the T ACS, as expressed in equation (3-20). 

PACSS(m): am=[ Sx:m] jTm.l (3-17) 

PACS(n): an = [ sx:m] !IT!.,12 (adiabatic case) (3-18) 

Total absorption cross section: aT = ~ a 0 

D 

Electronic branching: 

(3-19) 

{3-20) 
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To calculate the TACS in terms of a sum of PACSS(m), using the wavefunction of the bound ground stare and 

the wavefunction of the dissociative excited state. die expression (3-21) was taken from Le Roy7 et al. This 

fmnuJa is used, to deUmline the PEC f<r each stale of die A band. in chapter 6. In (3-21), ET is the decadic molar 

absorption in (1. mo1e·1 cm •1). eo=8.43946-l~. mis lhe reduced mass of the pbotoftagment in amu, vis the 

photon frequency in an·1
• Ku. is the asymptotic kinetic energy can·1

) of the fragment product n, and gm is the 

electronic degeneracy of the dissociative state: l ifC=O, and 2 ifC=L 

£7(v)=£o m112 V; { K;!.12 Im I c1Rxf0 _(R;v, Am, Bm, Cm)Jl;,m(R) X;(R) 

2

} (3-21) 

Note that in equation (3-21), the unbound radial wavefimctioo x<u->(r; A. B, C) is determined by the same 

parameters that defines tbe PEC. In principle. tbe goal of the pbotofragment spectroscopy is to determine the 

parameters of the PEC for each dissociative state of the absorption continuum, along with their respective 

transition dipole. These physical quantities characterize the photodissociation dynamics fO£ this system. 

In the present work. the electronic branching ratios were determined experimentally for the products of ID 

phwxlissociation following absorption in the A band. The anisottopy of the produa velocity distributions, and 

their dependence oo excitation pboroo energy, were also derennined experimentally, as they are aucial parameters 

to cbaracterize lhe symmetry of the dissociative states. These physical observables were in turn used to calculate 

cbe PACSS using equations {3-12) to {3-21) in chapter 6. 

G) Anisotropy of the fragments angular distribution 

The angular distribution of pbotofragments produced by ~ radiation of a linearly polarized field can be 

represented by lhe relation (3-22). The anisotropy parameter, Pm expressed in (3-23), is determined 

experimentally. 1be angle 'lm• between the transition dipole and lhe molecular axis, is constrained by symmetry 

to either 00 er 90°, cmresponding respectively to parallel and perpendicular transition. The deflection of the 

fragment recoil velocity, due to initial parent rotation, defines lhe angle ex which is approximated by the 

superposition of asymptotic axial recoil, and initial tangential speed of molecular rotation. 

Im(8)={Gm/4it)[l+Pm P1(cos8)] 

Pm= 2 P1(cos11m) P2(cosa) g(on) 

mt - ~+(on)l] 
g( )- ~+4(cot)2 ] 

(3-22) 

(3-23) 

(3-24) 

"' By weak. it is meant that second order process induced by the field arc ocgligcablc:. 
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In the case of m. rhe axial velocity of the ff-atoms recoil is of the order of 15-103 m/sec. while lbe orthogonal 

tangential velocity. due w initial parent rowioo. is of the cx-dcr of 60 m/sec. This corresponds to u=0.0043 radian. 

and P2(cos1X)'-0.99999, i.e. a negligible deflection, and consequendy the axial recoil approximation is justified. 

After excitation to a repulsive state and rapid dissociation of the diatomic molecul~ lbe angular distribution of 

recoiling fragments reflects the possible molecular orientations at lhe time of excitation. Measurement of the 

~Y of the fragments velocities permits a a:nelalioo between the vector properties of the radiation field and 

of the molecular dynamics. If the dissociation a,uJd proceed instantaneously upon excitation to lhe dissociative 

state, the angular dislribution of the fragments produced would reflect exactly the molecular symmetry of the 

corresponding transition dipole. The finite time required for the atoms to recoil into their asymptotic atomic 

states, combined with possible initial parent rowioo, may effectively blur the angular distnlJution of 

photofragments. 

To describe the extent of the blurring effect due to roratioo of parent molecules. Jonah' bas defined a lifetime 

function g(W't) expressed in equation (3-24), for which Ca> is the angular frequency of molecular rotation. and -r 

is the effective time required to reach the asymptotic state. For lhe case of prompt decay. CA>-r-0 and g(w-r)-1. 

while f<r slow decay, Ca>'t»l and g(W't)-1/4. F<r the case of the ID molecule. <&>=4-1011 rad/sec, -r=20· 10·15 sec. and 

g(w-r=8· l0·3)=0.9998'- 1.0; hen~ the blurring due to initial parent rotation is negligible. Therefore in the case 

of such a fast direct dissociation. if the products emerge from a dissociative state of pure symmetry. the anisotropy 

parameter p can only cake one of two values: '3={2.-1 }. corresponding to a parallel or a perpendicular electronic 

uaositioo respectively. In principle. if a mixture of srares having different symmetries contributes to the formation 

of a produ~ the angular distribution anisotropy for that produa can have any value within the range (-1, 2]. 

3.2.3 Discussion of ftner detalls or the theory of ~nfodlscoclation 

A) Recoup ling of the atomic structure 

SFB2 distinguished three internuclear regions ro descnlJe tbr- dissociation of a diatomic molecule: (i) the molecular 

region around the equilibrium positim of the ground electtooic state. usually refered to as the Franck-Condon 

region. (ii) the recoupliog regioo. where the electronic structure rearranges itself &om molecular into atomic 

states, and (Iii) the atmnic region. wbicb extends to infinity flan the point of negligible interaromic interactioo. 

The electronic sttucture of m calculated in chapter 6 suggeslS that recoupling of the atomic orbitals occurs 

relatively early aftfc the electtmic excitation to the dissociative states. Also, the fast dissociation dynamics could 

be desaibed as the results of the electronic repulsioo of atoms in an inCX1111patible. but correlated orientation of 

their respective angular momenta. ln the case of HI, Ille recoil is so sudden that reorientation of the electronic 

angular momenta of the atoms cannot take place. Tremendous repulsive force and limited time precludes such 
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rearrangement. which. if they could occur, would correspond to Donadiabatic ttansitions between stares 

corresponding to the same asymptotic product. Consequently lhe dissociation dynamics is constrained to its 

simplest case: dynamics on a single PEC. 

B) Absence of rotmional transition 

Excitation to a direct dissociative state can be viewed as the .. ionization" of the bond's orbital. The bonding 

character of the ground electronic state of a molecule is the result of electron exchange between the atoms. 

associated with an inaeased probability of the electtoo disttibutioo being centred between lhe nuclei. and a 

disttibutim of elearm exchange frequencies. If the bond is "ionized" upon excitatioo to a discoda!ive state. Do 

torque can be applied to the bond by the radiation, since the bond no longer exists. 

Because the m molecule falls apart within few tens of femtoseconds upon electronic excitation to a dissociative 

stares of the A ban~ no vibrational or rotational state is established on the repulsive surface. For the free system 

of armis. the auespooding stale is desaibed by a radial scattering wave in the continuum, and a quantized impact 

parameter cusuxnary to quantum scattering theay.9 While the the vibrational degree of freedom in the bound state 

corresponds to the radial motion in the scattering state. a rotational level in the bound state corresponds to a 

quantized impact parameter in the scatlering state. 

While lhe radial wavefimctions of lhe ground and excited state are used to caJcuJate the energy dependence of the 

relative transition intensity between ground and dissociative stale, the slower rocational degree of freedom, and 

the corresponding inpact parameter of the unbound state. can be considered as a -spectator"' in the process. As 

a consequenc~ the impact parameter is a direct consequence of the rotational quantum number of the 

corresponding bound state. Chapter 7 discusses conservation of angular momentum in this process. 

An additional argument in favour of the absence of rotational transitioo in fast recoil process is that there is a 

finite time required for the system to undergo a rotational transition, in term of the bound stat~ or to effectuate 

a change of impact parameter, in term of scattering phorofragments in the dissociative state. On account of the 

large mc:menbDll of the photofragments, this would require the excited molecule to "waitn a time of the order of 

the rotatiooal period. bcfme tbe pbOIOfiagments separate. Such a transition is physically impossibl~ because there 

is Do D'ecbaoisrn that oould prevent the repulsive pcimlial from acting. This provides anodler argument to justify 

the axial reooil approximation. As a consequence. electrooic transitions to direct dissociative states of m can be 

said robe insensitive co rocatioo, at lam within the limits m the present investigation (i.e. J s4) .. and the propensity 

fer rowimal ttansilim can be expeaed robe negligible for excitation to direct dissociative state. If the nxatiooal 

suuaure was observable. this would auespooJ ro Q.lnncb only in the absorption spectrum. Noce, however, that 

only a broad single Q-branch is observed in the 8-band of HI, lying at higher energy (see chapter 2). 
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C) Abser.ce of nonadiabatic transition 

In general. nonadiabatic transitions between dissociative states may occur during the dissociative half-collision. 

The physical causes of these interactions can be Coriolis coupling (M=:l ). spin-orbit interaction and avoided 

crossing (M=O). Coriolis effects can become significant when the kinetic energy of fragment translation is 

cmiparable 10 the kinetic energy of initial parent rofatioo,. averaged over the time of dissociation; according to the 

above amsideratioos. our experimenral aJDditioos precludes lb~ effects for m. According to SFB1, nooadiabatic 

transitions are expected to occur predominantly near the energetic threshold for product formation in 

photodissociation; they are favoured by relatively long time spent by the photoproducts in the region where 

interatomic fcrces are significanL Appendix G further discuss this topic for the interested author .. 

3.3 Doppler spectroscopy of H-atom photofragments 

3.3.1 Backcround 

The saarting point of our experimental method is lbe Doppler spectroscopy teehnique. Application of the Doppler 

specttoSCopy technique to the detection ofphotofragments bas been reviewed by Welge and Scbmiedl10 for both 

one-photon and multi-photon dissociation reactions. Soon after. they developed its application to the derection 

of H-atoms11 by laser induced fluorescence (Lif) at the L)'DlaD « transition. In the latter wor~ a linearly 

polarized pump beam, at 266 nm wavelength, was used to dissociate 1Il molecules in a low pressure static cell, 

and an orthogonal vacuum ultraviolet (VlN) probe beam was tuned around the Doppler shifted Lyman ex 

transitions (2S-2P) of dle fast H-aums. The resulting Doppler profiles were acquired for few symmelric alignments 

of the linear photolysis polarization. with respect to lbe probe beam direction. The anisotropy of the 

photofragment angular distribution was obtained using a forward convolution method. 

We improved lbe medlod by carrying out dle experiment in a seeded free jet expansion; this minimized scattering 

losses and background for fluorescence detection, in addition to reducing the probability of intermolecular 

collisions during the unimolecular pbotodissociation process. 

3.3.2 Principles of the method 

In order to define a malhematical relation between Doppler profile and angular distribution of pbotorragments 

velocities. an explicit expression of the angular distribution must first be provided. Each product fragment is 

idenlilie:d by the spin~t Slate {1Py;z, 21>112} of the I-atom fragment; therefore a distinct magnitude of the ff-atom 

fragment velocities and a correspooding symmetry of their angular distribution can be attributed to each I-atom 

spin-orbit produCL 
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A) Energy and momentum conservation 

The kinetic energy available in the centte of mass of Ille pboto&agments. K(m8.J, is given by equation (3-2). 

Conservation of linear momentum in the direct dissociation results in most of the available kinetic energy, 

M/(M1+M.J--99.21 % lhat is. being systematically imparted IO the ff-atom fragment in all half-collision events. 

This fraction of K(mK_,) determines the magnitude of Ille velocity for each H-atom producL Thus, momentum 

conservation results in most of the available kinetic energy being channelled into the H-atom fragments. 

Taking into account die PACS of each spin.orbit product at die various photon energies of the first absorption 

continuum, i.e. in the photon energy range of [3.97, 6.45] eV, the photolysis of In can produce ff-atoms in the 

raogeofkinelicenergym[0.91,3.39] eV for the ground state spin-orbitI{2PyJ produc~ and in the energy range 

of [0.35, 2.45] eV for the excited state 1(21>1,J product. NOie that the kinetic energy spread for a given product 

depends solely oo the initial energy distn'bution of the parents prior to photon absorption, and on the energy 

resolution of the photolysis laser. 

B) Angular distribution of photofragment velocities 

Fer each disscoative state. the angular distributioo of die pbomfragments can be represented with equation (3-22). 

The strength of the optical ttansition determines am. The symmetty type of lhe elecuonic states involved in the 

transition is reflected through Pm, the anisotropy parameter. The transition dipole Pim (3-15) defines Pm, via its 

vectorial property, and 0 111, via its magnitude. 

3.3.3 Doppler proOles and angular distributions 

Fer a given experimental value of lhe photolysis photon energy, lhe experimental derennination of anisotropies 

and branching ratio of the products ensues from the link between angular distribution and Doppler profiles. 

A) Doppler shift 

When a fast moving atom interacts wilh a laser beam, the apparent frequency "perceived" in the moving frame 

of reference is shifted by the quantity w given in equadoo (3-25). In that expression, wD = ~ v0 is the Doppler shift 

of the product n. k., is the probe waveveaor Va is tbe atmlic velocity of the product n, and Va and v0 are the 

resooant fi'equeocies of'the H-atom in motion vD and at rest respectively. lbe vectorial dependence of a Doppler 

shifted resonance is expresa,d by equalim (3-25)16; Ide that if Va is in an/sec. and k,, is in cm·1 ~ the Wa is in Hertz. 

Wn = 4Vo = Vn -Vp = kp ·Vu (3-25) 

Because the velocities of the b)'drogen acoms produced in our study are of lbe order of 2-10' m/s, the last 

expn:s.tjoo of the Doppler shift is accurate to within 1 part in 10' with respect to the exact relativistic expression. 
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This more than suffices foc our needs. since the resolution of our laser system bas only a precision of 3 parts in 

106 at best. while maintaining 1 part in 105 routinely. In our experimental arrangement {see chapter 4), the 

molecular velocities in the free jet at the experimental volume are nearly perpendicular to the plane defined by 

the pump-probe lasers, and the angular spread of the velocity at the experimental volume spans a half-angle 

8 112s 3°; consequently, the inilial molecular velocities in the jet are perpendicular ro the laser, to a good 

approximation. Because the effects of perpendicular velocity on the Doppler shifl are second-order -{v/c)2, they 

can be safely neglected. 

B) Doppler profile of the angular distribution 

To appreciate Ille nature of this physical measurement. we consider lhe angular distribution of lhe velocity vectors 

fer an msemble of H-almls corresponding to a given spin-orbit product, i.e. having a single velocity magnitude, 

illustrated in figure 3.1. A spectrum of Doppler shifted frequencies, or Doppler profil~ corresponds to the 

probability distn1Jution for the possible projection of tbe ff-atom velocity vectors onto the probe axis orientation. 

Because the Doppler shift depends on the projection angle 8 of lhe velocity vector onto lhe probe axis, a given 

Doppler sbifte.d frequency carespoods to a ame in velocity space. The fraction of the ff-atom velocity distribution 

excited by tbe linewidtb of tbe probe lasel w,espwl'.b to that fi'aaioo of the velocity distribution included between 

two cooes (68) in velocity space. This is illustrated by figure 3.1, where a) displays the angular distribution for 

a single produa. and b) depicts the couespooding Doppler profiles which would be measured wilh an ideal probe 

(zero laser linewidth), and a realistic probe (finite laser linewidth). Therefore the relative intensity in a Doppler 

specuum. at a given value of Doppler shifted frequency, is proportional to the sum of the probabilities that an H­

atom bas its velocity pointing in all the symmetric directions corresponding to that value of Doppler shifted 

frequency. The general mathematical expressioo16 for the Doppler profile can be written as in (3-26), where the 

function F represents the vectorial field of velocities. The velocity field F can be expressed as a sum of two 

components of radial velocity in equation (3-27), where the indices 1 and 2 refer to each electronic product. 

Dn(W)= J dv3 F(v)•e6(w•kp ·Vn) (3-26) 

(3-27) 

The angular distribution of the velocity field I.., ooatains lbe dependence on 8 and ct,. Since the mathematical 

relation betwe.en the angular distribulioo and the Doppler profile is linear, the simulated Doppler profile is 

obtained by snmrniug the cmttibutions of angular disaributioos corresponding to each product channel. In order 

to simplify dle laSk of calculating the partial Doppler profiles all'responding to the angular distributions of each 

product, lhe polar axis of lhe spherical frame of reference is defined along lhe probe wavevector kp. The 

calwlation of each partial profile reduces simply to a 21t integration over the azimulhal angle in equation (3-28). 
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Figure 3.1 Orapmc:al definition of a Doppler profile spectrum illustrating lbc. C01rapondence between Doppler shifted 
frequency and velocity group. for a given angular distributioa of fragment velocities probed by I.n:. The c::ooical surface 
rep:aent the boundary d an angular dmlain corresponding to a n:alistic value of the probe lincwidth; ao ideal and a realistic 
spectra. that can be measured with such a probe linewidtb. is simulated in lbc lower part of the figure. 
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{
substitution of:} 2x 

D0 (w) = 9 f ➔ J d♦ 10 (8, ♦) cos9 
cos =w wo.n O 

(3-28) 

Dt =~Dn (3-29) 
n 

In the last equation. w0 = "5,·V0• w. = l"i,I IV11I, and cos 8 = [ ".,·V0 ] / [lks,I IV0I], where ks, is the probe 

wavevector, v0 is the ff-atom velocity, and W8 is the oorreponding Doppler shift; the same quantities with an 

additional index "o" correspond to the maximum value of the accessible physical range. Hen~ the numerical 

calwlatioo of the simulated Doppler profiles. for each velocity group, proceeds by (i) a rotation of the spherical 

frame of reference such that the polar axis lies along the probe laser, followed by (ii) a 21t integration over the 

azimuthal angle, and (iii) the substitution of wJwaa=a,s 8 for the ttigooometric expressions. 

Thus, the selected fragment must possess a velocity sufficiently large to ensure that the range of Doppler shifted 

frequencies is much larger than the probe linewidth, in order to provide information on the fragments angular 

distribution with this technique. It must be emphasized that the applicability of this Doppler spectroscopy 

technique to the present measurement of branching ratios and anisotropy parameters is a consequence of three 

properties present in the dynamics of lil photodissocialion: (i) lhe large kinetic energy release in the H-atom 

fragments, (ii) the relatively large spin~t energy splitting in the ground state configuration of lhe iodine atom. 

and (iii) the inherent symmetry in this process. This fortunate ambination allows the possibility to distinguish 

experimentally between the veloci~ of the electronic products, and consequently this permits the measurements 

of anisocropies and product brancbing ratios in dris pbOUldissociatioo process. These appropriate conditions result 

frCln the nature of the electronic system, i.e. the energetics of the electronic stales excited in the A band and the 

lightnes.s of the hydrogen atom. A narrow bandwidth probe laser was made available (see chapter 4) lo execute 

Ibis experiment, and it allowed for the practical implementation of this technique. 
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Chapter 4 Experimental Method 

4.0 Introduction 

The specific quescioos ~ by the a:ottal experiment or this work. and the general method co answer them. are 

introduced before embarking on the detailed desaiption of the experimental equipment and procedures. When 

pbotoexcited in the first absorption continuum. in the range of 31000-52000 an·• (3.85-6.45 eV). Ill molecules 

undergo direct dissociation. The determination of tbe dynamics of this process is the problem at band. Two 

produa channels are open. as illusuared in equatim ~ l. The nature of the excited state of IIl bas been discussed 

in chapter 2 and will be discussed further in chapter 6. in the light of the results obtained in the present work. 

• { H slow + 1• {2 P112) } m + hvdiss ➔ (HI) ➔ (4-1) 
H fast + I f P312) 

A salient feature mlbis unimolecular process is that 99.2% of the available kinetic energy in tbe centre-of- mass 

is directed into the H-arom fragment. as a result ofmomenwm conservation. Thus. the H-atoms possess large 

velocities which differs significantly between the two product channels. These properties of the m molecular 

system allows the charaaauatim of the pbocodissociation dynamics to be made via measurements of the velocity 

distribution of the H-atom pbotofragments. 

Following dissociation with linearly polarized light. the angular disttibution for each pbotofragment channel is 

generally desaibed1 by equation {4-2). where 8 is measured with respect to dle linear polarization ve.ctor of the 

photolysis light beam. The value of Pi characterizes the anisotropy of the velocity distribution for the fragment 

product T. and it is presaibed by the symmetry of the excited dissociative state. The branching ratio for the 

product 'i' is defined as: ~-=ai/(I:0 oJ, where the indices n and i can take values representing either the 1•(21>1,J 

or the I (2P~ product channel, and 0 1 is the total aoss-section for a given produa channel. 

1;(8) =(a;/ 41t) [1 + 13;Pz (cos8)] (4-2) 

The goal of the present experimental study was to probe the pbotofragmentation dynamics by measuring the 

anisottopy parameur A and 1he product lnncbing ratio: R lbe technique of Doppler spectroscopy of tbe H-atom 

fragment was selected 10 perform this task at various photolysis wavelengths throughout the first absorption 

continuum. Crmpared to other techniques devdopnl during the last two decades (re. chap. 2). Doppler 

specuoscopy offered a balance of mca1urement precision and data throughput appropriaae for our investigation. 

In the following, the pllolm'agment specurmeter conslrueted in our laboratory is desaibed. Essential aspects of 

the procedure required to execuae the experimental measurements conclude this chapter. 
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a) HI Dissociation 

c) HI LIF 

hv (v) 
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b) H-atom LIF 

Manifold of 
Rydberg states 

H + I* 

H + I 

Fipre.C.1. Pborodynamic pa:eues pacnt in dx. pump-puJ,eexpaimeutdesc.Tibed in this thesis. a) The pump laser excites 
m molecules to an ensemble of dissociatiw states. b) The probe laser excites resonantly the H-atoms. whose resonance 
tluc::n:&caJCC is cdJected. c) Cmccmitllnt n:soaant absmption of the probe by In molecule, and the coascquent monanc:c and 
red-shifted tluorcsccoce, l'C$U}U in a spurious signal on the LIF detector. 
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4.1 Conceptual description of our photofragment spectroscopy experiment 

4.1.1 Doppler spectroscopy detection 

Doppler specll06C0py. a linesbape spectrOSCOpy method, is enabled by the generation of a coherent narrow-band 

(0.65 cm·1
) vtN probe beam, and the symmetry present in the pbotodissociation dynamics of HI ensuing 

excitation in the A band. O:nelatioo of Doppler spectta. fer symmettic mentatioos of the pump polarization with 

respect to the probe beam axis., enables one to retrieve the differential aoss section for producing the H-arom 

photoftagments. 

Figure 4.1 illusttares lbe pboum dynamics (pbotonics) in die overall pump-probe system. The photonic processes. 

intended by the experimental design, are lbe pbotodissociatioo of Ill by the pump laser beam, and the excitation 

of the ff-atom pbotofragments by the probe laser beam. A concomitant absorption of the probe laser by Ill 

molecules. due to an accidental resonant excitation of m to Rydberg states. results in bolh red-shifted and 

resonance fluorescence, which contribute to spurious signals on the H-atom LIF deteetor. Therefor~ a filter 

desaibed below was inserted in front of the LIF detector. in order to minimize the background signal due to this 

strong red-shifted fluorescence. 

4.1.2 Pbotodlssoclatlon In colllslon-rree condltlom 

A common trait of photofragment spectroscopy methods is the use of a supersonic expansion 10 prepare target 

molecules. This was done with a pulsed source of gas expanding in high-vacuum. The primary effects of the 

expansioo are to cool the internal degnn of freedom. and to provide a collision-free state of the target molecules, 

in order to simplify the study of the pbotodissociation dynamics initiated by a pump laser pulse. 

4.1.3 Laser pbotodmoclation dynamics 

a) Global laboratory setup 

A diagram of the overall layout of the laboratory is shown in figure 4.2. The experimental laboratory space 

required to realize the setup desaibed in this work is approximately 10 X 10 square metre. The vacuum chamber, 

where lbe phoropb)'Sical processes ocwr. is located in the upper left part of the figure 4.2. Lasers and other optical 

devices are discussed in the next section. along with the mc!ecular jet source. The signal detection. electronic 

amplification. and computer acquisition and control are the subject of the following section. 

b J Specific details of HI photodissociation in the A band 

Miaoscqrically. the arieailar dissociation occurs within a few tens of femtosecoods. frrm photon absorption to 

fragments separalim. Upoo dissociation. the H-arom fragments acquire a speed of die mder of 1.5· 10' m/sec., 

and the asymptotic limit of the inreractioo occurs at internuclear separation of approximately 4-S A. 
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Figure 4.2 Ul)'Ol,lt of the experimental setup. The YAO laser pumps two dye lasen and a noolincar mixing process io KD•P. 
The chains« opicll processes to geoerare lbe pump and probe shown here arc described in the text. aloog with the c:anputer 
for data acquisition and various other elec:ttooic system c:anpoaents. 
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Figure 4.3 Escape time for the H-atan fragments at various photolysis photon energies of the A band absorptioo. 

c) A pulsed pump-probe spectroscopy experiment in free supersonic jet 

The experimental volume is defined by the inrersection between pump and probe ~ and measures 

approximately S cubic millimetres. In the middle of each 200 psec gas pulse of the molecular free jet. a 10 

nanosecond pulse of polarized lN radiation pumps the m molecules to di~ative states; after a delay of 10 

nanosea:io~ the pb<Xmagmenas have already reached their asymptotic scattering states. and they are probed by 

a beam mpulsed Vl.N '110 nancseamd duralim. F.nergy amervalioo ensures that the fast ff-atoms have moved 

only a small distance during the pump-probe delay m amparison to the dimension of tbe experimental volum~ 

and CXJDsequeody the large majority of the H-atmns are still within the experimental volume. 

Figure4.3 shows die escape time at various photolysis energy aaoss the absorption continuum; die escape time 

is quantified as die time re.quired for a 0.5 mm displacement. The pulsed pbotodissociatioo experiment is 

performed at a 10 Hertz repetition rate. determined by die Y AG laser at die base of the optical train. 
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4.2 Description of the apparatus I: cro~d molecular jet and lasers beams 

The generation of the free molecular jet used to produce the gas target is briefly discussed below. An operational 

desaiptioo of the inrense lasers. related optical devices and nonlinear optics component used to generate the pump 

and probe beams is repmted The lasec system and the medl~ of nmlinear optics are briefly outlin~ along with 

the signal measured for wavelength calibration and reference. 

4.2.1 Supersonic free jet expansion source 

a) Vacuum vessel 

The molecular expansion occurs in the experimental chamber, which is a vacuum vessel containing the pulsed 

valve. represented by the cylindrical shape in the lower left of figure 4.4. The chamber was partly inherited from 

Dr. Sa>les. and partly built at the machine shop of the University of Waterloo for Dr. Hepburn. The dimensions 

of the vacuum vessel are 50 an height and 40 an diameter. The Oanges at the top and bottom ends of the cylinder 

are made to fit the Alaria 400 Italian standard. The two sets of diametrically opposite flanges are arranged on two 

orthogonal axis. oootained in a plane nmnal to the cylindrical axis of the chamber; these flanges are of the Alaria 

250 ~ and were installed on its side. such that the distance between the internal faces of opposite flanges is 45 

an. Optical pons for 1 inch diameter window were installed on each Alaria 250 flanges, in order for the pump 

and probe beam to intersect under the free molecular jet expansion in vacuum, as shown in figure 4.4. The 

experimental apparatus has been constructed to allow the pump and probe beams to cross in an orthogonal 

geometry, approximately in the middle of lhe cylinder. 

The vacuum vessel was coupled to a cryogenic ttap which was joined to a diffusion pump (NRC. Model VHS-6. 

type No. 184) having a pumping speed of 3000 littes per second. A mechanical pump (Alcatel, Model 

ZM2008AC), having a pumping speed of 5 din. was backing the diffusion pump at 5· I0-3 Torr. The ayogenic 

trap was filled with liquid nitrogen, in order to prevent oil backstreaming from the mechanical pump into the 

vessel, hence providing clean optical windows for up to 60 hours of operation. Ten to fifteen litres of liquid 

nitrogen was required~ 6 homs to mainrain proper operatioo of the trap. The ultimate pressure of the vacuum 

vessel was 2· 10-7 Torr and the typical background pressure during free jet operation was 2· 10-6 Torr. 

b) Cryostatic gas source 

In order to deliver a well-defined concenttatioo of gaseous lll:He solutioo to the vacuum expansion source, we 

have developed a cr)'Ogenic ID:He sour~ illusttated in the upper part of figure 4.4. This design exploits the 

constant equilibrium vapour pressure produced in a thermostated Ill source. The source is tbermostated in an 
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Cryogenic ~ 
Hl:He Source 
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·---------------------------------------------------------------------------------------~ 

Figure 4.4. 1be free jct SaJr0C is dcsaibed as four pans: the a,ostalcd Hl:He source, the pulsed valve, the free-jct expansion. 
and the vacuum vessel. 
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ethanol/dry ice slush ~ which provides a remperature at • 72 °C, at which tbe partial pressure of In is 96 Torr. 

Applying a quiescent bade pressure of Helium at 2 aanospben:s absolute., and maintaining a very slow Dow (=IO 

ml/min) of He gas, thermal equibDrium can be maintained in the SOO ml source of HI, which results in the 

productioo of a very stable HI:He mixture at =5% amcenttatioo. See appendix A for mOl'e details cooceming this 

system and tbe flow determination of the gas mixture. 

c) Pulsed valve 

A high speed pulsed valve", with a O.S mm orifice was used to produce a pulsed supersonic free jet expansion at 

a position IO mm above the experimental volume. The length of the gas pulse was typically 200 µ~ and the 

quiescent pressure of a lil:He mixture used behind the pulsed valve was coosistently 2 atmosphere. The electronic 

driver that powered the pulsed valve has been designed and constructed by Jacek Szubra, from the Electronics 

Shop of the University of Waterloo. This driver allows a variable width of the gas pul~ an adjusbllent for the 

amplitude of the valve opening, and can be triggered either internally or externally. 

d) Free supersonic expansion of a seeded molecular jet 

In bis review, Levy2 bas clearly illustrated tbe numerous advantages of jet expansions for laser spectroscopy. 

Supersonic expansion of the gas mixture emerging from a pulsed valve results in adiabatic cooling of the internal 

degrees of fteedml in a gas mixture. The characterization of this process is of interest to the present study, to the 

ext.=nt of its use to estimate both the concentration and the temperature for the internal degrees of freedom of m 
molecules in the target region, i.e. the experimental volume. Further consideration of the details of this topic are 

disoissed in appendix A. The results of these considerations indicated that in the typical conditions used in the 

present study. i.e. the expansion of a S % Ill:He mixture, the concentration of the Ill molecules 10 mm below the 

naale could vary between l.O-lo-8 and l.0· 10-7 mole/ml, which correspond to a number density of 6-1015 
• 6-1016 

molecules/cm3
, and the rotational temperature was estimated to be in the range of 1 to 15°K. and most likely 

around 10 °K. 

4.2.2 Laser syste~ 

This portion of the experimental setup is desaibed in two pans: (i) the Y AG laser sysrem, which initiates the 

series of optical events, and fli) the d)'C lasers pumped by the Y AG laser. Using methods of nonlinear optics, the 

visible Iase.r trams produced by the d)'C hRls were anplo)'d tog~ respectively. the probe beam at a tunable 

frequency, and the pmnp beam at selectable fi'equeocy. The layout of the optical beams in our experimental setup 

is illustrated in figure 4.2. 

,. Series 9 high speed solenoid valve manufactured by General V alvc Corpc:ratioo. 202 Fairfield. NJ. 07006. 

64 



The Nd: Y AG laser produces the initial coherent light at a fixed infrared (IR) wavelength of 1.064 µm. The IR 

beam is partially mnvened into a visible light beam at 532 om (GREEN) and a near-ultraviolet light beam at 355 

nm (BLUE) by nonlinear processes in K•DP a)'Stal; these pma:sses are referred to as harmonic generation. These 

BLUE and GREEN harmonics were used to excite tunable dye lasers. on the basis of which the pump and probe 

beam were generated. The BLUE harmonic of the YAO pumped the dye laser that was used to generate the lN 

photolysis pump beam, while the GREEN harmonic pumped the dye lasec used ID generate of the VlN probe 

beam. We elaborale on a few aspeas of the laser sysaem lhat were aucial for our laser spectroscopy experimenL 

THG 

Seed 
laser 

Ma a-switch 

YAG rod 
Amplifier 

YAG rod 
Oscillator 'iJ4 Mi: 

Figure 4.5. Schematic representation of the Y AG laser. Ma= bac:k mirror, T: telescope, A/4: quarter wavcplate. MF: front 
mimr, A:apodiur. Other components arc dcsc::ribcd in the texL 

a) Injection-seeded YAG laser 

Figure 4.S shows a schematic of the Y AG laser system. A Quantel,.. YAG laser, model YGS81CSF-10, stands at 

the~ of the optical S}'Slfm. It produces pulses of 10 nsec (FWHM) at a repetition rate of 10 Hertz, with a time 

jittec between pilia of S nanoseconds with respect ID the Q-switch trigger, and a IR frequency bandwidth of 0.4 

cm •1• The Y AG system includes KD-P aystals for 2114 harmonic generation (SHG=GREEN) and 3rd harmonic 

generation (THG=BLUE); the harmonic crysUlls are an integral part of the laser head assembly. 

The addition of a seed injection system improves the performances of the laser. by reducing the time jitter to 0.5 

nanosecond, and producing a bandwidth of 0.013 an·•. The seed injectioo system is essentially an isolated cw 

laser made simultaneously resonant with a single mode or the host cavity and the centre of the gain medium. In 

,. The American operatioo of the Quaotel c:CJ111pany has now changed its name to Cootinuum after it became independent of 

the French mother c:CJ111pany. 
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addition to greatly improving pulse-to-pulse stability in these system, seed injection can also enhance the 

generation of 3rd harmonic by up to 40 %, under proper operating conditions. 

The maximum and the t)'pical ouq,ut power used are shown in table 1. The maximum powers are measured before 

the laser beams proceed through the next stage (e.g .• IR was measured before the SHG crystal. etc.); hen~ they 

illusttated the maximum power available from this system, as measured by lhe authm. The typical powers were 

measured during normal operation conditions. with proper seed injectioo. 

Table 4.1 Typical and maximum performance the Y AG laser used in this work 

Power output at Fundamental: IR 2nd Harmonic: GREEN 3rd Harmonic: BLUE 
various harmonics (ml/pulse @ 1064 nm) (ml/pulse @ 532 nm) (ml/pulse @ 355 nm) 

Maximum power' 1100 500 190 

Typical power used8 700 400 100 

The parameters of the Y AG laser aJllfiguration that can be optimized are briefly outlined. Each rods of our Y AG 

laser is pumped by two high power flasblamps. The powerc delivered in the Dashlamp pulse, and the delay 

between the pulses of amplifier and oscillator Oashlamps. determine the maximum output of the Y AG laser. In 

our typical operating audition, the voltage axuroUing the electrical power delivered to the Oasblamp was reduced 

to 1.40 kV from the maximum value of 1.44 kV allowed by the Q-switcb hold-off (1.54 kV in our case). 

The set of two waveplates placed before the amplifier r~ combined with the tilt angle of the SHG aystal, 

determine the fraction of fundamental power converted into GREEN 532 nm. The THG power also depends on 

crystal tilt angle and en the power and polarization of the 1064 nm and 532 nm light beam; to adjust or optimize 

the 355 nm power, the polarization of the IR light can be varied by a waveplate placed before the THG crystal. 

The fraction of lhe SHG injected inlO the TIIG a)'Stal can be made less than unity by using a dichroic mirror with 

a 30% or 50% reflectivity, as opposed to the 100% value used in the default configuration. We used a dicbroic 

mimr with a reflectivity of SO % to send that pan of the GREEN output to dye laser 1, as indicated in figure 4.2, 

the rest of it being mupled with the remaining fundamental IR radiation in the THG crystal to generate the BLUE 

harmonic. After conversion in the THG crystal, the remaining GREEN light was used to monitor the proper 

A Maximum power that can be produced independently fer each harmonic by the laser system. 

8 Powers produced with the system in our typical configuration. 

cTbe limit of the maximum flasblamp power that can be safely handle by :h~ laser depends on the quality of the alignment 

of tbe Y AG laser oscillator. specifically the Q-switcb lasing bold-off. 
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behaviour of the seecf.injeaioo prcass by obierving the inrerfereoce pattern from a Fabry-Perot etalon. also shown 

in figure 4.2. The remaining IR power. approximately 200 mJ/p, was used for frequency mixing with the output 

of d,e laser 1 in a m·p crystal. as desaibed below. Under these conditions, 200 mJ/p of GREEN power was 

produced. out of the SO % split 532 nm beam, co pumpA dye laser 1. and 110 mJ/p of BLUE radiatioo was 

produced to pump dye laser 2. 

b) Dye lasers 

Two FL2002ETM Lambda Pbysiks d,e lasers were used in this experiment. Dye laser 1 used a solution of 

Auorescein 5488 (F548) diluted in a solution of sodium hydroxide (NaOH) in ethanol; the optimization of the 

solution is discussed in appendix B. The optimum concentrations of F548, for oscillator and amplifier solutions, 

are respectively 550 and 155 mg/I in ethanol solvent containing 80 mg/I of NaOH. 

Using these solutions pmnped with a power of 150 ml/pulse of GREEN harmonic (532 nm). a conversion of 33% 

was oblained f<r the 555 nm ouq,uL The laser linewidth was smaller than 0.2 cm·•. as measured with narrow lines 

of the iodine LIF calibration spectrum. The output of the F548 dye can be tuned in the 540-565 nm range. 

The Olher dye laser was pumped at 355 nm with a l)'pical power of 100 mJ/p. The table b. l of the appendix B lists 

lhe laser dye solutioos used in that laser. A laser pumped at 355 nm exhibited a conversion efficiency of 12-20%. 

4.2.3 Pump beam generation 

The generation of the photolysis pump beam laser is generated by doubling a dye laser beam in a BBO crystal. 

The fimdamental ftequency of the dye laser was filtered out, and then the state of polarization was controlled with 

the aid of a Soleil-Babinet compensator. Figure 4.6 is a schematic representation of the process. 

a) Frequency mixing in crystal 

Sum-frequency mixing of the wavelength 11 with 1 2 in a nonlinear crystal can generate. under proper conditions. 

radiatioo at a waveleogdl 13• Rr dle usual collinear beam geometry • the requirements of energy and momentum 

conservation are expressed by equations 4-3 and 4-4 respectively. 

A The maximum pump power specification fer the Lambda physics dye laser. 120 mJ/pulsc. is limited by damage Chresbold 

of the grating due to nonlinear effects such as self-focussing in the oscillator gain medium. However. the preamplifier and 

the amplifier can bandlc a much higher pump power. given aomc additional precaution. By inserting a Neutral Density (ND) 

filter in fialt of the Oldllar« cu~ to reduce the oscillator pump power within specification. up to 225 mJ/pulse of 532 om 

could be injected in the dye laser without damage: the ND filter was selectewd to safely handle a total power of 200 mJ/p. 
8 Auorac:cin 548 is a trademark of Exciton. Inc .. Dayton. OHIO, USA 
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(4-3) 

(4-4) 

In (4-4) n(l.) is the rehaive index at the wavelength l. If the birefringence of a nonlinear aystal allows one to 

simultaneously salisfy bolb of die abcwe relalioos for the three wavelengths. efficient frequency mixing can occur. 

This is usually dooe by lilting a specific crystal ~ with respect to the k vector of the ligh'9 around the E vector" 

of one of the optical frequency compooenas of the sum; however, fine adjustment can also be done by thermal 

control of the crystal, which relies on the anisouopy of thermal expansion in these materials. and the associated 

change of refractive index ellipsoid. 

The output of the dye laser pumped with 355 nm produced pulses of 12-20 mJoule/pulse of energy in the blue 

regim of the visible. The light beam was sent through a BBO crystalA to generate 0.5-5 ml/pulse of UV, second 

harmonic generation, to be used as the photolysis pump laser. The case of second harmonic generation (SHG) 

corresponds to li = 12. This UV output. produced collinearly with the fundamental beam of the dye laser, is 

linearly polarized in the horizontal plane, perpendicular to the vertical polarization of the fundamental. 

The fundamental and second harmonic are separated by a Pellin-Broca prism 8, and the fundamental is sent to a 

beam dump. as shown in figure 4.2. The Pellin-Brcxa prism and beam dump combination is effectively a perfect 

filter to reject the fimdamental ftequency, as schematically depicted in figure 4.6. The axis of the photolysis pump 

is defined beforehand by a pair of iris placed on each side of the vessel. Using three 90° prismsc, the second 

harmooic beam was steered through the windows of the vacuum vessel. onto the photolysis pump axis. 

b) Polarizalion optics 

A Soleil-Babinet compeosatO£ (Optics for Research. Model SB-10) was used to coottol the state of polarizatioo 

of the tN photolysis light. ooce a beam of the right frequency bas been produced and aligned onto the pump axis. 

The Soleil-Babinet compensator was inserted between the last 90° prism and the entrance window of the vessel. 

The operation of this optical device is desaibed in the sectioo 4.4.S below. 

A BBO: l'-Barium Berate crystal. obtained from INRAD Co. 

• FUICd silica prism fabricaled by lntcropties. Onawa. Canada. 
c 90' prism made of fused silica. from Esal Products Inc .• Oak Ridge. NJ. 07438-01S5.USA 
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Soleil-Babinet 
Compensator 

Figure 4.6 Schematic for the generation of a pump beam with an adjustable stare of p::,larization .. 
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Tunable sum-frequency 
output around 365 nm 

Figure 4.7 Representation of the optical layout for the 365 nm generation used for VUV generation at 121 nm.A1: apenme 

for alignment. DM: dicluoic minor. PD: pbotodiode. 1/4 and 112: quarter- aad balf-waveplates. PB: Pellin Broca prism. 
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4.2.4 VUV probe beam genentlon 

a) YAG and dye lasers beam mixing 

i) IR beam shaping 

The 1064 nm and lbe 532 nm pulses are simultaneously emitted from lhe Y AG laser. As shown in figure 4.2. the 

l 064 nm beam is first passed through a delay line, to compensate for the delay acquired by the 532 nm pump 

inside the dye laser, such that bolb the fundamental IR pulse of the Y AG and lhe output pulse of the dye laser 1 

are synchronized. Theo the 1064 nm beam propagates to a reducing telescope. composed of a converging lens 

(t=:17 an) and a diverging lens {f.t=-5.0 an); lbe-5 an lens was mounred on a X-Y-Z translation stage, to allow 

optimization of the resulting beam divergence and its overlap with the axis for 365 nm generation. This 3.4: 1 

telescope reduces the aoss section of the IR ~ initially 1 an in diameter, to about 3 mm. so that it better 

matches the dye laser beam aoss section. which has an elliptical profile of 2 X l mm. 

Befme insening any following elements into the optical train. great care was taken to optimize the divergence of 

the 1064 nm lam by adjusting the distance between die lens of the telescope. This delicate operation was aucial, 

because there is great risk of damaging the following optics by inadvertent focussing of the 100 ml/p IR beam. 

Also, the convergence of the IR was varied to make the light beam as parallel as possible: the beam divergence 

was adjusted and the beam size monitored at few points along a 6 m long beam path, in a iterative process. 

ii) IR polarization control and axis definition 

After the telesoope. the polari7.atioo of the 1064 nm beam was optimized with a l/4 waveplate for its transmission 

lb.rough a linear polarizer; this provides a maximum power in linear polarization state. and decouples the effect 

of adjUSbllent of the Y AG's barmooic generaur aystal mto the polarization of lhe IR outpuL After this. the 1064 

nm beam was aligned on the mixing axis with the aid of a 90° glass prism mounted on a horizontal translation 

mount. to allow f<r fine adjustment of lbe IR brain into the mixing axis. Two apertures installed along the IR axis 

defined Ille mixing axis f<r 365 nm generation. After the 90° turning prism. a l/2 waveplare was installed in the 

IR beam path to meut the linear polarization horizontally. as required for frequency mixing process in tbe KD·P. 

iii) Generation of tunable 365 nm radiation 

Smn-fiequency mixing of 100 mJ/p of 1064 nm light with 50 ml/p of tunable radiation around 555 nm. in a KD-P 

a)'Stal (Inrad. model Ml) generates IS mJ/p of tunable radiation around 365 nm. A schematic la)'Ollt of the probe 

beam generation empbasi:us the repn:seotation of the optical components, as seen in figure 4. 7. Each mirr<r and 

prism of the optical layout are mounted on a kinematic double-binge mount to allow vertical and borizonral tilt 

adjustment of Che light beam. 
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To spatially overlap the two beams. a dichroic mirrm-A reflects the a-wave of the vertically polarized dye laser 

beam with an efficiency of more than 99.S %. over a 50 nm range centred on the 555 nm wavelength; an 

additiooal antireOeclioo coating, deposited oo the second surface. permits >95 % transmission for the x-wave at 

1064 nm. Vertical spalial overlap of the two beams was achieved by using the internal telescope of lhe dye laser 

fer the transverse adjustment. such that it interseets the dichroic mirror at the height of the mixing axis, set at 18 

cm above the optical table. Horizontal spatial overlap of the IR with lbe 555 nm beam was provided by 

translation stages at the~ of the kinematic mounts holding the dichroic mirror and the IR prism located at the 

beginning of the axis for the frequency mixing of the IR with the dye laser output. 

Due to the large birefringence of the KD-P (%)'Stal. the spatial beam overlap of the IR and dye laser bas to be done 

without the aystal in place. Once the two beams are collinear. the crystal is installed, and the sum frequency 

mixing process is opdmized by nming die tilt angle of the a-ystal with a motorized Autottacker1M system, a server 

cootrolled unit from INRAD. At the optimum tilt angle, 8-15 ml/pulse of 365 nm UV radiation was produ~ 

depending primarily on the divergence of the IR beam. the linewidth and divergence of the dye laser. and the 

quality of the overlap between the two laser beams. The optimum lilt angle for mixing depends on wavelength; 

the angle must be adjusted evecy time the wavelength of the dye laser beam is changed. This is done by the servo 

mechanism of the Autotracker™ system. The principle of operation of this device relies on the symmetry of the 

sum-mixing beam, and the way this beam comes into shape as the crystal is tuned in and out of tbe optimum 

angle. In practice, one bas to "reach" the servo where to "look" f<r the optimum tilt. and the algorithm of the servo 

is devised to mainrain the optimum tilt as the wavelength varies. The optimum angle is sought by using a dither 

of adjustable amplitude on the tilt angle, and then measuring its influence on both beam symmetry and power. 

Under proper operation, this device maintains better than 90% of the sum frequency signal adjusted initially. 

After the smn-mixing process, lhe 365, 555 and 1064 nm radiations are separated by a Pellin-Broca prism. The 

beam profile of the lN radiation was nearly Gaussian. with a FWHM diameter of 1.0 mm. 

b) Generation of tunable radiation for VUV probe 

A four-wave-mixing (FWM) technique, called nonresooant third barmonic generation {THG) in phased-matched 

Kr.Ar gases3, was used to generate the tunable vtN radiation in tbe region of the hydrogen Lyman u ttansition, 

by frequency tripling the 365 nm radiatioo. This technique bas been used in most optical detection scheme for 

the H-aums.~ After comparing with other fWM techniques, THG was also found most appropriate to generate 

the coherent VlN probe beam. The optical cell and gas manifold to handle the Kr:Ar gas are illustrated in 

appendix C. Using 12 mJ/p at 365 nm and a lens with a focal of 20 an, an optimum Kr:Ar mixture of 300:785 

4 CVI Laser Corporatioo East. Putnam. CT. 06260. (203) 928-1928; Part#: LWP(45)RS555/I'Pl064-PW102SC. 
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mbars wu used to generate VlN radiation around the Lyman « ttansition, within a tuning range sufficient to 

ePcompa.v. •he Doppler moadened linesbape of die fast H-atrms. as seen in figure 4.8. Appendix E discusses this 

technique in more detail. 
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Figure 4.8 Tuning range of coherent VlN radiation by 111G for a gase mixture of Kr.Ar= 300:785 mbars. 

c) Polarization optics 

280 

A polarizer was added to the IR beam after Ille reducing telescope, as seen in figure 4. 7. We must mention the 

subtle rationale for this device. If the IR polarization varies. as a result of an adjustment of the Y AG harmonic 

crysral9 an elliptical state of IR input polarization may translate into a frequency dependent tN polarization of 

Ille 365 nm laser beam. Because Ille resonance BtKRSa:Dce is polarized6
, and Ille pbotofragment Buorescence was 

detected only at a specific angle, the LIF detection was sensitive to relatively small changes of Ille probe 

polari7.alioo. Cmsequeolly, installing a polam.er' io lhat posilioo ensures that Ille IR polarization will be consraot, 

and it avoids the possibility of that inadvertent problem altogelher. 

4.2.5 Waftlengtla callbntlon aml llnearlty 

a) 12 LIF wavelength reference 

A wavelength reference for lbe probe laser was obtained by recording an 11 LIF spectrum along with the data. 

Iodine cablnlioo spectta were mmsured on the tunable visible frequency that was mixed with the fixed IR beam 
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used to produce the tunable UV at 365 nm. The wavelength reference spectrum was always recorded. along with 

the other signals of interest. using the 12 LIF assembly illustrated in figures 4.7 and 4.2. This measurement. in 

ambination with tabulated wavelengths for the 12 molecule. provided both a vacuum wavelength reference and 

a reference of linearity for the tuning mechanism. which was vital for the present study. The availability of the 

latter m~enl ~ of aucial importance for the data reduction procedure. which is delineated in chapter 5. 

b) Monitor etalon reference 

Linearity measurements to characterize the wavelength tuning mechanism of the Lambda Physik FL2002E dye 

laser have also been acquired from the fringes produced with a monitor etalon included with this dye laser. 

Comparison with wavelength linearity measurement oblained from the 12 LIF calibration confirmed the 

observation of a problem with nonlinear deviation in the wavelength tuning mechanism of this laser. This 

imperfection of the dye laser bas been characterized, and as a result of its reproducibility, appropriate correction 

was p<mible. This problem and its characterization are desaibed in appendix D. At this point. it should only be 

said that the two methom used to cbaractaize linearity of tunmg mechanism provided very consistent information. 

4.3 Description of the apparatus Il: electronic control and synchronization 

In this pump-probe experiment. there are three physical quantities that are measured during each pulsed 

experiment: the pump laser intensity, the probe laser intensity, and the laser induced fluorescence (LIF) from 

resonantly excited species in the experimental volmne. The physical origins of these three signals are represented 

schematically in figure 4.9, an discussed below. After desaibing the detection of lhe signals and their 

amplification, this section proceeds with the desaiption of the electronic synchronization between lhe various 

components of the experimental apparatus. 

4.3.1 Detectors and signal ampliOcation 

a) Pump intensity signal 

The pmnp is a mberent beam of UV, in the range of 200 to 300 nm. Its is generated with a Ouence in the range 

of 0.5 to S mJ/pulse. as measured befce the entrance window of the experimental chamber, and after the steering 

and polarizatioo optics. The absolute intensity of die beam was measured with a bimeral thermopile detector 

(Ophir, Model AN. deleclllr head model lOA-P} during alignment and optimization of the nonlinear optics devic.es 

used to geoenre dle pbocolysis tN. However, the slow response time of the thermopile makes it impractical for 

me.amrrment on each pulse. which is required for power normaJizadoo of the measurements. Thus the relative 

intensity for each pulse of the UV pump beam was meaured with a pyroelectric detector (Molearon. Pl-31) 

positioned after the exit window of the vacuum chamber. on the pump beam axis. A reflection of the tN beam 

from the surface of a quartz window was used to cut the inaensity by a factor of S-10 (depending on the angle 
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of reflection used), to avoid saturation of the detector, which occurs around 0.3 mJ/p for our beam size. An 

integratedopamp within the Pl-31 detector provides an output signal in the range of 100 mV and a width of few 

microseconds, such that no further amplification was required prior to the input of the gated boxcar averager 

(Stanfcrd Research Systems. SRS, model SR250). The output of the boxcar was connected to the AID converter. 

b) Probe intensity .signal 

Because the VlN probe beam is generatfld by 1ll0~ the oolliDear lN radiation at the fundamental frequency must 

first be separated prier to VUV delcctim. A 0.2 mette vacuum monochromator (Acton Research, model VM-502) 

was used to separate the 365 nm lN and 121 nm VUV radiation; the monochromator was evacuated with a 

mechanical pmnp through a liquid nitrogen trap to prew:ot oil badcstream to the monochromator. The VUV beam 

exited the monochromator and was sent to a VUV PMT (Hamamar.su, mcxlel Rl459)A. The signal output of the 

PMT was sent to the input of a~ preamplifier (Pbillips Scientific, model 6954, B-10) having a gain of 7 .47 for 

a 10 nanosecmds pulse for 50 ohms load. lbe output of the preamplifier was sent to the input of anodler Gated 

Integraror and boxcar averager (SRS, model SR250), to integrate the amplified pulsed signal, and to provide a DC 

output to lhe AID converter. Appendix E discusses the linearity of PMTs and electronic preamplifiers. An 

elearo-mechanical shutter was installed befcre lhe enttance window of the THG cell, to allow zeroing of the probe 

and LIF signals in a systematic fashion, by a software command at lhe beginning of each spectral measuremenL 

c) UF signal from B-atoms photofragment 

The LIF radiation emitted mm the species excited by the VUV probe beam was detected with a VlN PMT (EMR 

photoelectric)8
; the PMT was inserted in the LIF deteclion sleeve illustrated in figure 4.9. The sleeve was 

evaaJatOO with a mechanical pump through a liquid nitrogen trap. The LIF PMT was secured inside the sleeve 

via an insert machined out of Nyloo, which also served as a holder for an optical filter (Acton Researcbf instilled 

in front of the PMT to block spurious optical signals. lbis filter was crucial for the detection of the H-atom LIF. 

by blocking scattered radiation ftcm the pmnp lram~ and discriminating out the red-shifted fluorescence resulting 

from absorption by accidenlally resonant Rydberg states or m. 

The sleeve holding the LIF PMT, illustrated in figure 4.9, is terminated by a cooical "snout" which was 

instrumental in optimizing the Signal-t~Noise (SIN) ratio of the UF signal from H-azoms. The details of this 

snout. designed and machined by the author, are showed in figure 4.10. This shape was optimized for three 

A Hamamatsu photomultiplier tube. m<>del R1459. with a LlF window and a solar blind Csl pbo«xathode of quantum 

efficiency: 16 % at 121.6 nm. 13 'Ii at 147 nm. 1·10"' % at 253.7 nm. 5•10-~ % at 365 nm. 
8 EMR photoelectric. Schlumberger, model 5410-08-17, solar blind (Csl) photocatbode and a LiF window. 
c Actoo Research. part no. 122-N-1D; 20 nm fWHM band-pass around 122 nm. peak traDSmissioo of 14%. 
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Flple 4.10. Snout «die LIF pidmp slecw holding the PMT detect« as dose as poaible to the aperimcntal Wllume. The 
ccnic shape tmniaatiag the mout was opdmiDd fer the best SIN LJF detection. by maximizing the collecd.oo of tbe 
flutn:ICIIIICe: fran the apcrimental volume. while minimizing the scattered light from reflective surfaces (windows. metal). 
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purposes: 1) to bring the PMT as dose as possible to the experimental volume while minimizing the pickup of 

spurious signal. 2) to bold an optical window transmitting vtN, and 3) to limit the field-of-view to the 

expaimental volume. The flange terminating the snout was cushioned with an a-ring to carefully hold a 2 mm 

thick LiF VlN window4. A oonic blinker. indicated in figure 4.10. was machined as a part of the Oang~ to block 

the intense near-spea,lar back scattering from the probe exit window and other elastic vtN scattering processes, 

which is effectively a source of noise. The blinker reduced the field-of-view of the PMT to the experimental 

volmne. The signal mm the PMT ~ sent to a pn:ampl.ifidl. whose output was fed to boxcar (SR250) and A/DC 

channel. 

d) UF signal from 12 cell 

The numerous resonance lines ex the iodine molecule enable the use of an iodine cell as a wavelength calibration 

reference for the dye laser I. which was tuned around SSS nm. This device is based on a sealed silica cell 

containing I: vapour which was irradiatoo t,y the visible laser beam. after the IR+ dye frequency mixing process 

generating the UV beam at 365 nm. The beam ~ ataenuated by 2-3 orders of magnitude with a Neutral Density 

filter. prior to irradiating the iodine vapour. The cell was enclosed in a tube assembly with a spherical reflector 

to oollect the 0umescence in me end. and a PMT at the otber end. A pass-band filter, inserted between the PMT 

and the cell, ~ selected to attenuate the elastic scattering from the pump by at least 1000. while transmitting as 

much as possible the tluorescence at slightly lower frequency. The signal due to fluorescence from resonant 

excitation could easily be made 5 times sttonger than the one due to non-resonant elastic scattering. which was 

sufficient for our needs. No further amplification was required prior to boxcar gating and AID conversion. 

e) Monitor etalon iniensiry 

Another signal of interest was obtained by recording the interference fringes produced by sending the dye laser 

beam ooto a mooittr elaloo. The arrangement used to execute this measurement used a reverse-biased PIN silicon 

photodiode (MOlmOla, MRD-510) behind an aperture whose size is set to be smaller than the fringe width at that 

particular location. The free spearal range (FSR) of the solid•state monitor etalon is 0.67 an·1
• and the typical 

bandwidth of the laser is 0.2 an·1
. lbe details related to this measuremen~ used to confirm results of linearity 

measurements obtained from the 12 cell. are described in appendix F. 

4.3.2 Electronic synchronization 

a) System requiremenls 

There are three levels of synchronization: the pump-probe radiation-matter interaction and the consequent I.IF 

A Eogelbard/HarsbawOptical crystal. part no. 02502V: 1.0" dia x 2 mm Lithium Auoride VUV window. 
8 Model IF 934 #2. designed and built by Ivan Frola. UW clcclrODics shop: gain of 4.53 @400 MHz in SO Q. 
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signal, the pulsed valve opening and die kinetics of lhe gas, and die HV electronics for die Y AG laser, i.e. 

capadur dlarging and 0asbJamp excitalicn of the YAG rods. lbe electronic units dlat must be synchronized are: 

the pulse.d valve driver, the Y AG laser and the gared boxcar integrators, which were used to stol'e the signal from 

the deleckxs. until they were digitized by the AID convener and stored in the RAM of the computer. The whole 

experimemal apparatus is synchronized by a master dock provided by the AT computer. 

A TSR (lel'Dlinale and stay resident) routine was installed at the interrupt7 Ox IC to set the timer 0 of the 8253 for 

an internal clock at 20 Hertz. which was used to generate a 10 Hertz square wave at the bit 8 of the Parallel 

Input/Output interface (PUO. desaibed in the next secticn) of the AT computer running die acquisition and 

control software. The 10 Hertz square wave is sent to trigger a synchronized delay generator' (SDG) unit that 

triggers the other electronic units. 

b) Description of the cycle of events 

The cyde of the syncbroni7.ed events in the pulsed experiment is described in the following. The chain of events 

begins with rising edge of the square wave produm:I at the pin 8 of the PUO, which triggers the SDG uniL A first 

(Charge) signal triggers die charging of the Y AG capacitor banks; when the capacitors voltage reached a 

predefined level, an end-of-charge level is set to zero by the Y AG control unit. Then the flashlamp discharge of 

the capacitor bank can be safely triggered by the Fire pulse. The 0asblamp discharge pulse bas an approximate 

duration of 100 µsec fWHM. 

The pulsed valve driver is then aiggered. It takes a few hundreds of microseconds to mechanically open the valv~ 

and few tens of miaosecood fer the gas to reach die experimental volume. An adjustable delay is set to have the 

gas pulse syncbroni7.ed with the pump and probe laser at the experimental volume; the duration of the gas pulse 

is typically 200 µsec fWHM. A Q-switcb pulr.e is provided with an adjustable delay that permits to trigger lasing 

of die Y AG cavity when energy sunge is maximmn in the rods. This is usually adjusted for maximum Y AG laser 

power. Approximaldy 50 nanaiCCOOds aftec triggering the Q-swircb. a pulse of the photolysis pump hits the aarget 

in the expahnental wlmne. Ten nana;eamm lalec, a pulsed probe interrogates the fragments produced; die delay 

between pump and probe pulse is defined by a difference of optical path. 

Nearly simultaneous 10 the probe excitation, the fluorescence of the excited fragment is detected by the LIF PMT, 

while lbe pump and probe intensities are measured by the deaectors described above. A PIN photodiode. excited 

by the scauering ftom the first optics on die table. is used to trigger the boxcars for each pulsed signal. Each 

,. Delays Generator Unit. design and built by Jacek Szubra. UW Bc:cttooics Shop. 
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boxcar ouq,ul is camecred to an AID dlaond. The oomputer software uses lbe falling edge of the 10 Hertz clock 

10 lrigger lbe AID conversion and data slorage. 

c) Tuning requirements 

Every 100 millisecon~ a sequence of electronic signals are used lO ttigger drivers at specific lim~ and a set of 

delays enampassing 8 orders of magnitude in lime need to be generated. The stability of each electronic delays 

bas a limil of relative precision of I~. as a consequence of the lbermal stability of che resislors and capacitors 

components used in lbe RC loops of lbe monostable multivibralors integraled circuit (National Semiconductor-, 

pan no.: 74HC221A) used lo build the SDG uniL Therefore. precision at shorler time scale relies on triggering 

on a light pulse of the S)'Stml. by using a MRD-510 PIN pbotodiode. IC\USed biassed at 15 volts; a 0.1 nanosecond 

risetime is specified for this device when used in these coodilioos . The signal of a pbotodiode is used lO trigger 

lbe gated boxcar integrator for the fast signals of the various detectors. The table 4-1 lislS the units and the 

synchronization delays prescribing the required performance of lbe SDG uniL 

Table 4.2 Specific requirements for lbe synchronized delays generator 

Units triggering edge Amplilude 

Pulsed valve rising rn.. 
Charge rising rn.. 
End-of-charge sink (by laser) TIL 

Fll'e rising T1L 

Q-switch rising 8-10 Volts 

Extra rising rn.. 

4.3.3 Computer and hardware Interface 

a) Computer 

Width 

1.7 msec 

2.2msec 

NIA 

150 µsec 

2 :t o.s µsec 

1.7 msec 

Min. delay Max. delay 

100 µsec 3.5 msec 

NIA NIA 

NIA NIA 

55 µsec 7flJ µsec 

2.9 msec 6.5 msec 

100 µsec 3.5 msec 

Tbe experimental setup was conlrDlled by a PC. (fatung TCS-7000) based on a 286 processor. Two interface 

cards were used fer amununication 10 and mm the computer: a parallel port and an AID convener. 

b) Parallel input/output (PUO) card 

The parallel port was provided by a 32-line digital VO subsystem (Data Translation Inc., model Dn817), to 

U'allsmit data between the host processor and external devices. 

CJ Analog-to-digital convener (A/DC) card 

Digital conversion of the DC signal from lbe boxcar was acamplisbed by a 12-bits monolithic convener {Data 

Translation Inc .• Dn814) capable or conversion at a rate of 25 kHz. 
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4.3.4 LABSCAN: software ror data ■cqulsitlan and control 

A general desaiplim of the software de\ieloped for data acquisition and control is outlined. LABSCAN bas been 

developed in 'C language. exrending lbe lelllplate structure initially developed by Dr. Doug Milburn. The author 

is indebled to Doug for bis generous helping tips and advice. at the beginning of LABSCAN developmenL lbe 

robustness or Ibis software lies in its well-defined structure; it is designed in a modular fashion, for ease of use and 

upgrading. First, the various fimelions of lbe main menu are outlined. lben some finer details of the system are 

highlighted. and suggestions for improvement are mentioned for the benefit of an eventual upgrade developer. 

a) Mode of data acquisition: types of scan 

LABSCAN perfcnned da&a acquisition against two types of variables: lhe time. in increments of laser shots (100 

msec), or the wavelength of d:ye laser. Prior to doing wavelength scan, a wavelength initialization must be 

performed, after which the wavelength positioo is tracked in memory, and the .. smooth drive" concept8 ensures 

cmsistcncy or ,q,eared mc:uurements. The time scale is refreshed foe each time scan. Whenever a user initiates 

a given scan t~ ditto functions suggest the parameters currently stored in the active register (RAM) of the 

computer, from either the last data acquisitioo, or last data read from the disk. This allows the convenience of 

template definitions for parameters setup. 

i) Grating scan and intracaviry etalon scan 

Two types of wavelength scans can be perfmned: a nmnal grating scan, or an intracavity etalon OCE) scan which 

takes advantage of the maximum possible resolution for the dye laser system. Typically. one can use a grating 

scan tom~ a given spearum at namal resolutioo. dlen an ICE scan can be used to look at finer spectroscopic 

details; the former allows a resolution of 0.18-0.25 an·•. while the latter offers a resolution of 0.06-0.08 an·1
. 

Grating scans ooly requires driving the stepper mot<r of the grating. On the other band, an ICE scan also requires 

slaving the grating to the etalon motion, and the master-slave relationship bas to be calibrated every time the 

intracavity eaaloo is installed er a new 'Wavelength range is selected for measuremenL A systematic procedure bas 

been designed and implemented in LABSCAN to ease greatly the setup of ICE scans. 

By design,' the ttacldng of the etalon-grating master-slave relationship should be maintained over a scanning 

range of approximately 4 A around 5550 A. lbe consistcDcy of the relationship is illustrated in figure 4.11 a). 

byrmiparing the same specual meaurement fer a regular grating scan and for an ICE scan: proper ttacking is 

obeyed over 1.5 A. However in 4.11 b), a suspicious dramatic drop in tbe intensity of the ICE scan is observed 

around SS36 A. in c.xmparisoo to tbe regular grating scan. Delailed aJOsideratioos showed that the cause of this 

imperfeclioo in dJe graling elalm relalioosbip is tbe n<Dlinear deviatioo of the tuning mechanism of tbe grating. 

as discussed in appendix D. Finally. it should be noced that data acquisition requires longer time at higher 

resolution; hence the photofragment spectroscopy data of this study were acquired with regular grating scans. 
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Flpre 4.11. IDustration of the ICE scan capability; in each graph. the higher curve is the ICE scan while the lower curve is 
the regular scan. In a) proper tracking is observed. while in b) a diminution of the relative intensity in the ICE scan around 
S536 A. resulted from a tracking problem. due to grating drive DODlincarity. This bas been characterized in appendix D. 
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b) Graphic Uuser interfaces (GUI): real•time and afterward 

Iospectioo of real-lime data acquisition requires the ability to vary lhe magnification scales of the data for visual 

checking of die digital information being acquired. After acquisition. lhe requirements for display are different. 

as they are driven by the need of coarse analysis. For example. they are likely to require comparative overlap of 

data fn:m different files and wrso- op:ratioo. Additimally, capability for basic data manipulation is a needed tool 

for first band data validation. As a results. two GUls were designed and implemented in this program. 

c) Basic dala manipulation capability 

As soon as experimenral data have been acquired. sane basic data manipulation must be done in order to evaluate 

the infonnatioo obtained. and to appropriately assess the next course of action. To satisfy this requirement. basic 

operations are implemented in lhe data manipulation sub-menu of LABSCAN. such as pump and probe intensity 

normalization of the LIF signal and data averaging. 

d) Binary datafomun 

The format used to save the data file on disk is the same binary format used in GENPLOT10
; it was originally 

defined by the authors of the Ryan-McFarland F77 compiler. This is a very robust format with respect to error 

ch~ and it bandies an unlimited number of blocks, each having a maximum size of 4 KbyteS. 

e) Peculiar properties of the overall system 

(i) Effect of inertia on the grating drive 

As a result of the stringent requirement for wavelength resolution imposed by the Doppler spectrosacopy meth~ 

a great deal of care was paid to ensure repeatability of the spedral measurement. It has been observed that. when 

the dye laser grating was controlled by another previously written program. spectral measurement were not 

repeatable. within the precision of the laser resolution: the position of the spectral features were randomly. yet 

continuously, shifted on lhe wavelength axis. by three to six time the wavelength resolution. Figure 4.12 

illustrateS the problem: iodine LIF spectra were taken at different step size of the dye laser grating motion; the 

spectra measured with 1 motor step and 2 motor steps resolution did not coincide. 

Detailed investigation of this problem revealed that it wu caused by the software controller, which exceeded lhe 

maximwn srq, rate specificalioo fir the stepper moccr driver of the grating, and accelerated the tuning mechanism 

without consideratioll for mechanical inenia in the system. The general result from these considerations have 

resulted in the "Smooth Drive" algmidlln fer real-lime control of die motor drive. This concept bas been induded 

in the software control for the stepper motor driver of lhe grating. The effectiveness of the concept is dearly 

demonstrated by figme 4.13: lhe spectra m~ are independent of the step size. Appendix D further discusses 

this ooncept. botb in the specific CXJDtext of this study, and in the general context of real-time control optimization. 
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(ii) A/D conversion: channel cross talk 

The data acquisition system used prior to LABSCAN was also plagued with aoss-talk between A/DC channel; 

using a precise OC source to test the A/DC card. it was observed lhat dlere was about 3-6 % cross talk between 

the input channels of die A/OC.. It was found that proper handling of the status flags of the A/DC card, and two 

to three additional successive read operations to the same channel prior to slOring its value., solved this problem. 

/) Suggested improveme111s for eventual upgrade of the LABS CAN program 

In the following, the author suggested some small yet practical improvements that could be implemented in the 

LABSCAN pwgiaua. with significant eobanameot of the system for operation in a laser spectroscopy laboratory. 

(i) Automatic characterization of the grating drive nonlinearity 

In its present status, the program can store straightforward measurements of fringes from a monitor etalon. As 

it was discussed in appendix D, these measurements could be used to determine the wavelength nonlinearity, and 

chis infcxmation oould be stored in the amputer memay, such as ro allow for real-time correction of the nonlinear 

deviation. Recalling that this nonlinearity is reproducible., after this procedure bas been completed, the grating 

could be scanned with a linearity better than its bandwidth without intracavity etalon, and consequently etalon 

ttadting could be reliable over the designed bandwidth: 4 A @ 5550 A. Implementation of these features would 

greatly enhance the capability and effectiveness of the dye laser as a laboratory instrument. 

(ii) Variable rate of time scan 

The time scan option could be made to store data point at a variable interval, so that temporal stability of 

experimental measurement could be assessed over few hours, or even days, without creating huge data files. 

(iii) Numerous A/DC readout 

An asmmptioo that is almost always made, when using an experimental system such as this one, is that the output 

level of the boxcar is a perfect OC level. which is proportional to the boxcar input. While this is mostly true. the 

presence of HV discharges in the YAG lasec and high anent discharge in the solenoid pulsed valve can introduce 

temporarily noise burst during each 100 msec cycle between laser pulse. Also, it would be useful to have lbe 

option to measure lbe ouq>ut signal of the boxcar at the maximum A/OC race. between two laser pulses, and to 

display the output of such a measurement for visual inspection. 

If a time dependent noise structure is present. it could be then possible to select lbe optimum time window to 

collect the signal at the output of lbe boxcar, or to a>Uect a greater number of reading cycles wilbin the time 

available. in order to average out this hypothetical noise. 
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4.4 Experimental procedure 

The experimental procedure of this pump-probe experiment involved a considerable number of operations. To 

avoid overwhelming the reader with the complete derails of the experiments, only few essential manipulations, 

that led to the central results presented in this work. are reported hereafter. 

4.4.1 Allgnment ol the uls: Jasen and Jet 

Prior to sending lhe pulsed laser beams inro the experimenlal chamber. the axis of tbe pump and probe laser were 

aligned in such a way as ro atm under the pulsed valve. The experimental volume is defined by the intersection 

of pump and probe laser ~s- An additiooal coosttaint for the pump-probe alignmen_t was for the location of 

lhe experimental volume be within the field of view of the LIF PMT detector. The pulsed valve had X-Y 

adjustment that permits motion in a plane parallel to the pump-probe plane. and which allowed one to optimize 

the overlap of the free jet with the experimental volume. 

The presaiption for this procedure is to permit the laser beams to travel through their respective set of optical 

pons, diametrically pac;itiooed on each side oftbe vacuum chamber. To achieve this goal in a systematic fashion. 

optical apertures were inslalled in the path of each optical axis, with the aid of two He-Ne lasers. The He-Ne 

beams, which were used to simulate the pump and probe beams, were used to install the apertures collinearly with 

the optical pons of the vacuum chamber, in such a way as to define the overlap of the pump and probe laser an 

optimum position. The optimization of the LIF detection was monitored, lhrougb the empty sleeve of the LIF 

PMT, by observing the light scattering from a needle tip installed at the intersection of two He-Ne beams. The 

location of the experimental volume was optimized when the needle's tip was centred in the field of view of the 

LIF PMT. Once the LIF detection was optimized. i.e. die He-Ne laser beams were defining the experimental 

volwne at an optimal location for LIF detection, each axis position was located in space by placing two variable 

optical apertures (iris) centred on the He-Ne beam, and arranged on both side of tbe vacuum chamber. 

4.4.2 Alignment or dye lasers ror nonlinear optics 

To achieve eftidenl pro rsses of noolinear optics. it is essential to pay special care to the quality of the input laser 

beam at the fundamental fi'equency. Thus, while pn ffll1ing with the alignment of the pulsed dye laser, a trade-off 

between maximum power on one band, and optimum beam quality and narrowest linewidtb m the other band. 

must be made. It bas been observed that. when the latter predominates, better nonlinear conversions are obcained. 

Good beam quality is beneficial for noolinear optical processes bodl in gas phase, through a smaller spot size 

oblained at the focus and the cmsequeody higher peak power, and in a aystal, where the divergence of die beams 

is aitical due to sensitive frequency dependence of lbe optimum crystal tilt angle. The latter also defines the 

spread of the angular acceptance for that crystal. 
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a) The beam profile is determined by the oscillator output; the laser linewidlh was typically 0.17-0.22 cm·1
. 

b) In the preamplifier stage, the tilt and height of the cylindrical pump lens allowed for trade-otf between power 

and linewidtb. A perfect overlap of lhe pump beam with the optical axis of the preamplifier inaeased the 

propensity for broadband amplified spontaneous emission (ASE) feedback to the oscillator'. which may compete 

with the narrowband wa\'Clengdl selected in the osciUarnr cavity; this situation translates into degradation of both 

beam profile and linewidlb. although it is likely to result in highest output power. Also. when a trade-off is solely 

made toward higher power. very poor conversion efficiency often resul~ in addition to increasing the propensity 

fer the occurrence of self-focussing, which can be harmful to tbe laser system, and to dle following devices in the 

optical Uain. 

c) The final divergence of the dye laser beam results from the combined effect of the preamplifier beam expander 

telescope, and from the spatial inhomogeneity of the gain and refractive index of dle amplifier medium; this 

b001ogeneity is related to line focussing of the amplifier pump used to couple pump to gain medium. The final 

laser beam divergence bas a determining influence on frequency doubling efficiency, as discussed above. 

d) The telescope adjustment of the preamplifier beam also affects the laser beam profile and linewidtb in an 

unexpected way: while adjusting the transverse degree of freedom of the telescope. in c.der to align the 

preamplifier beam onto the amplifier axis. the first element of the telescope (a diverging lens) can often be made 

to accidentally send a reflex of the broadband ASE frcm the preamplifier or oscillator gain region back into the 

oscillator. due to the finite angular acceptance of its axis. This can degrade linewidth and beam profile 

significantly or even completely; self-focussing in the amplifier may result from this inadvertent situation. This 

phen<Dlenoo can often be observed when relatively high output power is obtained from the dye laser, yet unusually 

small power can be produced from frequency doubling or mixing in crystal. 

4.4.3 Manipulation to Ond the signal from pbotorragment LIF 

The signal acquisition uses boxcar gating to produce DC levels. which are then easily read and stored in the 

canpurer. Initial gate adjusunent for the 10-20 nanosecond pulse from the LIF signal of the pbotofragments can 

be uicky, because it depends on the overlap of the two laser beams with the free jet. on the laser frequency of the 

probe, and on the relative delay of the pulsed valve with respect to the laser pulses. Thus the spatial alignment 

of the pump and probe laser were based on the irises inSlalled prior to optimization of the nonlinear optics 

proce.ues for pmnp and probe generadon. Theo. to adjust lbe timing gate for the PMT delection of the LIF signal. 

it is simpler to use a reference signal that does not depend oo pump photolysis. yet bas electronic transitions 

sufficiently dme to Ille energy region of Lyman e1. such lhat it can be probed by the vtN generated by lhe same 

1liG method; carbon monoxide (CO) was used for such a reference signal. 
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Figure 4.14. CO lJF spcc:ttum used to adjust the LIF detectioo clcctrooic. measured the probe linewidth. and test the proper 
opcratioa of the free supersonic jet. 

The CO LIF reference signal bas three additional uses. F11St. it permits the experimental assessment of the 

linewidth of the VW pr~ and secon~ to qualitatively ascertain that the supersonic jet expansion behaves 

properly. i.e. that a decent cooling of the rotational population is achieved. These last two points are illustrated 

in figure 4.14. The intensity of the rotational energy levels indicates a rotational temperature around 10 °K. and 

the VUV probe linewidth is approximately 0.65 an·1
. The third use is desaibed in the following subsection. 

4.4.4 Optimization or the Injection laser rrequency 

Another aucial ~ of lhe global experimental system was lhe stability of the injection laser (seed) lhat is used 

to precisely establish the frequency of tbe Nd:YAG laser (host); the system was illustrated in figure 4.5. The 

injection laser system" is a monolithi~ continuous wave (cw). Nd:YAG laser., pumped by a diode laser. 

A Lightwavc Electtooic:s. model: SI 00 
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The resonant frequency of the injeclioo laser can be adjusaed via the temperature of the Y AG crystal. through both 

the thermal dependence of the electronic properties ofNd:YAG determining gain bandwidth, and the thermal 

expansion of the Nd:YAG material affeeling the modes of mooolitbic laser. A thermoelectric cooler/beater system 

coottols the temperature of the injection Y AG laser. so that it can be adjusted to match the host laser bandwidth; 

this defines the goal of the optimization for the combined injeclioo and host systems, also referred to as master­

slave relation between the systems. 

The gain bandwidth of the Nd: YAG material is about 4 an·1
• The modes of the main (or host) Y AG laser are 

separated by 0.0083 an·•. When the host laser is pumped by 0asblamp, and Q-switched into lasing without seed 

iojeaioo, the disutl,utioo of lasing frequencies span about 1 an·1 around the peak of the gain medium, as a result 

of the properoes of the unstable resonator and the raodcm nature of the centre frequency for each pulse. This is 

due to the stochastic nature of the initial competition between the mode of the host cavity excited into lasing by 

amplified spontaneous emission (ASE). A cavity built-up time (BUf) of 10 nanosecond. associated with lasing 

initiated by natural ASE is observed following Q-switching. 

The role of seed injection is to replaa: Che natural ASE with a fixed, controllable. cw, frequency reference. Hence 

pulse after pulse, the same frequency of electromagnetic radiation dominates the host oscillator. An additional 

consequence of proper laser injection is a dramatic BUf reduction; the BIIT is all the more reduced for good 

overlap between injection beam and host cavity axis. and position of the seeder frequency at the centre of the host 

gain bandwidlh. 

The host gain bandwidth enampas.§CS numerous modes of the host ~tor cavity. A piezoelectric element. on 

which is mwnted the back mirror of the host oscillator ca~ity. allows for dithering the length of the host cavity 

by a minute amount. in pinciple smaller than the distance a:uesponding to the difference of wavelengths between 

two SU<XCSSive modes of the host oscillator cavity. Heterodyne signal detection, at the dither frequency, aims at 

minimizing the BUf of the host lasing. The feedback loop of the heterodyne circuit produces an analog signal 

driving the average position of the piezoelectric element. wbicb eventually locks onto a specific mode of the host 

cavity, optimum b the given injeaion laser frequency. However. the injection laser frequency must be adjusted, 

to march the ceotte of the gain bandwidth at the equilibrium temperature of the Nd: Y AG in host oscillator cavity. 

In mder to temperature-tune lhe frequency of the injection laser to overlap the centre of lhe host gain bandwidth, 

a very effective spectroscopic method was found. which corresponds to the third use for the CO LIF reference 

signal mentimed above. The VW frequency, used to probe the experimental volume, equals three times the lN 

frequency around 365 nm. The lN frequency at 36S nm is the sum of the tunable dye frequency, and the fixed 

IR frequency of the Y AG laser. Cmsequendy, the bandwidth and centre frequency of the VUV is directly related 
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to lbe hmdwidth and centre frequency mtbe seed wer. If lbe seed laser is off-centte of the host gain bandwidth. 

verypooc perfcnnance of'tbe VlN bandwidth is observed. as seen in the figure 4.15 a). However, when the seed 

frequency is matched with the host gain cmtte. an optimum improvement of the VUV bandwidth results. as shown 

by figure 4.15 b}. Henceforth. through successive adjustment of the seed frequency. this spectroscopic method 

permits a precise tiequency overlap fcr optimization of the master-slave relation between injection and host laser. 

4.4.5 On the SoleU-Bablnet compengtor 

The Soleil-Babinet compensator was desaibed in 4.2.3 b}. It is a variable waveplate. that can be calibrated foe 

any wavelength that has a reasonable transmission through pure crysralline quartz. This device is composed of 

two quartz wedges, made of left-banded and right-banded quartz. respectively. Basically, it relies on the circular 

clichroism PfOl)Clty of quartz mataial for its retardation properties at a given wavelength. This device is a multi­

order waveplate of adjustable retardation. and whose optical axis can be oriented with a divided circle rotating 

mount. These two variables, retardation and orientation, allows a completely arbitrary control of the state of 

polarization over the aforementioned range of wavelength. 

Befcre using the retarder at any given wavelength, it must be calibrated. using a polarized source and an analyser, 

by the following procedure. Fust, the polarizer is installed on the axis of the polarized source, and it is aligned 

for extinction of the source. Theo the compensator is installed between the polarized source and the analyser. 

Set the micrometer so that the digital display reads 4.00. The compensator is fine-tune to achieve optimum 

extinaion. by careful rotation of the divided circle rotator. Lock the rotator release. The retarder axis is rotated 

by± 45° by releasing the "click stop" release and rotating the compensator to the± 45° detent. Now by slowly 

varying the miaometer of the variable retarder. and one can note the values at which total extinction of the source 

occurs; those are the values of retardance that corresponds to the successive (n+½)l waveplate. A linear 

regression can be used to obtain a relation between waveplate retardance and digital display of the retarder. 

Because the exact angle of incidence of the beam onto the wedge determines the retardance of the compensator. 

the calilnlioo must be executed each time the pump bram is realigned. Also, a slight deviation of the beam was 

observed wbeo Ille ampeosatcr wu introduced in the optical path. Therefore, the calibration of the retarder and 

the alignment m the pump axis bad to be dme a few successive times in a recursive fashion. the first time that the 

Soleil-Babinet compensator was introduced in the pump bram. 
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A clear account of the theory of polarization optics and algebra11
, is given in reference l~ (Polarized light: 

production and use); this boot contains a good desaiplion of Stokes parameters and illustrates the use of the 

Poincarre sphere as a tool to solve problems with retarders and other polarization optics. 
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Chapter 5 Experimental measurements and data reduction procedure 

lbe main body of specttal mea.gmments presented in Ibis lbesis wu acquired to determine the electronic structure 

of molecular m in the energy range of the low•lying dissociative states excited by absorption in the A band. 

Section 5.1 defines the ranges of the experimental variables at which the Doppler spectra were acquired for this 

purpose. Section 5.2 elaborates on the data reduction procedme. which must be operated on the measmemeots 

prioc to extraction of meaningful information. 

5.1 Photofragment spectroscopy on Ill photodissociation 

The purpose of these measurements was to elucidate the dynamics of m photodissodation. The components of 

the data set are identified by specific values for the wavelength and polarization states of the photolysis pump 

beam. The experimenral apparalUS allowed Doppler spectroscopy measurements lo be performed with the relative 

alignmenl of the pump-probe axis in <Xtbogonal gecmeuy. In chapter 6. the analysis of these Doppler spectra will 

allow definite assertions to be made with regards to the dynamics of fll pbotodissociation. 

In table 5.1, the photolysis wavelengths and the polarization states are listed along with the statistical signal-to­

noise (SIN) ratios that have been attained through the procedme of data reduction and averaging of successive 

Doppler spectrum measurements. The statistical SIN ralio of a given Doppler spectrum is calculated on the power 

normalized spectrum. in term of the relative fluctuation with respect to the average signal. and this quantity is 

averaged over the spectral lineshape. Note also that measurements were acquired for polarized photolysis laser 

in bodl vertical (V) and horizontal (H) states of linear polarization. at each photolysis wavelength; here vertical 

and horizontal is defined with respect to the borizootal plane of the intersecting pump.probe axis. 

Table 5.1 List of the main data set used in chapter 6 

l.(nm) 266.0 257.0 248.0 240.0 232.5 225.0 216.7 215.0 212.5 

SIN (V) 18 22 14 28 21 29 25 6 21 

S/N(H) 18 21 16 26 20 31 28 3 22 

5.2 Data reduction procedure 

Meticulous care was taken to reduce the data in a systematic manner. The procedure to do so involves: power 

nomalizatim of the LIF signal with respect to the pcM'a' of pump and probe beams, correctioo for the nonlinearity 

of the tunable wavelength. statistical averaging and integral narmalization for each power-nonnalized H LIF 

Doppler spectrum. and finally. subttaction of the Ill LIF background. 
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5..2.1PowerllOl'lllllll7.ation 

The experimental LIF signal mm Ille H-aums, Sac>(v) is given by equation (5-1). It is a product of m molecular 

density. pump and probe inccnsity (proportional IO dle power measured for these beams), and die convolution of 

D(v), the Doppler linesbape function, with g(v), the probe linesbape function. The Doppler linesbape function. 

and its dependen(Z m the relative orientation between the probe axis and the pump polarization vector, coolains 

the infmnatioo on the pbotodissocialion dynamics. Also. the power normalized Doppler profiles. SDGl!D(v), IO be 

obtained Cron experimental measurements. couespood ID the integral term in the curly bradceL 

Sexp(v)= Ipump Iprobe nm { Jdv'D(v')g(v-v')} = Ipump lprobe nm S00rm(V) (5-1) 
Av' 

Coosequendy, tbe first seep in lhe procedure of data reduction is the shot-to-shot power-normalization of each H­

accm Doppler specuum by the corresponding pump and probe intensity signals. Note that the number density of 

m in each pulse was not measured. and it is assumed consrant. The stability of the m number density bas been 

assessed separately, and its fluctuations will be considered as an additional source of noise in this experiment. 

Also a great deal of effort was invested in coosttucling a fairly stable m source for this study (see appendix A). 

Due to the finite dynamic range of detectors and their electrooic amplification, a validation check for the range 

of each signal~ pabukd pri<r IO powec nmnalizalioo. Precise characterization (see appendix E) of electrooic 

gain and saturation limits was performed for the detectors and their preamplifiers, which was necessary to 

automate validation checks on the vast amount of data processed in this study. For each set of spectra acquired 

under identical conditions, the delection setup information (PMT bias9 identity of preamp used) were input to the 

ocnnalizatira program. and dle user ~ notified if any recorded signal accidentally exc.eeded its respective range 

of validity during data acquisition. This allowed selection of valid data. and rejection of data affected by the 

pernicious effects of signal saturation1
9 which may not be obvious in an individual spectrum, due IO their finite 

signal-to-noise ratio. Once the individual signal intensities were validated, the sbot-to-sbot normalization was 

operated, to yield the power-normalized LIF signal of the ff-atoms, i.e. the experimental Doppler profile. 

An additional test~ perfmned periodically oo a few sample spectra. in order to derennine the proper bebavioor 

of die ncxmalizalioo procedure. and IO further ensure linearity of the overall measuremenL The premises of the 

test were as follows: if the data normali7.alion behaves properly9 bodi the short term and long term Ouctuatioos 

of tbe I.IF signal should be correlaled IO the product of the vtN probe and UV pump Ouctualions. This implies 

that Ille normal Slalistical Ouctuation for these signals must be correlated. Consequently the power-nonnaliud 

LF ~ i.e. lbe ralio ex dle LIF signal divided by tbe signals from VUV and lN detectors. must exhibit smaller 

relative Ouctuations. 
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To verify this assumption, the normal fluctuations were quantified for each signal, and the inequality 5-2 was 

tested. Equalioo 5-2 simply staleS that lhe omnal Buctuatioos. a". of the power-normalized signal, s_{'1), must 

be less than lbe ocnnal Ouctuations. aLP of the experimental LIF signal. Sap(v). The symbol auv represents the 

Ouctualicn offw_and avw represents the Ouctualioo oflvuv. This was indeed observed, and the relation S-2 was 

coofinned. The equality limit would be reached for ideal noiselt5 electronics and perfectly repeatable pulses of 

HI:He gas mixture, where the fluctuations would only be caused by absorption and fluorescence of radiation. 

at saf.n:-(a~+atfv) (5-2) 

It is interesting to note the dependence of the LIF signal fluctuations on those of the YAG laser. Equations (5-3) 

shows that because the vtN probe depends oo the gill power or the fundamental IR of the Y AG laser, and the lN 

pump depends oo the ea power of Ibis fundamental IR. the normalized fluctuations of the LIF signal can actually 

be up to 15 times larger than those or the intensity of the Y AG fundamental IR frequency, as a result or equation 

(S-1). Recalling that the amplitude of the fluctuation reduces the effective dynamic range of the electronic 

amplificatioo. Ibis fact provides an independent rationale to use seed injection during operation of the Y AG laser, 

since it greatly reduces the sboc-~sbot fluctuations for the intensity of the fundamental IR frequency of the Y AG 

laser output. 

GtJF = A+atJv +at,uv = A+2-afu +3-(aiH +afR) 

= A+I5-<JfR (5-3) 

5.2.2 Wavelength correction 

In <rder to ensure the reliability of the information obtained ftom spectroscopic measurements, three operations 

were perf<rmed: lineari7.alion of the tuning drive, calibration with a spectroscopic reference. and verification check 

on repeaaability. As it will be appreciated below, ttaddng of the dye laser wavelength was required to characterize 

the noolinearity2 of the tuning mechanism, which was aucial for the success of this experimental study. A LIF 

spearum from iodine molecules was systematically alalUired. during data acquisition of the Doppler profile. for 

the visible wavelength region corresponding, through the frequency mixing processes, to tbe H-atom VlN UF 

speara. In additim to permitting a anectioo for the noolinearity of the d)'e laser tuning wavelength. this signal 

provided an absolute vacuum wavelength calibration. 

An iodine LIF reference spectrum was acquired and stored along with each H-arom LIF spectrum. Using the 

cxueaim procedure described in appendix D. the experimental 12 LIF specttum was compared with a reference 

spemum from tabulated lines. to obtain the c.ureclim for the nonlinearity of the tuning drive. The importance 

on this nonlinearity is illustrated by figure 5.1 a). 
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However, lhe reproduabilityofdle wavelenglh tuning, demoostraaed by the figure 5.1 b). permitted us to process 

each series of Doppler spectra in batch during tbe data reduction procedure. After a visual inspection for 

repeatability of the wavelength tuning, lbe nonlinearity was characterized and corrected for, and finally the 

linearized wavelength axis was calibrated with respect to the vacuum wavelength reference afforded by the 

tabulated spectral lioes3 of 12 molecules. 

5.2.3 Statistical data avenging 

The nature of statistical ftuctuation is such tbat the signal-t~noise (SIN) ratio squared is proportional to n, the 

number of equivalent samples, i.e. nae (SIN)2• Consequently, it takes typically four times as many samples to 

improve the SIN by a factor of two. This intrinsic property of statistics was taken into account in our data 

averaging procedure, by using a statistical weight. defined as {S/N}2, consistently for each power normalized 

Doppler spectrum, where {SIN} is calculated as the average SIN, at one standard deviation, over the power 

normalized Doppler spectrum. Once lhe statistical weight was calculated for a power-normalized Doppler 

specttum, it was integral-normalized to have an area proportional to lhe { SIN} 2, consistent with the above 

statistical argumenL The addition ofintegral-nonnalizflrl specua, acquired in equivalent experimental conditions, 

is dlen statistically correct; in odler words, the statistical averaging, defined in Ibis way. made the wisest use of 

the information contained in lhe individual spectra, by weighting lhem in proportion to their respective 

information content. 

5.2.4 HI LIF background subtraction 

Ideally, the LIF detector should only pick up the fluorescence from the photofragments excited by the probe. In 

practice. the fil molecule also bas resooances in the same energy region. Although a Lyman « filter reduces the 

LIF detection sensitivity for this spurious signal, a fraction of the In molecules produce resonance fluorescence 

that must he subtracted. However, Ibis resmant m scanaing must first be characterized. prior to being subtracted 

from the ff-atom LIF. The characterization of the 1B LIF was made through the Lyman« filter. For each 

experimental run, the Ill LIF was measured by scanning the wavelength range used for H-atom LIF, but without 

the pbOIOl)'Sis laser being presenL Figure S.2 shows the shape of the background function obtained by averaging 

a few spectra. and also after Fourier filtering lbe noise out; note that tbe m LIF spectra obtained without the 

Lyman « filter was about 20 limes stronger, and it shares similar features but it bas different relative intensities. 

Fortunaldy, tbe LIF oflll around Lyman ex bas two specual features lying outside the range of Doppler broadened 

H-atom absorption, around -7 .S an·1 and 8.0 an·' respectively. These features were used to scale the HI LIF 

background function, in order to assess the conbibutioo of the m LIF background "hidden" in the H-atom LIF 

signal. The subtraction of the m LIF background was only executed once at the end of the data averaging 

procedure, f<r each canbination of wavelength and polari7.alion state on lhe final component of each set of spectra. 
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Figure 5.2. Determination of a ncrmaliztd H[ UF background fimctim. The average of few power normaliaz.cd Ill UF spectra 
is Fourier filtered for structure at higher frequency that can be dctcc:tcd by the smallest probe linewidth. i.e. 0.6 cm·l. 

S.l.S IDustratlon or tbe systematic procedure or data reduction 

To apply this procedure systematically, a program was written in the maao command language of GENPLOTA, 

in <rder to mooiur and control the quality of lbe data. Graphical outputs were generated at the end of each seep 

of the process, for the sake of transparency and for direct visualization of results, which was especially useful 

during the development stage of the procedure. 

An example of the data averaging and subtraction of the Ill LIF background is illuscrated in the figure S.3 and 

5.4, fer a set of Doppler spectra acquired with vertical polarization of the photolysis beam at 240 nm wavelength. 

In figure 5.3, integral normalized Doppler profiles from a series of measurements were statistically averaged. 

Each member of the series were statistically weighted m the basis of the experimental fluctuations, {SIN ratio); 

after averaging the numerous points acquired at a given value of die probe frequency, the specttUlll was area 

normaJize.d in proportion to the square of the experimental SIN ratio used to quantify the information cootenL 

A GENPlDT: A Data Analysis and Graphical Plotting Plogram fa Scientist and Engineers, Ccmputer Graphic Service. 52 
Genung. Circle, Ith~ NY, 14850-8716. (607) 2774913. 
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Figure 5.4. Example of systematic Ill UF background (re fig S.2) subtraction from the average spectrum from figure S.3. 

In figure 5.4, the conttibutioo from the Ill LW background present in the averaged H-atom signal was assessed 

by scaling the background m LIF function to spectral features at -7 .5 cm·1 and 8.0 cm·1 Doppler shit'9 near the 

wings of the Doppler spectta; then the scaled background was sublracted. and the final Doppler profile was 

obtained. These final Doppler profiles. for each axnbination of photolysis wavelength and polarization 

invescigaffd. are lhe final product of the experimental measurement and dala averaging. The analysis of chapter 

6 is developed on the basis these average measurements. 
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Chapter6 Analysis, discussion and quantum mechanical calculation 

6.0 Perspective of the approach 

The goal of this chapter is to elucidate the pbokxHssociation dynamics of m. following absorption in the first 

continuum. This physical prcxess is characterized by two observables. the anisottopies and the electronic 

brancbing of the pbocoft'agment produc:ls. which CID be defined as functions of the photolysis photon energy. lbe 

values for these observables will be obtained at nine photolysis photon energies from our spectroscopic 

meawrements on H-aran pbocofi'agments., and they will enable a derennination of partial absorption cross sections 

for each electronic product. 

These experimental results will be compared with those from previous studies. and the disaepancies that will be 

found will be rationalized. Based on dlese experimenlal results. a quantum mechanical (QM) determination of 

tbe potential energy wrve (PEC) fer tbe dissociative states will substantiate the theory of direct photodissociation 

in HI. which has been summarized in chapter 3. This model. however simpl~ provides correct predictions of the 

observables flY the pbotq,roducts acnm the range ex photolysis wavelengths over which we obtained experimental 

observations. and it suggests an exttapolation of the observables over the whole A band absorption. . 

The analysis of our experimental measurements proceeded in foor stepS: (i) the determination of product branching 

ratios (R) and anisotropy parameters <P> at various photolysis wavelengths by inversion of the Doppler profiles .. 

(ii) a comparalive analysis of our results wi1h those mm previous studies and a return to the profile inversion. (iii) 

a calculation of the partial absorption cross section (PACS) for the electronic products, and (iv) a QM 

determination of the PEC. The first step yielded values for the observables of the pbotodissociation dynamics 

~- However. discrepancies exisled amoogst the values of these observables. which bad only been measured 

at a few photolysis pbOIOll energies. Consequently, a comparison of our results with those obtained in previous 

studies was necessary, and turned out to be crucial for lhe present study. as it will be shown in section 6.2. 

Once lhe observables of the pbotodi!WJciatioo dynamics were delennined with a relatively high degree of 

confidence. a QM determination of the PEC was performed. To this end. the total absorptioo cross section 

(T ACS) from Ogilvie1 was decomposed into partial absorptioo aoss section (PACS) of the electronic products. 

by using our expelimental wlues ofbrancbing ralios R. Fmally, these experimental PACS were used as tbe input 

data for the QM detaminatioo of the PEC. 
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Figure 6.1. Flow chart of the forward QJDvolutioo procedure to extract the observables of the pbotodissociatioo 
dynamics from the Doppler profile spectra. Two pans can be distinguished: Doppler profile simulation. and iterative 
optimi7.atioo of the dynamical constants, whose optimum values determine the experimental observables. 
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6.1 Determination of the observables from experimental measurements 

The Doppler profiles were measured wilh a photolysis beam in a state of either vertical or horizontal linear 

polarizatioo. and wilh an ortbogooal arrangement of the pump-probe geometty. These profile measurements 

provided sufficient information ro excract Ille two coosranrs cbaraclerizing the pbotodissociatioo dynamics. These 

coostanrs. R. the product lr.mdling ratio, and p. the anisolropy parameter. will be referred below as the dynamical . 
coosrants. At each photolysis wavelength and phoeolysis polarization. repeated measurements were statistically 

averaged in the manner outlined in the chapter 5. 

A fitting routine was devised to extract the values of the dynamical constants from the averaged Doppler profiles. 

The routine was essentially a forward convolution technique. in which trial values for the dynamical constants 

were varied within a range. and the simulated Doppler profiles were calculated for each polarization state. at the 

trial value of the dynamical COOstanlS. The values of these coostants were varied until the corresponding simulated 

profiles best agreed wilb the experimental spectra. 

In the following section. the algoridun devised to simulate the Doppler profile. and the method lo optimize the 

fit of the constants, are desaibed. This section doses with a discussion m the evaluation of the uncertainties for 

lhe optimum values of lhe dynamical consrams. The flow chart of figure 6.1 represents the forward convolution 

procedure used to obtain the observables from the Doppler profile measurements. 

6.1.1 Algorithm of the Doppler prollle simulation 

F<r a given set of dynamical coostants. the Doppler profiles corresponding to vertical or horizontal polarization 

of the photolysis laser can be calculated using the formulas derived in chapter 3. The calculation involved the 

following steps: (i) a partial Doppler profile~ simulated for each of the two velocity groups, each corresponding 

to a product channel. aa.uding to the anisocropy asmmed for each product channel; (ii) these two partial profiles, 

were summed with a weight determined by tbc branching ratio; the result was an ideal Doppler profile. 

ccuespooding to a probe wer of zero liocwidtb f<r an infinitely narrow transition; (ill) the fine-structure splitting 

(0.36 an·1
) of the Lyman ci ttansitioo in tbe hydrogen atom was 1aJren into account by adding two replicas of the 

ideal profile. weighted by the respective multiplicity of the doublet's components2, offset by the energy splitting. 

and positioned at lbe centre of gravity of the doublet. Tbe result was a Doppler profile for an ideal probe laser, 

i.e. a probe laser of zero linewidtb; (iv) lhe latter profile was then convoluted with the finite linewidtb of our 

experimental probe. The latter~ derennined fiun VlN calibralioo measurement (CO Llf) described in chapter 

4; (v) the simulated profile obtained in this way was nonnaliud to unit area. 
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Figure 6.2 illustrates the calculation steps to simulate a Doppler profile, for a photolysis beam in horizontal 

polari7.ation at 230 nm wavelength. lbe steps include the calculation of lhe partial profile contribution for each 

product channel., lbeir sums convoluted wilb lhe ff-atom's Lyman« doublet which results in an ideal Doppler 

profile, the cmvolution of the latter with lhe finite probe linewidth which results in the simulated profile, and its 

amparison with an experimental Doppler profile. The Doppler profile simulation was an intermediate step of 

the forward <XJ11wlution algorithm. This algorithm was repeated for both photol)'Sis polarization amponents at 

each set of values of lbe adjustable pbotodissociatioo aJDstants. 
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Flpre ,.2. &ample of simulated Doppler Profile, including lbe two product channels, lhe fine sttucturc doublet. and lhe 
cco~lutioo with a finite probe lincwidtb, c:anpared to an experimental measurement for photolysis at 230 nm wavelength. 

Note that prior lO the present study. the anisotropy parameter of the ground srate iodine product. P(I 21>)12). was 

experimentally observed and theoretically predicted lO be purely perpendicular. Therefore, p(l 2py_z}= -1.0 was 

initially set fixed in the fit proa,dure. and die final results obwned in this way showed excellent cmsistency with 

our e:xpe1iment. after optimimtioo of the two adjustable coostants. Rad P(I• 2Pin). Thus pa 2PY.Z)= -1.0 is not 

disaJSCC'd furtber below, ad the following. reference to adjustable anisottopy parameter p will refer to pa• 2Pin). 
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6.1.2 Definition of the optimizer: ~ 

For every set of adjustable dynamical constants. the above algorithm was repeated. The experimental data were 

normalized to unity at the beginning of the fit procedure. The differences between the simulated and experimental 

profiles were calculated and squared point-by-poinl. and the squared differences were integrated for the profiles 

of each pbOIOl)'Sis polam.atim Sfate. 1be reciprocal mdle integral of the squared difference was summ~ for both 

polarization spectta. with a statistical weight in proportion to their respective (SIN)2; this weight was used to 

quantify lhe relali\le inbmatioo conaent for each componenL This calculation is summarized in equation (6-1). 

!;(R.13) = {[f.<\v dv ( De,q, {v) - Dsim (v; R.13) f] / 4v J1 (6-1) 

In this equation,. Dap is the experimental Doppler profile,. o .. is the simulated profile. and the integral of the 

difference squared is taken over the range of Doppler shifted frequency Av. The resulting quantity was denoted 

~ and named the optimizer, because it was the quantity to optimize here. Defined in this way, dle optimization 

is a search fer the maximum value of(. to which corresponds the optimal values of the dynamical coostants, i.e. 

which best represents the exper.mental Doppler profiles. Section 6.L4 will discuss the practicality of this~ 

definition regarding dle determination of the correlated uncertainties for the optimum values of the coostants. 

6.1.3 Iterative method to determine the observables 

The numerical values of the observables J} and Rare only physically meaningful over the ranges PE [-1.0. 2.0] 

and R e [0.0, 1.0], ~veJy, where lhe branching ratio is defined as: R = o(I*)/( o(l*)+o(I)),. and a is the total 

cross section for an electronic product channel. The dependence of the i;-function on the adjustable constants 

allows for a smoodl cmvergence to the set of optimal values for the dynamical constants. which correspond to the 

maximum value of~- This property suggested a straightforward method to be devised.. for the determination of 

the optimum constants of the photodissociation dynamics. 

Initially, the entire domain of the possible values for the dynamics coosaant was searched. Typically,. a grid size 

of 15 X 15 ~ used f<r the dcmain of the adjus&able constants P and R; the value of the e-functioo was evaluated 

for each points of the gri4. resulting in a numerical e-functioo. The optimal values of the adjus1able coostants 

were obtained by localing the maximlDll value of(,. and by identifying to the corresponding values of the domain. 

The domain was reduau by a facur of the order or 2 and centted around these optimum values for the constants. 

The grid of die domain was redefin~ and tbe e-matrix was calaJlaroo again. The process or e-runction 

calculation and domain reduction was repeated until tbe grid size was smaller than the unc.ertainty of the 

adjustable cmsrants. The iterative procedure was repealed until the region of the maxiJnum was clearly located; 

typically 4-6 cycles sufficed to attain tbe required precision for the cooscants. The precision of lbe optimal values 

for the adjustable rmstmts is disa1ssed funber below. It was found empirically that. as long as the ranges of the 

domain are made to diminish slowly enough (i.e. by a factor s 2), convergence to the optimum was oblained. 
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This technique was preferred over the more sophisticated gradient method3 because of its ease of implementation 

and for the graphical monitoring of the fit convergence. An algorithm developed in the maao language of 

GENPWT,' our data analysis sofr~ calculated a 15 X 15 e-fuctioo in about 15 minutes on a 486 computer 

based on a UNIX platform. The choice of GENPLOT maaos wu selected because this numerical analysis 

program indudes powerful graphics capability, which avoid the lime-consuming development of a graphical 

incerface. which was required to monitor the fit routine. The iterative process was monitored graphically by 

plotting the ~-fubctioo as a 3D surface against the dmJain of adjustable constants. ne final iterations of the 

fcrward ooovolution procedure. for the fit of the dynamical constants at each photolysis wavelength of the main 

data set, are represented in figures of odd numbering 6.3 to 6.19. 

6.1.4 Evaluation of the uncertainties 

A definite rationale for the definition of~ as the quantity to optimize is provided by the fact that the maximum 

value of~. denoted~. is proportional to <{S/N}:l:>, the average experimental value of (SIN)2 for the Doppler 

profiles. on the basis of which the dynamical constants were calculated; note that the (SIN) is calculated on the 

basis of the statistical Ouctuation. for one standard deviation. The limit of the precision of the experimental 

measurements must be reflected in a corresponding limit for the precision of ~IDll having a physical significance. 

To quantify this limit of precision on the maximum value of(. a quantity~ can be defined in relation lo the finite 

value of <(SIN}l:>. Talcing advantage of the statistical meaning of~. the value of~ below the optimum~ can 

be defined by the equation (6-2), where r, a statistical measure of the effective SIN for the combination of the 

experimental Dopplerprofil~ is defined as: r=<{SIN}> = ({(SJN)lffl}+{(SIN)11on}]l2. Recalling (equatioo (6-1)) 

that~ bas tbe unit of {N/SJ-1
, defining the symbolic quantities s IN= r, the statistical meaning of ~ / ~ = [S -

N] / S, i.e. the uncertainties of optimum determination due to experimental <SIN>. 

(6-2) 

The uncertainties on the dynamical coostants were determined via the determination of the complementary 

quantities, i.e. range of certainty, which is described graphically as follow. In a final 3D plot of the ~-function, 

a value oft, am be defined with equation (6-2). A horizontal plane, defined at t,, will intersects with the plot of 

the ~-function. The regioo of the dooiain defined by the locus of this intersection includes the correlated 

uncatainties in the derenninatioo of lbe q,timal values for the dynamical constants. Although the positioo of the 

maximum ~ may often not lie exactly in the centre of the range for the domain of P and R. it is coovenienl to 

redefine the best estimate of the dynamical variable as the centre of Ibis domain in each variable dimension; is 

is also reasonable to do this. since the closer to the optimum dynamics constant we are. within one standard 

devialioo, the lesser- is our improwment in lbe exadlless of the optimum parameter value within that range. This 

is a ansequence CI the ubiquitous nature of the gaussian (normal) distribution and its derivative. Therefore, we 
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can rake advantage of this definition to link the uncertainties of the optimum values for the dynamical constants 

to the experimenral uncertainties of the Doppler profile used in the forward convolution. These estimates for the 

uncertainties of the dynamical coosWlts and the <SIN> of the data are listed in table 6.1. 

T. bl 6 1 Observabl f In b cxr a e . eso oc 1ssoaabon mverstono e ,01 er oro obtained from • fth Dor I fi1 es 

Wavelength (nm) SIN P{I*) R=aa•)t{ aa•) +a(I)} Pump Power (mJ/p) 

266.0 18 1.76-2.00 0.395 - 0.43S 2.0- 3.0 

257.0 21 1.78-2.00 0.456 - 0.498 3.0-5.0 

248.0 15 1.96-2.00 0.490 - 0.510 3.5 -4.2 

240.0 27 1.92-2.00 0.453 - 0.475 1.5 -2.5 

232.S 20 1.84-2.00 0.398 - 0.432 1.0-2.0 

225.0 30 1.80-2.00 0.348 - 0.378 1.5 -2.5 

216.7 25 1.70- 2.00 0.281 - 0.329 1.0-2.0 

215.0 s 1.66- 2.00 0.220 - 0.290 1.0-2.0 

212.5 21 1.86-2.00 0.232 - 0.256 1.5 -2.5 

In order to illustrate the uncertainties of the dynamical constants, the experimenlal Doppler profiles were 

canpared with four simulated Doppler profiles. calculated for the (2 X 2) possible combinations of the extremum 

parameters values corresponding to each uncertainty range. The graphical comparison for each photolysis 

wavelength. which is illustrated through figures 6.4 to 6.20 of even number. confirmed that the values of the 

uncertainties evaluated via the topographical method delineated above are indeed reasonable. In these profiles 

comparison. the legends in the spectra indicate the photolysis wavelength: lpbocolylis. the pump-probe geometry: 

Geo:0 indicates perpendicular pump-probe axis orientation. the retardance of the Soleil-Babinet compensator 

controlling the pump polarization: SB---0.0 for horizontal Oower graph). and SB=0.5 for vertical (higher graph). 

and the statistical fluctuation of the averaged experimental data (SIN values). 

6.1.S Results or the forward convolution procedure 

The procedure outlined above was applied to each set of Doppler profiles. oblained from averaged measurements 

acquired at 9 photolysis wavelengths. The ploc of the numerical ~-function for each photolysis polarization are 

depiaed in figures 6.3 to 6.19 of odd numbering. Table 6.1 lists the fitted values obtained for the dynamical 

observable. and their range of uncertainties; within the experimental uncertainties. the anisotropy parameters 

deU:rmined at all pbotol)'Sis wavelengths investigared suggest that the excited products emerges parallel ttansitioo. 

For the excited channel. the deviatioo from 13(1•) = 2.00 bas the tendency to be greater for lower SIN. An 

additional fackr dial must be taken into account in correlating the tendency toward P(l*)=2.00 and <SIN> is the 

slight degree of salUl'ation in the Doppler spectra and tbe slight imperfection of the correction for the nonlinearity 
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Figure 6.3. 3D plot of the optimu.er- er (-fimcti011. fer the fcxwanl convoluti011 procedure. operated on the averaged 
experimental spectra measured at 266.0 am photolysis wavelength. 
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Fipre 6.4. Comparison of experimental Doppler profiles. for 266.0 nm photolysis wavelength. with simulated profiles 
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Figure fi.6. Comparison of experimental Doppler profiles. for 257 .0 nm photolysis wavelength. with simulated profiles 
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Flpre 6.1. O:mparisoo of experimental Doppler profiles. for 248.0 nm photolysis wavelength. with simulated profiles 
corresponding to the exttanes of the uncertainties oo the optimum values ex the parameters (table 6.1 ). 
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Figure 6.10. Comparison of experimental Doppler profiles. for 240.0 nm pbolOlysis wavelength. with simulated profiles 
corn:spoodiog to the extremes of the uncertainties on the optimum values ex the parameters (table 6.1 ). 
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Figure 6.12. Cc:mparison of experimental Doppler profiles. for 232.S om photolysis wavelength. with simulated profiles 
C01TCSpooding to the extremes of the uncertainties oo the optimum values of the parameters (table 6.1 ). 
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Figure 6.14. Comparison of experimental Doppler profiles, f« 225.0 nm photolysis waw:length. with simulated profiles 
correspoading to the extremes of the uncertainties on the optimum values of the parameters {table 6.1). 
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Fiprc 6.15. 3D plot of the optimizer- ex- (-fuoctioo. r« lbe forward CODvolution procedure. operated on the averaged 
experimental spectra measured at 216.7 nm photolysis wavelength. 
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Fipre 6.16. Comparison of cxperimen!al Doppler profiles. for 216.7 nm pbololysis wavelength. with simulated profiles 
corresponding to the extremes of the uncertainties on the optimum values ex the parameters (table 6.1 ). 
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PhotoJ)'sis at 215.o nm 
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Fipre 6.18. Comparison of aperimeatal Doppler profiles. fer 115.0 am pbOk>lysis wavelength. with simulated profiles 
corrcsponding to the extremes oftbe unccnaioties on the c:iptimum values oftbe parameters (table 6.1). 
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Fipre 6.20. C.omparisoo. of experimental Doppler profiles. CCI' 212.5 nm pbotolysis wavelength. with simulaled profiles 
cxaapoading to the extremes of tbe uncertainties on tbc optimum values ex the parameters (table 6.1 ). 
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of the wavelength tuning drive. which conlribule in reducing the effective SIN from the purely statistical value. 

It must be recalled lbat dlis symmeuical cbaraaaistic of the dissociation dynamics in lhe A band of tn was indeed 

prediaed by Mulliken 11, oo the basis of symmetry anelatioo between atomic and molecular properties. Assuming 

that Mulliken was right,, the anisottopy parameters may be viewed as differing from 2.00 only as a consequence 

of the impeafeaim ex our experimental measurements (finite SIN and small systematic errors). However, before 

exploring this possibility further, a question raised in die following section must be answered. 

6.1.6 Test or the method 

A question that need to be investigated is: assuming that the anisotropy parameter Ji(l•)would in fact be different 

mm. but da;e to 2.00. say P = l.80, will the method used here permit us to distinguish its value from 2.00'! The 

answer to this question is provided by a numerical test of the forward amvolution procedure described hereafter. 

We simulated Doppler profiles, for horizontal and vertical polarization. tbat would be obtained at 256 nm 

pbOIOlysis wavelength, if the true dynamical constants were hypothetically equal to: R=0.500, P =l.80; random 

fluctuations were added to these simulated Doppler spec.ti~ to mimic a SIN=25. These artificial spectra are 

represented in figure 6.21. It will be noted that these data have a rather smooth appearance, when compared with 

the expenmental Doppler profiles shown in the figure 12 to 20. This is due to the fact lhal in the experimental 

Doppler profile. the imperfections related to the correction of lhe nonlinearity. and lhe sporadic occurences of 

slight saturation of detection and amplification electronics, are always present to a small extenL No efforts were 

invested in simuJating these imperfections in the present example. since Ibey are not necessary to illustrate the 

main point. i.e. the capability to distinguish between P values of 2.00 and l.80. 

The faward coovolutim procedure was empl<>)m to find lhe optimum values of the dynamical constants for these 

artificial spectra. The resulting ~-fimction mm this procedure is illustrated in figure 6.22. Firstly it can be noted 

that the sharpo~ of the maximum is much better defined here than it was the case for the experimental data, due 

to the aforementioned inperfectioos. Secondly. the maximum of the optimizer function at R=0.500, P =1.80 

indicates that the method used in the present work is able to determine a P value relatively close to 2.00, would 

it be the case. Consequently. it is asserted lbat the Doppler spearoscopy technique. coupled with this forward 

convolution procedure. can indeed distinguish between p =l.80 and p = 2.00. for S/N:::25. 

As a caollary ~ the wt statement. it can be argued lhat it is not a limitation of the present method that P =2.00 

is enam~ by our measuremenL Granted that lhe slight imperfections of real data results in somewhat less 

defined maximum. nevalheless it can provide a reasonable estimale of p. In the following section. a comparison 

with results obtained in previous studies will be discussed prior to further develop the analysis of our results. 
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Figure 6.21. Artificial data e.rcatcd by the simulation of Doppler profiles for 256 nm pbocolysis wavelength. assuming the 
hypothetical values of P=l.80 and R=O..SOO. and adding random fluctuatioo with an amplitude such as to simulate S/N:25. 
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Figuff 6.22. Results of the f«ward convolution procedure used to determine the dynamical CXJDStants for the artificial data 
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6.2 Comparative analysis 

6.2.1 Comparison with previous studies 

In the section 2.3.2 of chapter~ we already indicated lhat discrepancies were exhibited among previous studies 

of pbotottaglllent spearosoopy pafi:amed on lhe A band of HI. The experimental observables. deaennined in lhe 

previous section. are now used to establish our position in that controversy. Figure 6.23 exhibits a comparison. 

for the dynamical constants, between our results and those frmn previous studies on this topic. 

The higher panel of figure 6.23 shows a marked inconsistency between the various resul~ concerning the 

anisotropy parameters pa•) for the excited electrooic product. The results from these studies can however be 

cJas.gfied into two groups. with regards to this disagreemeoL One group indudes: our experimental results. the 

result of Xu et al. fer 248 nm.Sand the result of Schmiedl et al. for 266 nm pbotolysis.6 The other group indudes 

the results frooi the experimental study of van Veen et al.;7 the theoretical work of Levy and Shapiro .. s which was 

based on the results of van Veen et al .. 7 is also plotted to guide the eyes. It is noteworthy that the theory of Levy 

and Shapiros was published the same year as the results of the measurement of Xu et al. for 248 nm.5 and 

consequently. the latter was not considered by the fcnner. The lower panel of figure 6.23 indicates corresponding 

disaepancies amongst the previws \\Uks. with regard to the branching ratios of the electronic products. with the 

exception that all the the results at the 266 nm photolysis wavelength overlap within their respective uncertainties. 

6.2.2 Explanation of tbe discrepancies 

It is demoostrated that the disaepancies are explained by the hypothesis that clusters were present in the molecular 

expansion used by van Veen etaL.7 and as a consequence. that their conclusions were tainted by an experimental 

artifact. The argumentation is based on factual information from H-atmn time-of-flight ([OF) measurements. 

a) Suspiciously broad TOF pealc in the van Veen results 

In chapter 2. we already observed that the results of van Veen et al. 7 were in marked disagreement with the results 

of Xu et al.sand Schmied! et al.6 After noticing these disaepancies. the experimental studies from which the 

various results had originated were sautinized to seek an explanation f(J[' the disaepancies. I observed that van 

Veen et al., who bad done their experiment in the early eighties. were using a molecular expansion of pure IIl.7 

During the eighties. a great deal of experimental work bas been done on clusters. Now in the nineties. it is a 

widely accepted fact that a gas of high polarizability. such as Xe er Kr, expanded in vacuum through a small 

norzzle (0.1 mm) from a stagnation pressure of a few acmospheres. has a large propensity to condense. Because 

m is isoelecttonic to Xe. and that it possesses a permanent dipole of -0.4 Debye, clustering is also favoured. 

Thus, the experimental conditions under which van Veen et al.7 conducted their experiment are prooe to 

clustering, and they must have generated a large fraction of clusters and their vacuum expansion source. 
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Fipre 6.24. &pcrimeotal TOF spectra lalcco from van Veen et al.(rcf. 7). a) In the 'IOF detecting fragments velocities 
measured along the photolysis polarization axis. the slow H-aum channel dmninatcs the spectrum. b) In the direction 
perpendicular to the polarization axis. the fast ff ~atoms arc predcminant. but an important signal is contributed by the slow 
channel. Note that the slow channel is significantly broader in the TOF spectrum measured in the perpendicular direction. 
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Ona: I started to suspect this problem with the experimental results of van Veen et al./ an a posteriori analysis 

of their published H-atcm TOF specua was deemed appropriate. In figure 6.24, the TOF spectra taken from the 

study of van Ve.en et al.7 are reproduced. In the H-atom TOF spectrum measured in the direction perpendicular 

to the photolysis polarization. figure 6.24 b). it can be seen that the slow H-atom peak, which corresponds to the 

excired iodine product and arrives at the detector after 11 µsec flight time. bas a significantly broader width than 

the corresponding peak measured in the parallel direction that is reproduced in figure 6.24 a). 

To illustrale this point more precisely, a Gaussian function was fit to die slow peak in the parallel direction. and 

a function of identical width and position was scaled and transposed on the slow peak of the perpendicular 

measurement. and it is shown in the figure 6.24. This operation clearly showed that the peak was broadened 

toward longer time. or lower kinetic energy. On the basis of this ccmparison. the author bad suggested that 

clusters may have been present in their molecular expansion target. because intracluster collision would result in 

energy losses. and would b£oaden the TOF peak toward lower energy. Thus these observations led the author to 

assume that condensation may have been the cause of the observed disaepancies. 

b) Photodissociation dynamics of dimers 

By an oppcnune coincidence. Zhang et al. 9 have very rec.ently published the results of an experimental study on 

the pbotodissociation dynamics of HI dimers. Their results provides supporting arguments consistent with the 

present hypothesis. Their experimental observations. discussed below, are supporting our argumentation. 

In their work. Zhang et al.9 "engineered" lhe molecular expansion such that a minor fraction (-2%) oftbe 1-Il 

molecul~ were in the form of dimers. while the remaining were free monomers; by using a mixture of 4-5 % ID 

in He er Ar diluent. lhey observed that 1-2% of the integrated ff-atom pbotofragments signal was caused by the 

dimer fraction. the rest being clearly produced by monomer. or molecular m. The results from their high­

resolution TOF (HRTOF) spectra measured on H-atom fragments are illustrated in figure 6.25 a) and b). for 

measurement in respectively parallel and perpendicular orientation of the detector, with respect to the linear 

polarization of the phOlolysis beam. 

In these figures. the lower line. corresponding to the signal observed for the dominant HI mon<Dler. indicates a 

high degree of symmetry in the dynamics, which corroborates the results of the present study. Moreover. 

magnification by X40 and by X80 of their signals, also indicated in dlese figures. have provided enlightening 

infomatioo with regards to the pboroctissociatiru dynamics of HI dimers. The high resolution and high sensitivity 

of their technique have permitted the observation of mechanisms of energy loss. 
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Fipre 6.25. Jlluslralioo of the resullS from the study of Zbaag et al.9 on the pbotodissociatioo dynamics of ID dimers; a) the 
HR'IOF specUUm measured parallel to the photolysis polamatioo; b) the HR'IOF spectrum measured pcrpeodicular to the 
pdarmtioo; c) equilibrium gecmetry of the dimer deriwd from their study; d) an illustration of a gse of pbolodissociation 
dynamics in a IU dimer. which resulcs in the "perpendicular appearance .. of an Olberwise parallel transition. The essential 
poinu that can be cleriwd tian lbeir nsults are: (i) b me molecules each elecaoaic product is produc:cd by 1ramitioo of pure 
symmetry. and fli) fer Ill dimers: aa energy loss mechanism. caused by intraduster eollisioas. produces a noticeably broader 
energy distribution for these H-atcm ftagmenlS. and also increases the relative yield of the slow ff-atoms in perpendicular 
symmetry. in ccmparisoo to the monomer dynamics 
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The TOF peaks, labelled v=l and v=2 in these figuresr correspond respectively to one quantum and two quanta 

of vllntiooal exdtatioo imparted by a departing H-atmn, to its parmer molecule, at the onset of its departure from 

the dimer. In their paper, 2llang et al9 also resolved rotatiooal energy loss in the H-atom HRTOF specua. which 

corresponds to the lost of a quantum of energy by the H-atom, suffered through the intracluster collisioo and 

deposited in the rotation of the co-molecule. The observation of roratiooal and vibrational energy loss in an H­

atom TOF was a major breakthrough in their work. 

c) Supporting evidence for the condensation hypothesis 

Zhang et al.9 observed lbat phoo:xtissociatioo of Ill dimers results in an apparent perpendicular contribution to the 

differential aoss sectioo f<r the slow ff-atom products, in terms of lhe monomer transition dipole. This apparent 

perpendicular transition is characterized by a broader energy spread of the kinetics energy of the products. 

retleaed in the spectral width of the TOF peak. which ~ resolved by their HRTOF method. Note thas this could 

not have been done with usual TOF method. such as the one used by with van Veen et al.7 

Figure 6.25 c) illustrares the equilibrium geometry of the dimer. proposed in the study of Zhang et al.9 In figure 

6.25 d), a proces.s of dimer pbotodissociation dynamics is depicted. in which a H-atom that would be produced in 

a ttansitioo of parallel symmetry in the free molecul~ is ejected from the dimer in the perpendicular direction as 

a result of colliding with its partner molecule within the dimer. 

The l:roader TOF features initially drew my attention, and led to the initial formulation of the present hypothesis 

in m-der to explain the disaepancies at band. The high sensitivity and resolution of the HRTOF technique used 

by Zhang et al. 9 allowed them to elucidate the aforesaid microscopic process responsible for the perpendicular 

contributioo ro the slow H-atcm channel. They clearly demonstrated that this process results from intermolecular 

collision, occurring upon pbotodissociation of a In molecule in In dimers. Moreover, they resolved the energy 

loss struaure in the HRTOF spectra. and chey were able to show that the quantum of energy loss corresponds to 

rotational and vilx'ational excitation of the undissociated partner of the dimer by che departing H-atom. 

Fnm the m~IS of2Jiang etal.9 at the 266 nm pbocolysis wavelength, the value of pa•)= 1.98 ± 0.02 can 

be obc.ained; this corresponds essentially to a pure parallel transition for the production of electronically excited 

iodine atoms. This last study was performed with the awareness that ID has a high propensity to duster in the 

vacuum expansion of a supersonic jeL This value of P(I•) agrees with our observation, i.e. in the absence of 

cluster, the pbotodissociation dynamics of Ill produces excited iodine atoms through transition of pure parallel 

symmetty, and ground stare iodine aums through transition « perpendicular symmetry. lbe combination of these 

facts support our argument regarding the presence of clusters being indicated by: (i) broadening of the energy 

distribution toward lower energy, and (ii) contribution from the slow peak in perpendicular geometry. 
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d) Understanding the discrepancies amongst previous results 

Prim- ro van Veen et al. 7, the first absorption continuum of tbe EH molecules was understood as made up of tbe Q­

group of states inttoduced by Mulliken: { 3n,., 3Il1, 
1Il }.11 lbe results from tbe TOF photofragment spectroscopy 

studies made by Oear et al.10 at tbe 266 nm wavdength pbocolysis. and tbe Doppler spectroscopy measuremems 

by Schmied) et al. 6 at 266 nm boch found agreement with this central assertion of Mulliken's derivation. 

To understand disaepandes and agreements between the various studies mentioned above. one must notice that 

the molecular temperature in tbe supersonic jet experiment of Clear et al.10 was 205 K. and for the gas cell 

temperature in the experiment of Scbmiedl et al., 6 it was between 230 and 300 K; at these temperatures. there is 

no clustering. No estimale of lhe molecular beam temperature was provided by van Veen et al . .7 but the 

characteristic of their specific setup (nozzle diameter: 0.1 mm. quiescent pressure: l.5-2.0 aun.) allows for an 

estimate of their beam temperature as being in the range of 10-30 K; in these conditions. a pure Ell produces 

clusters efficiently. 

The effect of clustering in the molecular expansion, that explains the large values of PCT*) in the work of van Veen 

et al.7
, is also likely to affect the values of R. On the basis of the results from Zhang el al., 9 it can be seen that the 

intracluster collisions betv.-een a wt departing H-atom and a HI molecule also affects the branching ratio between 

the electrooic product channels. lbe different pbotodissociation dynamics occurring in ID clusters is suggested 

to explain the discrepancies amoog the h'ancbing ratio measurements illustrated in the lower panel of figure 6.24. 

Note that the theoretical work of Levy and Sbapiro8 was titted to the experimenlal results of van Veen et al.7 

The study of Zhang et al.9 at 266 nm photolysis subsranciates our explanation of the discrepancies amongst the 

results obtained in the various study on the photolysis of Ell in the A ban~ which stipulates that each electronic 

channel are charaderized by a pure type of transition symmetry; the curves without magnification in the HRTOF 

spectra of figure 6.25 clearly indicate this fact; their observation provides aucial arguments to understand these 

discrepancies amongst the results in previous works. By resolving inelastic intracluster collision processes 

initialed by pJlo«xlissociarioo, they clearly showed that the ff-atoms energy distribution of tbe pbotoproducts was 

broader f<r m dUSlel'S than f<r single lil molecules. lbe combination of these facts confirms our bypodlesis that 

dUSb:ring significandy affected the results m van Veen et al.7• and it suggests that the Mulliken· s model discussed 

earlier in this work may be appropriate. 

6.2.3 Second determination vi the observables 

The global picture obcained frcm the above consideration of the dynamics of m pbotodissociatioo indicates that 

elearmically excited products emerge from a pure parallel transition. In our results. the anisottopy parameters 

encompass the value of 2.00. within the experimental uncertainti~ at all photolysis wavelength investigated. 
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The observation that the uncertainties of the observables determined by the forward convolution technique are 

correlated. canbined with the results of the comparative analysis. suggeslS an enhancement of the precision with 

which R can be oblained. If indeed the anisottopy parameter is absolutely known, the uncertainty in the remaining 

parameter R. determined by the forward convolutioo routine, should be reduced. 

Consequently. we returned to the last ireradoo of the forward convolution procedure, and consider the array of the 

optimizer ~-fimaion that corresponded to the value 1}=2.00. i.e. which effectively constrains the parameter '3(1*) 

to that value. To identify the optimum value of R. a quadratic fit was applied co the corresponding array of the 

numerical ~-function; the fit was restricted to the region in the neighbourhood of the maximum of the smoothly 

varying numeri'31 ~-fimaion. The IDlcenainties were de(ermined in relation to the scatistical SIN; a typical result 

of this operation is presented in figure6.26. The asmmption that the optimizer values always varies smoothly was 

verified by inaeasing the grid size over a constant domain of the parameters. Table 6.2 shows that the 

optimizatioo ofR for P=2.00 either reduces the uncertainties. or keeps it the same for excellent data (SIN > 30). 

The quality of the parameters determined in this second procedure bas been evaluated through a graphical 

cCD1parison. illustrated in figme 627 to 6.35. In these graphs. the experimental Doppler profiles are plotted along 

with simulated profiles calculated fer the optimum value of Rand its minimum and maximum values, defined by 

the corresponding uncertainties on this optimum value. It will be observed that the optimization of R. for 13 
constrained at 2.00. resulted in simulated profiles matching the experiment very well. Visual inspection of the 

graphical comparisons for this second determination of R. figure 6.28 to 6.36. reveals that this constrained fit 

effectively disaiminates against the slight systematic errors present in the experimenlal profiles. which is a 

positive indication of the appropriateness of the model. 

The systematic erras affecting the Doppler profiles are well-understocxl. and they may result from the following 

imperfections of our experimental apparatus. (I) A lack of wavelenglh reference from the 12 spectrum. 

corresponding to the vtN probe around +S.5 an·• Doppler sbia affectS the correction of the wavelength 

noolinearity at that energy. (Il) A slight sanuatioo of the LIF detection. resulting from the finite dynamic range 

and aeeping saturalion of the elearm multiplier devices. may also have sporadically affected some measurements. 

(IIl) Imperfection of the m UF background subttactioo may aeate some noise around + l an4 Doppler shift. 

where the sttoogest specttal feature of lbe Ill LIF is observed, especially f01: spectra of poor (S/N<lO) SIN ratio. 

6.2.4 Summary on the detennlnatlan of the observables 

The observables characterizing the pbotodissociatioo dynamics at nine photolysis wavelengths were determined 

frcm Doppler pnmle measurements., by using a forward convolution. A comparative analysis of the present and 

previous works has demonstrated that lbe excited electronic products from Ill photolysis in the A band are 
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0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 

Branching ratio o(I*)/[ a(l*)+a(I)] 

Fipre 6.26. Example of R determination for the constrained value Jl:2.00. at 266.00 nm photolysis wavelength. 

Table 6.2 Observables oflll photodissociation resulting ftom constraining P0*)=2.00 in the fit 

Wavelength (nm) <t<{S/N}2>)11'1 R=oa•)t{ a(l*)+aa)} 

266.0 22 0.399 : 0.010 

257.0 25 0.459 :t: 0.011 

248.0 18 0.500: 0.010 

240.0 32 0.459 : 0.007 

232.S 24 0.407 : O.OO'J 

225.0 36 0.353 : 0.005 

216.7 31 0.285 : 0.009 

215.0 6 0.254 : 0.047 

212.5 25 0.239 z 0.006 
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produced in pure parallel symmetry, while the ground state iodine atoms are produced from perpendicular 

transitions. Maeover, tbe knowledge d the phoo:,dissociation of ID dimers. brought about by the study of Zhang 

et al.,9 provided solid argUUlents supporting this intermediate resulL 

In the light of the facts presented above. the autbor asserts that the conclusions arrived at by van Veen et al. 7 

should be recmsideffd; it wm dcmmsuatcd that the mixed symmetry type, observed by van Veen et al. at 248 om 

and 222 nm photolysis wavelength. 7 are the results of experimental artifacts caused by cluster formation in the 

vacuum expansion. In the theory of Levy and Shapiro, 1 the nonadiabatic effects were introduced to explain the 

results of van Veen et al .• 7 but since their results were affected by experimental artifacts. their analysis was misled. 

Consequently. we reconsidered the fmward convolution procedur~ but with the constraint of pa•)=2. This extra 

piece of information obtained from the comparative analysis. permitted a slight yet important reduction of the 

uncertainties for the branching ratio of the electronic products. as showed in figure 6.27. The fact that the 

coostrained fit effectively disaiminates against small systematic errors. as illustrated by the comparison of figures 

6.28-6.36. is a positive indication that this second determination of the branching ratios is more accurat~ and 

therefore more likely valid. 

1.0 ---------------...-----------------

= I 0.8 

DD = :S 0.6 
u 

I! 
c= 0.4 ...-... 

* l 
:::::' 0.2 

* ... 

--Levy-Shapiro Model 
◊ van Veen et al. 
A Xu etal. 
• Cearet al. 
x Schmiedl et al. 
0 Present work: fit #2 

35 40 45 so 
Exdtation Energy (1000 cm•l) 

Figure 6.2'7. Ccmparisoo of our second branching ratio determination. with the results &om previous studies. 
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Fipre 6.30 .. Comparison of simulated and experimental profiles for the 2• parameter tit at 248.00 nm photolysis. 
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Figure 6.31. Comparisoo of simulated and experimental profiles for the 2• parameter fit at 240.00 nm photolysis. 
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Figure 6.32. Comparison of simulated and experimental profiles for the 2114 parameter fit at 232.50 nm photolysis. 
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Fipre 6.33. Compariscm of simulated and experimental profiles for the 2• parameter fit at 225.00 nm photolysis. 
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Figure fi.34. Comparison of simulated and experimental profiles for the 2nd parameter fit at 216.67 om photolysis. 
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Figure 6.36. Comparisoo of simulated and experimental profiles for the 2 .. parameter fit at 212.SO nm photolysis. 
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6.3 Quantum mechanical analysis 

At this point. the most important result obtained in the present study is the experimenral observation regarding 

the symmetry of angular disttibutioo fc:r the elearooic produa channel. This suggested that the photodissociation 

dynamics of In maypos.gblybeapproprialelydesal'bed byMulliken's model.11 It must be recalled that this model 

was deaned appropriate until the results &om van Veen et al.7 were reported. Because the model of Levy and 

Sbapiro1 was based m the results from van Veen et al.,7 the valididity of their conclusion is doubtful, to say the 

least. Nevertheless, because the model of Levy and Shapiro' fc:r HI expressed concerns with regards to non­

adiabatic effects in the photodissociation process. they are briefly addressed here. 

As discussed in chapters 2 and 3, respectively, the electrooic structure and the dissociation dynamics for HI 

excitation in the A band is a dynamical system in which one least expects to encounter nonadiabatic transitions 

during dissociation. The symmetry of the electrooic structure in the first absorption continuum is such that the 

only possible noo-adiamti~ interaction playing a role in the pb~tion dynamics is the weak Coriolis effect. 

Also, the relatively small average value fer rocational quantum number of the parent molecules in our experiment 

(<1>=0.4 at Tm:u=30 IC) precludes the need for considering non adiabatic imeraction altogether. 

6.3.1 Model for the dynamics of HI photodissociatlon In the A band 

The present quanrum mechanical calculatioo auempted to use the most conventional assumptions usually applied 

in this field. i.e. (1) the use of the Franck-Condon approximation (FCA) to model the electronic U'allsition, and 

(2) the ~ptim of act;abali~ dissociatioo on a single repulsive porenlial energy curve (PEC). If this model had 

not satisfactorily performed in representing the experimental observatioos. further refinements could have been 

developed. Since this first attempt met with success. its validity may be assumed, until further experimental tests 

confirm or disprove its general validity. 

Due to the narrow range of internuclear distance sampled by the ground state nuclear wavefunction, the Franck­

Coodon approximalioo (FCA) can be expected to be reasonably valid to model the electronic transition. Another 

assumption made here is that a repulsive PEC can be represented by the analytical form of equations (6-3). 

V(R) = A exp[-B (R - Re)]+ C (6-3) 

Three parameterS, A. B and C, cbaraaerize each stare. but the C parameter is determined by the asymptotic 

product channel, hence it is known by definition. An additional parameter associated with each PEC is the 

average ttansitioo dipole, denoted M. in this cbapcer. Note that the representation of a PEC by the expression (6-

3) can be assumed to be valid in lbe Franck--Condon region, for which the parameters are optimized. while its 

validity is uncertain beyond that range of internuclear distances. The latter point is of limited concern to us. since 
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optical excitation of the molecule only involves that range of intemudear distance for which the ground 

vibrational scale wavefunctioo is not zero, i.e. the Franck•Condoo region. These assumptions are summarized 

under the label: direct adiabatic photodissociation in the FCA. 

fi.3.Z Application of the model: rrom TACS to PACS 

The total abslxptioo aou sectim (TACS) measured by0gilvie1, o:mbined with our experimental branching ratios 

R. allows for the determinadon of the partial absorpdon cnm section (PACS) for each produa. lbe laccer 

quaodlies are inputs in the quantum mecbanic:al c:alc:ulatioo leading ro PEC determinations, which in lUm will 

permit a calaJlared exttapOlation foe R values beyond the range of our measurements. Hence the relations (6--4) 

link our experimenral product branching ratios R with the TACS daca of Ogilvie1 ro obtain the PACS foe each 

product channel. 

PACS(exciled Slate product: I•)= R • TACS 

PACS(ground state product: D = (1-R) • TACS (64) 

T ACS measurements and R measurements were lalcen at different frequencies; however this represented a small 

inconvenience. due to the relatively bigb density oflhe energy grid over which the TACS dara were available, and 

to its smooth energy dependence. This important point is illustrated in figure 6.37, where the TACS daca of 

Ogilvie1 are reproduced. along with the extrapolated T ACS values at the experimental energies of our R values. 

These extrapolated TACS values are symbolized by cirdes in figure 6.37. and they are listed in table 6.3. The 

reciprocal operation could be applied ro the branching ratios. i.e. a spline function can exarapolate between the 

experimentally determined values of Rat the energies values for which TACS values were measured. However, 

it is preferable to derive these extrapolated R values mm a rigorous quantum mechanical model based on me 

determination of PEC for lbe dissociative states, as will be done through this section. 

Table 6.3 Extrapolation ofTACS from Ogilvie at our experimental frequencies. 

Wavenumber (an·1) TACS O mo1·1 an·1, 

37594 57.28 ± 1.15 

38911 94.64± 1.89 
40323 139.86 ± 2.80 

41667 178.40 ± 3.57 

43011 203.65 ± 4.07 

44444 219.34 ± 4.39 

461S3 217.05 ±4.34 
46512 215.41 ± 4.31 

47059 208.64 ± 4.17 

149 



~ .... 
I e 
c..J .... 
I -= e 
• ..... 

""--' ... = ~ ..... 
c..J e 
~ 

8 
5 ..... ... 
c..J = .... .... 
~ 
~ 

300 

250 

200 

150 

100 

so 

+ 
,-.. 
V 

experimental measurement of Ogilvie 
Spline fit extrapolation 
Ogiltie- data at our experimental photolysis energies 

3.S 4.0 4.S s.o 
Photolysis photon energies (~·1) 
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Once the values of die Rand the TACS are determined over a set of common energy values. the relations {6-4) 

can be employed to determine the PACS for each product. since TACS = PACSO•) + PACSro. These 

detcrminalioos were performed at the energies of our R measurements. for which the experimenlal values of the 

PACS(I•) are given in table 6.4. Unceraainties m the TACS values of Ogilvie1 are quoo:d 2%. while our R values 

also have 2% nominal uncertainties; thus the consequent uncertainties of the PACS are approximately 3 % . 

Table 6.4 Experimental PACS for the 1• product. calculated from cables 6.2 and 6.3. 

Wavenumber (an·1
) PACSO*) (l moi-1 an·1

) 

37594 22.85:t 1.03 

38911 43.48 :t 1.86 

40322 69.93 :t 2.80 

41667 81.87 :t 2.81 

43011 82.93 :t 3.61 

44444 77.47 :t 2.69 

46153 61.90 :t 3.32 

46512 54. 74 :t 11.22 

47059 49.76 :t 2.25 

It should be noted that the measurements of Ogilvie were made at 300 K.1 for which the rotational population 

distribution is different from the one present in a free jet expansion at few tens of degree Kelvin. The effect of 

temperature on continuum absorption spectra were investigated for Br2 experimentally by Passchier12 et al. and 

explained theoretically by Le Roy13 et al.; excellent agreement between model and experiment was obtained for 

the range of 300-700 K. That study illustrated lhe theoretical model. which explains the temperature dependence 

of the absorption cross section as primarily due to a corresponding change in the vibrational and rotational 

population of the ground state. and a consequent change in the overlap of the radial nuclear wavefunctions. 

between the ground and the excited states. 

By inspection of the change in vibrational population at two temperatures. an upper limit for the corresponding 

change in the TACS can be assessed for ID. The ratios of the populations for lbe first two vibrational levels. 

P(v=l)/P(v=O) at 300 Kand at 25 Kare respectively: 10-5 and 106. Consequently less than 0.1% change is 

estimated for the TACS in this temperature range. owing ID the large vibrational quantum of die ground state 

(2309.S cm·1)
17 in m molecule. 

There is an additicmal effect of umperaaurc m the grwod vibrational state. due its slight J-dependence1
". Ogilvie1 

examined this effect form and a amparison for J=O and 1=4, corresponding to T=O and T=300 K respectively, 

shows a negligible difference in the vibrational wavefunctioo of ground state for these two temperatures. as 
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illustrated in figure 6.38. Also. the use of 300 K data for TACS and 10-30 K data for R is not a cause of concern 

in the present work. As a consequence of the above considerations, Ille effect of temperature on the TACS and 

on the PACS is asserted to be insignificant within the accuracy of our experimental data. 

x, relative separation 

Figure 6.38. Vibratiooal probability amplitude function fer Ill in ~. of the ground electronic state. HO: barmooic osdllator. 
anbarmooic oscillator for I=O. 4 and 14 are shown (taken from ref. 1). 

Once the PACS are determined. the quantmn mechanical (QM) determination of the PEC remains to be executed. 

Croa:ptually, the QM deumlinatim of a PF.C f<r an excited stare provides an operational relatioo between partial 

abscrptioo ~ sectioo by that state (PACSS) and the PEC of the ground electronic state, oo the basis of which 

the dissodatil'll d)'Damics can be predicted f<r an arbitrary photolysis photon energy. A concise description of the 

computational method is now delineated. after which we shall report the specifics of the procedures that were 

performed and the results that were obtained. 

6.3.3 Description or the method for PEC detennlmtlon 

To delmnine the parametaS a.a1espooding to the dissociative PEC that best correspond to the PACSS, a forward 

convolution routine was designed. For equatioo (6-3), ooly the parameters A and B are free to vary, while C is 

detamined by the product dlannel. Ranges of lrial values were selected for A and B parameters. for which a grid 

array wu defined: each array's entry corresponds to a pair of parameter valu~ for which a PEC was calculated 

and the Schrtxlinger wave equatim (SWE) was solved. The wavefimaim solution, in conjunction with the ground 

stare wavefunaion, wu used to caladale a simulared PACSS(A. B). The simulated PACSS{A, B) was statistically 

normalized to tbe experimental PACSS .. and the optimiqli'1Q procedure was formulated in tams of their 

differences. 
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i) the ground state 

The PEC of the ground state f<r lil bas been recently calculated by Coxon and Hajigeorgiou15 frcm a compilation 

of experimental data. as desmlJed in cbapcer' 2. Their result represents the best PEC available for the ground stare 

of Ill. This very accurate potential can be used in conjunction with the program LEVEL 6.016 from Robert J. Le 

Roy to obtain exact numerical radial wavefunction f<r the ground state. In a slightly more approximate but 

straigbtfcnvard medlod, me can apply tbe formula of Herman, Tipping and Shon1
' (IITS) to obtain a dose form 

expression f« the I-dependent radial wavefunctions of the ground state. based on the parameters of a Dunham 

potential. These HTS anharmooic wavefunctioos are plotted in figure 6.38, where it is apparent that the J­

depeodence is negligible fOI' J=O to 1=4. The validity of this wavefunclion was evaluated by substillltioo in the 

~ in which tbe potential of Coxm and HajigettgiouLS was used, and by comparing the left and right side lel1JlS 

of SWE. A relative agreement better than 0.5% was observed. which was deemed sufficient for our purpose. so 

the HfS wavefunction was used below. 

ii) the excited stale 

The exdled PEC was investigated using the analytical form of equatioo (6-3). In equations 6-3, tbe value of the 

C parameters distinguishes two 3S)'lllpcoeic products: C!!O, which corresponds to the ground state product channel. 

andC=7(J()3.15 an·1
, which is tbespio~tenergyofan excited iodine atom. The values of A and 8 determined 

the shape of the PEC f<r each excited dissociative state and the associated radial wavefunctioo, as a consequence 

of die SWE. The radial wavcfunction must be obtained by solving the SWE r« each set of PEC characterized by 

the parameters {A. B, C}. The SWE is expressed by {6-5), where E. is die energy of the molecule w. r. L the 

dissociated fragment at rest in their respective ground state, and xis the radial part of the nuclear wavefunction. 

:=/; ♦ =Jdrf; 

a/ =-k2 (r)J drf 
iJr 

(6-6) 

(6-7) 

(6-9) 

(6-5) 

(6-8) 
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The SWE ex equatioo (6-S) aJOsidcrs ooly the radial problem. since the effect of the electronic degrees of freedom 

are implicitly included in the average ttansitioo dipole. Using the substitution (6-6). the last equation is 

rearranged into an intcgro-dilferential equation (6-7). which is subsequently solved for the first radial derivative 

(f(r)) r:L cl>(r). A discn:te algorilhm. described in equations (~8), was implemented numerically, and it was solved 

using the boundary condition conveniently defined as: 4>'(r)-O as [(r-rJ•k(r)) « -1. A where re is the equilibrium 

internuclear distance in tbe ground stare. Then cl>(r) is obtained by numerical integration. and it is subjected to 

the seoood boundary cooditioos: cl>{r)=sin(t.· r + ere) for r - ""• where k,,=(2µ EJ1121li; the precision of the 

numerical solutial is deb:rmined by the numerical grid and 1: lOS accuracy of tbe assymptolic amplitude. A scale 

ncnnaUvttion aJOdition. aJOsisU:nt witb the density of stares for a free particle13• (unit: 11an·1• for R.. in A and E,, 

in an·1) is given by equation (6-9), where R,, is arbilr3rily set to 1 A. andµ is the reduced mass of the fragments. 

We have described a procedure lo obtain the radial nuclear wavefunction. for an arbitrary energy. oo an excited 

PEC represented by the analytical model of equation (6-3) parametrized by the values of A. B and C. Also. we 

can refer to the corresponding wavefunction for that excited dissociative state as: 4>=4>(r; A. B. C. I;.). 

iii) the absorption cross sectionformula 

The PACSS can be related to the wavefunctions of the ground and excited states. and lo the transition dipole Mu, 
by using the numerical relation expressed in equation (6-10). taken from Le Roy et al. 13 The absorption cross 

section is exprc:ssed in terms oftbe decadic molar abl!imptioo coefficient. Er, unit of {I• mo1e·1 • an·'>- In equation 

6-10. µ' is the reduced mass in amu. v is the pbOIOO energy in an·'. the index u refers to the unbound or 

dissociative state cu-responding to that PACSS, cl>, is the wavefunction of the ground state. ~u is the wavefunction 

of the dissociative state. and g11 is its degeneracy: I for 0::0. and 2 for O= 1. M,,(r) is the electric dipole for the 

transition to state u. and it is assumed independent ofr here. following the FCA ~.Cr; A. B. C. E,J in 6-10 is 

understood as having an asymptotic amplitude of unity. consistent wilb a normalisation defined by (6-9}. 

•rM = 8.43946 • 10◄6,• j v k, (E,, }'" g.~ dr •• (r;A. B, c. E) M.(rJ♦,crf (6-10) 

iv) the formulation of the optimizalion procedure 

The iteraliw procedure used todelamine die PEC caaespwding toa PACSS is similar to the forward convolulion 

of section 6.1 used to determine die observables from die Doppler profile. yet it is more refined. A set of 

experimental values with una:rtainlies are canparcd to a model dlaraaerized by specific paramecers. The goal 

of the procedure is to detamine die values of tbe parameterS. and their uncertainties. in relation to the 

experimeoral measurements. 

,. The boundary CODditioa for the asymptotic limit at small internuclear distance is the matbanatic:al exprasioa of the fact 
that at0lllS experience a large repulsive force at close distaace. or simply due to: V(r)-"", as (r-r.)-.-. 
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The usual technique used for parameters optimizatioo is a least-mean-square (LMS) deviation between the 

experimental data and a paramettized model. This ledlnique works well in many cases where the data are 

abundant. and the uncertainties on the parameters are defined by the statistical fluctuations of lbe numerous data 

points around the parametrized model. However. there is potential problems in cases such as ours. where the 

number of experimental data (the dynamical coostanlS at 9 energies) is relatively small. and for wbicb the 

uncertainties are well-defined (from statistical averages of numerous repeated measurements). but for which lbe 

pos.gble occurence of small spurious systematic errors in scme of the poinlS (outlier) cannot be torally dismissed. 

The inherent problem of the LMS optimization technique is its lack of robusbless against outliers. which in the 

case typified by our data set. is porentially most detrimental. This robusmess problem is usually addressed by 

adding a correcting function (denoted influence function) to the fit17
, but the arbitrariness of these influence 

functions leads to a fit procedure lacking the guidance provided by a physical rationale. 

I have addressed this problem. and the result of careful considerations led to a procedure that represents major 

improvement of robustn~ for the statistical optimization of parametrized model. in the case of small number of 

data point having well defined statistical uncertainties. The derivation of the method. denoted best statistical 

overlap (BSO). and the demoosttatioo of its robusbless. is the object of appendix F. The validity of the technique 

has been asserted by a prof~~;<'mtl academic statistician.11 

The essence of the BSO fmnulatioo reslS on an appropriate definition for the "sensitivity" of the fitting algorithm 

for the deviation between model and data. Assertion of this definition in terms of specific requirements will in 

fact prescribe the BSO fcnnulalioo fer the optimizatim medlod. As usual. the first requirement is a minimization 

of the deviation{~ between experiment and model for any data poinL The second requirement demands that the 

finite uncertainties (uJ for each data point must be taken into account in such a way that the optimization 

sensitivity must vanish as A/U+. -0, i.e. the improvement in the goodness of the fit must be decreasingly important 

as the deviation becomes much smaller lhan lhe experimental uncertainty for any poinL The rationale for this 

second requirement lies simply in the statistical meaning of the uncertainty: as the ratio 4/~ decreases beyond 

the value of one, the quality of the fit must become inaeasingly less sensitive to further reduction. To satisfy this 

second requirement. a sensitivity funa.ioo can be defined f<r each data point; assuming the 0uctuations are ttuly 

rand<m. the Gaussian disttibutioo. i.e.: St= exp[-oi)(4/uJ2.J fulfills dlis requirement appropriately. A third 

requirement ensues from the possible different relative significance of each point. in account of their different 

information content. which is quantified via a relative weight w1 in the following description. 

It most be noted that there is a subtle difference between the notion of relative weight in the present case. 
ampared to its usual meaning in LMS method. The relative weight wi in 8SO refers to the relative importance 
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of a dala point <.Dllpared to the ensemble of the Olher data points. independently of the model. while in LMS, lhe 

notion of weight refers to the relative difference od a data point with the model. 

The BSO formulatioo of lbe optirnizariQn procedme is defined as the maximization of the optimizer O. defined 

as: 0 =Ewi !\- It will be noted that the ortirnizer O conveniently spans the range of values: [0.1], where 1 would 

correspond to a perfect fit. i.e. a model for which the predicted value would fall exactly at lbe cenrre of the 

measured range of uncertainties, for the measurements at all values of the independent variable (which in the 

present case is the photolysis photon energy). 

In our present analysis. it was found empirically that a normalized weight (Ew,-1 ). defined as W{xv/llf where vi 

is the value of point i and °' is its uncertainties, provides a proper representation for the relative significance of 

each data point; note that this weight is proportional to the inverse of the relative uncertainty of the data poinL 

The latter point may a:me as no surprise when one realizes that these relative weights are statistically equivalent 

to signal-t~noise ratios, which is a measure of the information conteoL It must be said that in general. the 

expresgm for w, will differ from the simple one used here, but its physical meaning of information content will 

be implemented in the statistics by an appropriate expression. It is up top the user to quantify the relative 

information content of the experimental data. 

In praai~ the maximum value of O is almost never exactly on~ but lhe closer it gets. the better the model can 

be asserted; lbe deviation of the maximum O indicates that either the model is inappropriat~ or that there is 

outlier point(s) due to sporadic spurious errors. This property is an additional property that make this statistical 

tool a convenient one. 

6.3.4 Application or the method ror PEC calculation 

{i) The iterative forward convolution procedure 

The forward convolution is a set of operations including the quantum mechanical calculation (equation 6.5 to 

6.10) used tolinkaparametriZed PEC(R; A.B.C) model with an experimental PACSS. The BSO technique was 

applied to determine the PEC parameters that best represent the experimental data. 

The parameter C of V(r) was set to the value corresponding to die product channel. A range of values and a 

nlDllber of inaements (NA and Na> were defined for each parameters A and B. Then, for each one of lbe <N. X 

N8 ) paramea:rs ambinatic:Jns. a PEC wm defined and the Scbrodinger equation was solved. The resulting radial 

wavefimctioo was used to calculale lhe energy dependence fir the relative ttansition amplirud~ within the Frandt­

Cmdoo approximalioo19 (FCA). 1be panial absmption aoss sectioo for that state (PACSS) was calculated using 

equation 6-10. The process was repeated at each photon energy for which the PACSS was determined. 
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This simulated nmnerical PACSS was integral-normalized to tbe experimental PACSS, in order to provide a first 

guess of the average transition dipole Mu- Then a statistical optimization of M,. was performed via the 

maximi7.ation of O(M,.; A. B). ie. fer these fixed A and B parameters. M. was varied and the difference between 

simulated and experimental PACSS (defining 4J was used in ambinalion with the experimental uncertainties 

~ to calculale the oplimizer 0. The optimal value of M. (denominated Mo.,J, corresponding to tile maximum of 

0, defines O(A. B) !: O<M.; A. B). The latter quantity was stored for each (NA X Na) A and B parameter 

combination on the grid; this defines the optimizer function. The maximum O value in the optimizer function 

conespoods to that ccmbination ex A and B values which best represents the real PEC, within the precision of the 

grid of parameters used in the iterative procedure. 

After initially readjusting and eventually shrinking the ranges over which the optimum values of the parameters 

A and B are sought. tbe applicatim of this fcxward movolution teebnique is repeated until a satisfactory precision 

of the A and B parameters is acbived. Typically, 6-12 successive evaluations of the optimizer function were 

required to defennine the values of the parameters for the PEC that best represent the experimental PACSS. The 

computation was performed on a UNIX platform, using our algorithm developed in the GENPLOT macro 

language. 

(ii) Specifics of the calculation procedure 

a) The 1 IZ,+ state 

The ~ptioos used here follows the derivation of chapter 2, which was based on group theory and correlation 

diagrams. That derivatioo showed that the 1• product can only result from transition to the 31Io+ state. Therefore. 

we can take the PACSO•) as being the partial absorption aoss section fer the state 3Ilo+ (PACSS(31lo+ )), or briefly 

put: PACS{l*)l!PACSS<3Ilo+). The above procedure was first applied to a caJculalion of the PEC for the 3Ilo+ 
sra~ using PACS(I*) defined by table 6.4. The results of this first application is illustrated in figure 6.39, which 

shows that an excellent agreement was reached between the model and the measurements. 

The extrapolation of PACS(I•) OWi' the range of TACS frequencies, calculated from this PEC, can be considered 

with rmsooable anfldeote. since it <mly involves PEC defined ewer' the Franck-Condon region, fc:.r which the PEC 

is quire reliable. Nevertheless, a quanlific::ation or the unc:atainties for the PEC parameters is desirable. Initially, 

a visual estimate of Ille uncertainties can be obtained by varying each parameter one by one, and by estimating 

the quality of die a,nsequent PACSS with the optimum one and with data, from visual inspection of a graphical 

representation. Figure 6.39 illusttates these visual estimates of parameters uncertainties; the curves illusttaling 

the effect of the parameters uncertainties are intentionally plotted with the same symbol, for the idea is to create 

a scatter around the optimum PACSO*) as a result of a scatter around the optimum value of each parameters. 
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The statistical method employed here allows a rigorous definition for the uncertainties of the PEC" s parameters. 

It is defined in relation to the relative uncertainties of the data through a relative optimizer value Oac calculated 

from equation 6-11 (see appendix F). For the sake of comparison, bodl the visual method and the statistical 

evaluations of the uncertainties are quantified in figure 6.40. In a) we calculate the Optimizer functions for the 

limit values of uncertainties obtained from the aforementiooed visual method. while in b) we proceeded with the 

fmnal delaminatim oftbe IDla:nainCies, betv.een o ... and 0-.: defined in equation (6-11). In the laaer equation, 

Nap is dle number~ dala point in the optimizalioo, and wi is the statistical weight for the point i. which represent 

the relative information content among the data set. as discu~ above. 

1 
OUNc = OMAX 1---;::::=====::::;;::========;:; 

~( )2 -1 (f0
(xi)-y,) 

~ wi exp -
i 2 a, 

(6-11) 

This canparison showed that the parameter~s uncertainties obtained from lhe statistical evaluation related to the 

experimental uncertainties is roughly ten times smaller than the one that would have been guessed from a 

qualitative visual estimate. This is a (X]l]sequence of the high quality oi rbe experimental data, and the smoothness 

of the PEC functionality. 

b) Validity test for the PEC: dependence on analytical fonn 

The analytical form (6-3) is known to provide a satisfactory representation of the PEC over the Franck-Condon 

regioo. However, it is also expected to be valid somewhat beyond that range of internudear distance. Thus, if 

it can be showed that the numerical PEC is independent of the analytical form, at least over the Franck-Condon 

region, this sball inaease confidence in the consequence of the model. namely the exttapolation of me PACSCT*) 

over the energy range of the A band. and the consequent exttapolatioo of the branching ratios. 

In order to test the dependence of the exttapolated PACS(I*) on the analytical model, we employed another 

functiooal fmn to model die PEC: V2(R)=Ai ·R ·exp[-82 (R.-Re)]. lbe optimum parameters were calculated and 

me resulrs of the simulated PACS(I•) fer each anal)'lical potential are compared. Obviously, the numerical values 

of the optimum A and B parameters were different fer each analytical form, but both produced the same fit quality, 

i.e. dle same o ... value. Mm:owr a amparison of the numerical PEC and PACSS values, shown in figure 6.41, 

indiaw:s that they were indislinguisbable in the Franck-Condoo (FC) region, for the two analytical forms of PEC. 

Hence the result of this test is that the optimum PEC and the consequent simulated PACS are independent of the 

analytical fmn used f<r the PEC model in the (fC) region of interesa; amsequently, the conceptual role of the PEC 

model was essentially ""to smoothly link'' the experimental data. 
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161 



Taking few steps back. one realizes that we have obtained a fairly good representation of the experimental 

PACS(I•) measurement from the calculation of a PEC for the 3IIo+ state. Because the virtue of the model is to 

represent the PACS(I*) over the range of energy corresponding to the A band absorption, and that the TACS is 

known frcm Ogilvie1, we can evaluate the PACS(I) over this energy range with reasooable confidence. at least at 

the energy values fer which lbe TACS were determined. Briefly said. we can use the PEC( 3Ila+) to calculate the 

PACS(l) fnm theambinatioo of the TACS, the PACSO•), and the set of equations {6-4). Moreovertbe reader 

will note that a calculation for the values of R is wilbin reach lhrougb equations (64). The result of this 

calculation is listed in table 6.5 below, and illustrated in chapter 7. 

The next logical step is to explore me possibilities of PACS(I) representation by PEC foc the olher stales of the 

Q-group, fer the sake of a:mpleteness and consistency. In principle. two states can be involved for PACS<n: the 

3II1 and 1Il electronic states. From chapter 2. we recall that the 3II1 state will lie lower in energy than 1n state; 

the latter should carry the p-edcminan~ part of the cross section, while the former can contribute weakly to the 3111 

state, owing to the propensity for elearooic spin conservatioo in the electronic transition; however, the strong 

spin-amt ooupling of the Iodine aran may vecy well give out a finite aoss section for a transition to the 3II1 state. 

Following a suggestion ftom Le Ror', we must nevertheless address the question regarding wether one or two 

states need to be used to represent the PACSffi, because a single state may suffice to represent PACS(n. The test 

of this hypodlesis was performed, and it is desaibed in dle following paragraphs. 

C) The In state 

In order to determine whether one or two states contribute lo the PACSffi, we first attempted to fit the whole 

PACSG) with one PECC'm. Le. we explored the possibility PACS(l)=PACSS('ID. FU'St. two different local 

maxima were observed as lhe overall fit improved loward a better combination of parameters; for each local 

maximum, either the low end or the high end of the PACS(I) tends to fit better, as illustrated in figure 6.42 b). 

Second the best parameter combination, corresponding to the peak in the optimizer plot in figure 6.42 a), only 

differs a little from me one of the two aforementione.d local maxima; moceover, this best simulaled PACS<n fits 

well only the high energy pan of lbe experimental PACS<n, while a deficiency of PACSO) ~ obcained at the 

low ene.rgy end dtbe PACS(I), as shown in figure 6.42 b). Additionally, the overall quality of the fit. quantified 

by o_=0.62 , is rather poor. The sum of lbese observations warranted the exploratioo of a second possibility, 

namdy that me lower lJI1 stare may cm tribute significantly to the PACSffi, in keeping with the model suggested 

by Mulliken 11
• 
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Table 6.5 PACSO•), Rand PACS(I) calculated from the calculated PEC(3Ilo+) and TACS from Ogilvie1. 

Wavenumber (an·') PACsa•) (l mol'1 an·1) R PACS(J) (l mo1·1 an·'> 
32500 0.0000342 :t: 0.06 0.0003114 :t: 0.000012 2.999 :1:0.06 
33000 0.01244 :1: 0.08 0.003110 :t: 0.00012 3.987 :1: 0.08 
33500 0.07179 :1: 0.11 0.01305 :1: 0.000S2 S.428 :1: 0.11 
34000 0.2655 :1: 0.16 0.03318 :1: 0.0013 7.735 :t:0.16 
34500 0.7423 :1: 0.22 0.06748 :1: 0.0027 10.258 :t: 0.22 
35000 1.709 :t: 0.3 0.1139 :t: 0.0046 13.291 :t: 0.3 
35500 3.415 ± 0.41 0.1666 :t: 0.0067 17.085 :t:0.41 
36000 6.136 :t:0.54 0.2273 ± OJ)091 20.864 :t: 0.54 
36500 9.933 :t: 0.71 0.2798 :t:0.011 25.567 :t: 0. 71 
37000 15.03 :t: 0.91 0.3303 :t: 0.013 30.471 :t 0.91 
37500 21.497 :t 1.1 0.3909 :1: 0.016 33.503• 1.1 
38000 28.771 :t 1.37 0.4200 :1: 0.017 39.729 :1: 1.37 
38500 37.159 :1: 1.64 0.4532 ± 0.018 44.841 :t 1.64 
39000 45.639 :t: 1.95 0.4681 :t: 0.019 5 l.861 :t: 1.95 
39500 54.399 :1: 2.27 0.4793 :0.019 59.101 :1: 2.27 
40000 62.485 :1:2.6 0.4807 :t: 0.019 67 .515 ± 2.6 
40500 70.010:t:2.9 0.4828 :t: 0.019 74.991 :t: 2.9 
41000 75_9ze :1: 3.19 0.4760 :1: 0.019 83.572 :1: 3.19 
41500 80.967 :t: 3.49 0.4640±0.019 93.533 :1: 3.49 
42000 83.760 :1: 3.7 0.4528 :1: 0.018 101.24:t: 3.7 
42500 85.782:t: 3.9 0.4400 :t: 0.018 109.22:t: 3.9 
43000 85.190 :t: 4.07 0.4186±0.017 118.3 I :t: 4.07 
43500 83.860±4.2 0.3993 :t: 0.016 126.14 :4.2 
44000 81.030 ± 4.33 0.3743 ± 0.015 135.47 ± 4.33 
44500 77.167 :t: 4.39 0.3516: 0.014 142.33 :t: 4.39 
45000 73.031 :t 4.4 0.3320 :t:0.013 146.97 :t: 4.4 
45500 67 .395 :t: 4.39 0.3070 :t: 0.012 152.10 ± 4.39 
46000 61.943 :t: 4.35 0.2848 :t: 0.011 155.56 ± 4.35 
46500 56.290 :t: 4.31 0.2612 :t: 0.010 1S9.21 :t:4.31 
47000 50.470 ±4.19 0.2410 ± 0.0096 159.03 ±4.19 
47500 45.0Ui :t: 4.05 0.2223 :t: 0.0089 157 .48 ::1: 4.05 
48000 39.60:t:3.94 0.2010 :t: 0.0080 157 .40 ::1: 3.94 
48500 34.56:t:3.82 0.1809 :t: 0.0072 156.44 :t: 3.82 
49000 30.0S :t: 3.69 0.1629 :t: 0.0065 154.45 :t: 3.69 
49500 2S.74 :t: 3.55 0.1450 :t: 0.0058 151. 76 :t: 3.55 
50000 21.96 :t: 3.41 0.1288 :t: 0.0052 148.54 ± 3.41 
50500 18.66 :t: 3.27 0.1141 :t: 0.0046 144.84 :t: 3.27 
51000 15.68 :t: 3.13 0.1002 :t: 0.0040 140.82 :t: 3.13 
51500 12.20•2.96 0.08246 :t: 0.0033 135.80 ::1: 2.96 
52000 10.18 ::1: 2.88 0.07068 :t: 0.0028 133.82 ::1: 2.88 
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Before attempting to quantify this second hypolhesis. nore lhat it bas been suggested by Le Roy'> that two other 

physical pos.glJilities may be able to aax,unt f<r the disaepancies in representing PACS(O by a single state; it was 

suggested that either a more complex functionality of the repulsive curve. or an R-dependence of the transition 

dipole Ma should be able to represent tbe PACSO) with a single PEC. However. there is added complexity 

imposed by the consideration of these hypothesis. Moreover beause we developed and quoted many arguments 

coocaning the symmetry of the electronic structure f<r Mulliken• s model (see chapter 2). the author planned to 

first try the laller model inilially. beamse it was simpler. Then. in the eventuality that MulliJcen would not suffice. 

we would have applied this second suggestion from Le Roy"; the results of the test indicated that tbis was not 

necessary. 

We now consider the determination of the PEC parameters assuming that these two states contribute to the 

PACS(I). In principle. there is a region of energy over which bodl states can contribute to the T ACS. and ideally 

one could fit two PEC by simultaneously varying five parameters (two set of A and B's and a relative transition 

strength) in the optimi7.ation procedure. However. a more affordable approach. aiming to first fit a PEC to a 

reasonably high energy pan of PACSm. proved to be more sensible. and produced stable results. 

The sttategy to determine the two PEC contributing to the PACSffi was as follow: the contribution of the weaker 

3111 state. lying at the low energy end of lhe ground state PACS(I), must vanish at sufficiently high photon energy. 

where absorption by the 1Il state dominates the PACS<n entirely. Empirically we found that if the portion of 

PACS<n above 42500 cm·1 was fitted to PEC(1Il), a much better optimizer value co_= 0.89) was obtained foc 

an unambiguous axnbination of model parameters. although the relatively good quality of the data suggests that 

a better fit may be achievable. Although the overall convergence of the parameter fit was quite smooth for this 

rewia.ed regioo. nsc:iJlatinos of the Optimizer values around the maximum can be observed using a finer grid for 

the paramel.erS dcmain, as seen in figure 6.44. These oscillatioos show that the best parameters combination do 

noc smocmly anverge to the optimum set. but it bopped. from a combination of parameters optimum for a subset 

of experimental point. to another combination, which is then more suitable for another subset of experimental 

points. 

Referring 10 figure 6.43 b), the reader will appreciate dlat this second fit. to a region of PACS(I) restricted to a 

photolysis energy above 37000 an·•, OverC$tiroates the PACS(I) between 37000 and 43000 an·•. Another 

observation can be appra:ialed in Ibis figure: the two points at the highest energy in the PACS(I) values indicates 

a point of inflexion. lbese two observations have a ammon physical ratiooale. One must recall that both 

Remand and Vodar21. and Huebert and Martin22
• whose results were reproduced in chapter 2. have observed that 

absapdm by the stroog B band, which becomes obvious at 190 nm, must extend to longer wavelength up to 200 

nm. or to energy as low as SOOOO an·•. 
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Flpre 6.42 a) Plot of the optimizer f'uactioo showing the bistable path to the maximum. which is itself of poor quality: 
b) Comparison of simulated PACSS for two points near the optimum. in each bistable path. and for the optimum. 
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Figure 6.44 Plot of the optimm:r function for the detc:m,in~on of PEcem by a fit to the PACS(n above 43SOO cm-1; detailed 
look at the behaviour of the optimizer function around the optimum: the .. oscillatory• behaviour is discussed in the text_ 

Returning to 6_43 b) one can appreciate that the point of inflexion suggests the onset of an absorption band. the 

B band- Consequently. the regioo of the PACS(I) data fitted to PECc1m should also be restricted to the energy 

range below 50000 an-1
• because above lhis energy it is very likely that another state pertaining to the B band 

system also contributes to absorption. 

Armed with this knowledge, a third cycle of optiroi2atioo was perfmmed using the experimental values of PACS(I) 

having photolysis photon energy above 42000 an-1
, and below 50000 an-1

; the results of the optimization are 

plotted in figure 6_45 a) fm- a low resolutioo grid, and in figure 6.45 b) fm- lbe finest grid to identify the values of 

the optimum parameters. The optimizer function converged very smoodlly to Ille optimum parameters 

combinadim, which indialleS a w:ry good certainty in determining lbat the model represents the reality well. The 

goodness of the model's representation is quantified by the maximum value of the optimiur function. which 

reaches the value of Omu=0.98 for this third fit; nue that this is vecy cl06e the roBiimum possible value of Os 1. 

A further set of optimizer calculation was used to obtain an emrnale qf the parameters uncertainti~ as we did 

for PEC('Ilo+ ). 
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d) The 1 Di stare 

These opumum parameters are used to calcuJare an exttapolation of PACSS(1m at all values of the energies for 

which Ogilvie bas determined the T ACS, which is then compared to the experimental PACS(O in figure 6.46. 

The difference between PACSS(1Il) and the experimenlal PACS(I) is also plotted in the latter figure, where the 

low energy bump is assigned to PACSS(3111), while the difference above 50000 an·1 is due to the onset of the B 

band absorption. Coosequendy it is amduded that: PACS(I) = PACSS(1m + PACSS{'II1) + PACS(B band). 

within the energy range of figure 6.46 . 

..-.. 200 r--"'T'-~-r--r--,,-'T"'""~-r---r--r-r--r--r-T-----~----.--T-....... __ ..-____ _ -s 

100 

so 

+ PACS(I) Clllcalated fJum TACS and PEC('flc,) 
O Pu11111 _.. to calmlate PEC('D) 
• PACS(I) • PACSS(lm 

--A: 24298.000 cm-1, 8: 3.104001·•• 1,C 0.055933 Debye 

Onset of the 
Bband 

o L...1........1.i:l!EiE:!:~:..:..i...~•..:•~•t..!•~£.1L.1u~:d...r.-.... L...1....&.111._....._-'-_..,.JJ.a.J~•:.,_•_J.--L.._J 
3.0 3.5 4.0 4.5 5.0 5.5 

FilUff 6.46 Canparisoo of the PACSSCIJIPIIDiel,Wil jlllB111m11■ •D (cJDl!)ritb the experimental PAdtfr: 
note that the parameters fer the PEC(1m were determined &om the range of experimental PACS(I) included between the 
vertical lines. Note the onset of the band consistent with previous spectroscopic observations (see chapter 2). 

The reader will note that the "experimentar• PACSS('II1). determined from the previous relation, bas a well­

behaved shape, i.e. its energy dependence has the qualitative attribute of a partial absorption cross section from 

a single state. Once again the parameters of Ille PEC(3II1) can be calculated using the optimization procedure 

described above, for which the results are illustrated in figure 6.47. The rna•iJnum optimizer value for the fit to 

this third state was: 0_=0. 72; although it is not exceedingly high. this is quite good considering the additive 

errors that accumulate along the successive subtractive steps of the pr<Xedure. 
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6.3.S Summary ol the QM determination or the PEC 

The present model of the first absorption continuum involves three dissociative states: two of which f'II1, 111 } 

ca1espood to the produaioo oftbe ground state iodine {2I>yz} products. while lhe other one £31Io.} is responsible 

fer the productioo of the excired sraae iodine (2Pt12} product. 1be procedure desaibed above was used to determine 

the PEC parametrized by three coostan~ and characterized by a value of the transition dipole. 

Using three PEC, one for each state of the Q-group predicted by Mulliken 11
, the A band absorption can be 

deamposed into three partial ab!opdm ms seaim fir each srare (PACSS). The PEC parameters, for the states 

of the Q-group that best corresponds to our observables. have been obcained. By using equation (6-3) as an 

analytical representation of the PEC, the numerical values of the parameters obtained are listed in table 6.6. 

Agure 6.48 illustrates this by comparing the sum of the calculated PACSS with the experimental TACS. The 

results of this QM model provides reasonable extrapolation to predict the products branching rati~ R between and 

beyond our measurements; in fact. the prediction of R could be already obtained after the determination of 

PEC(3Ilo+). 

Table 6.6. PEC parameters for states of the A ban~ determined through the analytical form equation (6-3). 

State A ccm·1
) e cA-1> C ccm·1

) Mii(Debye) 

3111 11550: 80 l.92:0.03 0 0.0067 ± 0.0007 

3Ilo. 11542.5 : 12.5 3 .984 ± 0.004 7603.15 0.0278 ± 0.0003 

in 24298:20 3.104 ± 0.008 0 0.0559 ± 0.0014 

We mentioned that other explanations. such as a more complex PEC, or a radial dependence of the ttansition 

dipole. oould modify the explanation for the PACS<n and PACS(I*). However m<Xe experimental information, 

not presently available. are required to quantitatively test these hypothesis, if they are to contribute in an 

enhancement of our understanding for this system. Nevertheless. our procedure rests on simple but consistent 

ground. To furtba- enhance the knowledge on this u,pi~ the auth<r suggests an experimenral test of the prediction 

of R obtained from the extrapolation afforded by the model calculation listed in table 6.5. 

In figure 6.49. we compared wr predicted R. calculated solely on the basis of our measurements. with those 

obtlined in previous experimental measurements. The agreement is encouraging, since our calculation predicts 

a value in agreement with the value of R around 51800 an·•. observed by Xu et al .. 5 and which was not included 

in the input data of this analysis. 
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Chapter 7 Conclusion 

The central results of this thesis are: (i) the experimental determination of the anisottopies and the electronic 

branching ratios for the pbotofragments from HI pbOlOlysis at nine pbotms energies throughout the A band. 

(ii) the ccrresponding determination oftbe partial absorption aoss section (PACS) foceacb electronic product. 

and (iii) the determination of the parameters for the pocenlial energy curves (PEC" s) representation of the 

dissociative states. obtained by a quantum mechanical {QM) calculation done within the Franck-Coodon 

approximation (FCA),. and the consequent extrapolation of the branching ratios over the A band absorption_ 

7 .1 Photodissociation dynamics of m upon excitation in the A band 

7.1.1 Obse!"'ables from Doppler spectroscopy or H-atoms 

The analysis of Doppler spectra from H-atom photofragments yielded precise values for the characteristic 

observables of lhis pllcwissnciaricn process_ The observables obtained from the inversion of the Doppler profile 

measurements demonstrated that there is a one-tc>0ne correspondence between the electronic product and the 

transition S}1Jlllletry in Ibis pbOlodissodation ~- The electtooic branching ratios. obcained from the averaged 

measurements of Doppler profile at nine photolysis wavelengths,. were listed in table 6.2_ 

The values obtained for the anisotropy parameters indicates that the excited iodine atoms result from a transition 

of parallel symmetry. while the ground state iodine atoms were known to result from perpendicular transitions,. 

in agreement with our observation_ However. this result was found to be in marked disagreement with those 

obtained in a previous photofragment spectroscopy study by van Veen et al., 1 yet it was in good agreement with 

the thecretical model first derived by Mulliken2 on the basis of symmetry correlation. The author demonstrated 

that these disaepancies originated mm dusrcring in the molecular expansion, which affected the results obtained 

in the earlier study of van Veen et al.1 

7 .1.2 Explanation of the discrepancies 

Fsrst it was hypothesized that lhe measurements from van Veen et aL 1 may have been significantly affected by the 

presence of a relatively large concentration of clusters in their supersonic expansion of pure fll_ This suggestion 

was prompted by the observation of a conspicuously wider energy spread in the TOF peak for the slow 

perpendicular PQk. which bad neither been observed nor predicted before_ By an opportune coincidence. Zhang 

et al. 3 have very recently published the results of an experimental study on tbe phOlodissociation dynamics of m 

dimers_ Their results were consistent with the present bypodlesis, and they also supported the evidence of 

condensatioo regarding the broadening of the kinetic energy distribution. Moreover,. they observed that the 

conditions under wbicb the experiment of van Veen et al.1 was conducted favour clusters formation. 
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Aax:,rding to their paper, van Veen et al.1 were seemingly not aware of the presence of clusters in their pure lil 

expansion. On the basis of their results. they concluded that Mulliken2 was mistaken regarding his prediction of 

the 3E, state. They assumed that Ibis state, the lowest electronic state that both bas the appropriate symmetry and 

anelates IO the excited iodine product. was in fact at a lower energy than Mulliken2 predicted. Van Veen et al.1 

also did a quantum mechanical caladalion, which wu based ma modified 6•approximalion, or reOeclioo meth~ 

for the calculalioo of the overlap integral between the ground and excited stare wavefunction. 

On the basis of the same experimental results. Levy and Shapiro' performed a detailed quantum mechanical 

caladalion, and they followed the interpretation of van Veen et al.1 cooceming the presence of die 3E1 state. In 

order to provide a quantitative explanation for the observations of van Veen et al., Levy and Shapiro found that 

nonadiabatic coupling effects between the various states of perpendicular symmetry bad to be included in the 

photodissociation dynamics. This further complicated the physical picture for this process, prior to our study. 

A reasonable explanation for the disaepancies present amongst these studies have been presented. which brings 

consistency among the results of all previous experimental studies. The observation of van Veen 1, concerning the 

perpendicular component of the slow channel, should not have been attributed to the pbotodynamics of the 

monomer, but rather IO the pbotodynamics of an undetermined mixture of monomer, dimer, and other heavier 

clusters'. Moreover, in all experimental studies on lU pbotofragment spectroscopy performed after 1987, when 

general awareo~ of dustering bad became more generally recognized, the anisotropies of lhe excited electronic 

product bas been observed to be of pure parallel symmetry type .. 

7.1.3 Consequence for the photodiDoclation model 

The assumption of nonadiabatic interaction in this dissociation process was a consequence of the electronic 

structure hypothesized by van Veen et al.1 This hypothesis was a consequence of the observed perpendicular 

cootribution of the excited electtooic iodine pnxluct. which was showed to be an experimental artifacL Therefore. 

there is no need to take account of nooadiabatic effects in the m photodissociation. 

The realization of this point, combined with the high velocity of lhe H-atom fragments. suggested the validity of 

the axial recoil approximation for this system, i.e. in this dissociation pr~ the molecular rotation merely 

witness the bond breaking. Moreover, the observables obtained in this work indicates a remarkably symmelric 

piaure for the dynamics of m pbotndissociation in lbe A band. wbicb further substantiates these findings. 

A NOle that in the present study, experiments were canied out widl an HI coacentration around S%, for which Zhang ct al. 

wcrking in wry similar c:axtition. bas showed chat the dimer dynamics was c:ontributing to less than 2% of the signal, the rest 

being clearly due to die Ill monomer. 
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7 .2 The low-lying dissociative states of HI 

7.2.1 Quantum mec.bankal model calculation 

The values of lbe experimental observables indicated that the model based oo symmetry correlatioo, which was 

derived in chapter 2. is indeed valid. The quantum mechanical calculation of sectioo 6.3 bas applied lbe 

theCW'etical amcepcs introduced in cbapler 3, in cxder to quantify the appropriateness of this model for this sysaem. 

Three dissociative staleS were required to best reproduce lhe experimental observations. The PEC parameters.. 

and die cuzespooding average transition dipoles obtained r« lbese dissociative states. are listed in table 6.6. A 

comparison between the final results of our calculadoo and MuUHken's prediction2 is reproduced in figure 7.1. 

It can be appreciafed that this model, derived on lbe basis of fcxmal symmetry arguments. desaibes the physical 

process with reasonable agreemenL 
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This lhesis demonstrated experimentally lhat the assumption of Mulliken 2, regarding the representation of the A 

band absorption by the (Q - N) uansitioos from the ground state (N) to the Q-group of dissociative state, does 

indeed provides a valid physical representation foc this process. 

7.2.2 lnf'erence &om tlae model 

Because the model calOJJatioos are based oo optical transitions from the ground state. the validity for the PEC of 

the dissociative states, represented by the analytical form of equation (6-3). can only be ascertained within the 

Franck-Condon region. However. this limitalion does not limit the use of the PEC to infer PACS at arbitrary 

energy through the A band absorption. 

MtYOOver, it was illustrated in chapter 6 that. over lhe Franck-Condon region, the numerical values of lhe PEC 

obtained from the quannnn mechanical caladatioo. are independent of the analytical model employed. lbe reason 

is simply that optical ttansitioos frcm lbe ground stale only sample a very narrow range of internuclear distances 

on the disscxiati11C PEC. and this fimclioo is only cbaractfri7.ed over that narrow range by the observable measured 

in a photofragment spectroscopy experiment. when the direct dissociation proceeds adiabatically. 

Nevertheless. lhe electronic structure for the dissociative stares of IIl can in turn be used to inrerpolate and 

extrapOlate the values of the ratio fer the electronic br'anching, and the PACS for each product. beyond the energy 

range of our measurements. This calculation was done in chapter 6; the results, listed in table 6.5, are plotted in 

figure 7.2. In 7.2 a), the uncertainties over the branching ratio are also represented. as estimated from the 

uncertainties on the PEC parameters obtained from the quantum mechanical calculation. 

7.2.3 Note on the low-lying electronic structure of hydrogen haUdes 

In itself, me hypothesis regarding the possibly lower T state. made by van Veen et al.1
, was a reasonable 

assumptioo, in light of lheir obsesvadcn; but it~ due to an experimental artifact in their case. However, because 

the T state is mixed with the ion pair coofiguraticn at shoct internudear range. an argument can be developed. 

regarding the amparative probability for the T state to <XJIUribute to A band absorption, in the hydrogen halide 

family. 

In table 2-7 of chapter ~ the atomic properties dlat determine the asymptotic values of the PEC for the ion pair 

in lhe b)'drogen halide family of molecules were C(Jlllpared. lbe main ttend illusttated through this amparisoo, 

was the relative position of the asymptotic energy levels for the ion pair state. which can be seen to lie at 

increasingly high energy, from HF tom. In the section 2.3.3, it was indicated that the ion pair can affect lhe 

electronic structure of the ground state. Here. similar arguments are used to suggest our expectation for the 

elearooic sttucture of the first dissociative continuum of outer hydrogen halides. in comparison to m molecule. 
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Referring to figure 2.1 and 2.5. it can be observed that because the ion pair (V state) is mixed with the 3E (T state) 

in the united attm symmetry. these stares can perturb each other. Thus, the location of the V stale may possibly 

affect the T state. in appropriate cooditions favoured by dmer interaUmic distances in the molecule. 

In the present swdy. it was cooduded that the T Slate does not C0111ribute to absorption in the A band. On the 

basis of the aforementioned argumen~ it is expected tbat. as the ion pair state gets lower and lower from m to 

HF. the contribution from lhe ioo pair to A band absorption may become significanL Moreover. because the 

average intemucle.ardistance gets shorter for lighter hydrogen hali~ the mixing between ion pair and T staies 

becomes more favoured by the increased contribution of the united atom symmetry. from which tbe mixing 

originates. These arguments suggest that the propensity for the involvement of the T state in the first absorption 

band increases from m to HF. As a consequence. if the optically accessible T 3E1 is either dissociative or 

predissocialed. the product channel corresponding to the excited halogen atom may show a perpendicuJar 

coottlbltioo ftcm the angular distribution of the fragments velocities, for the lighter members of the HX family. 

7 .3 Epilogue 

It was attempted to verify a previously established model of In photodissociation. in which nonadiabatic transition 

was playing a major role. The final results of the present investigation indicates a much more straightforward 

picture for the photodissociation dynamics of m, yet predictable and consistent with the fundamental concepts 

of molecular physics. Within the precision of our measurements, we observed that the standard model of direct 

dissociation on a single PEC derived oo the basis of symmetry correlation from the a1omic structure. does indeed 

describe the dissociation of m in the A band very well. 
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Appendix A Cryostatic HI source and free supersonic jet expansion 

A ayostatic Hlile source~ rmsttuaed to deliver a rmsrant coocenttatioo of gaseous In:He solutioo to the free 

supersooic jet expmsiln; die purpme of this secdoo is ro describe boCb these systems in sufficient detail to estimate 

the~ flow fh:m die source. and the coocmttatioo and temperature of Ill molecules in lhe interaction region of 

the pbotoftagmeotatioo experimeoL After a description of lbe m:He source. a brief aa:ount of the theoretical 

concepts and analytical formula used to describe tbe supersonic expansioo will be made. 

A 1 Cryostated lil source 

a) Desaiption of the device 

The ayostatic In:He source was illustrated in the upper part of figure 4.4. The design of Ibis source is based on 

the conscant equilibrium vapour pressure of a thermosaated HI source. lbe source is thermosrated at ayogenic 

temperature in an ethanoUdry ice slush, which provides a constant temperatur-.! bath at • 72 °C. At this 

temperature. the partial pressure of HI can be calculaled from equation (A-1 ), where K is the temperature in 

Kelvin, and P, the pr~ure is in Torr. 

Log10P = (-0.2185 A/ K)+ B (A-1) 

Using the values1 of A=S058.2 calories/mole and 8=7.475631 in equation (A-1), valid from -123 to 127 °C, the 

partial pressure of Ill at T= •72 °C can be calculated to be P= 95.8 Torr. Applying a quiescent pressure of 2S 

PSIA of He~ and maincaining a very slow flow determined below, permits to maintain the equilibrium in the 

500 ml source of Ill. and this results in a -6% IIl:He mixture. As illustrated in figure 4.4, the SS lecture bottle 

was fitted with two gas pons: ooe at tbe top. to inject a constant pressure of He used as the carrier gas, and one 

at the side, from which the equilibrium mixture Oowed out to the pulsed valve. 

b) Row measurement 

To calculate the gas ftow through the vacuum expansion, the volume of the gas that flows out of the botde was 

determined through a pressure decay experiment. i.e. we recorded die lifetime for the pressure of a preset volume 

to c:1ecmlse by e·1 = 0.368. The preset volume defined by a section of Ille gas delivery sysacm between Ille shut-off 

val"Veattbeexitpcnoflbe m source up until and including the pulsed valve. bas been estimated to be 11.5 an3• 

By observing lbe rate of Ille dea'cmng pn:s.wre in the gas manifold. after the shut-off valve is closed, an estimate 

of the flow can be obtained by recalling that gas ftow from high pressure to vacuum depends only oo the bigb 

presmre side; die a- flow: oN/iJt = K, P, where Kp (molel[sec-PSIA)) is a ooosaant tbat depends on gas viscosisty 

and on the dimension or tbc restriaioo to flow. Assuming lhe ideal ~ i.e. P = CN (using PV=NRn,. where: 

C=3030 (PSIA/mole) at non lmlperarure. One oblaiDs aN/at = kpC N,. which is solved to find: N = N0 exp( •t/'t). 
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Itbas been obsenal lbal -r=l/CKpC) =(i()()sec, which implies:~= 1/{'tC) = 5.5 -10-7 moles/ (PSI·sec). However, 

in nmmal operating conditioo. die nmnber density on the high pressure side is kept constan~ which implies. that: 

N = P/C = 25/3030 = 8.25-10·3 mole. and therefore <aN/at> = l.38· 10-5 mole/sec= 0.19 an3/sec, at 25 PSIA. 

Hence the steady-state flow of the lll:He mixture was around 10 ml/min oc l.4-10-5 mole/sec. at stagnation 

pressure of 2S PSIA. Dming a ~ p~ the average amount of IIl:He gas mixture released in tbe vacuum 

expansion is 1.4-10'6 mole/pulse er 2-10-2 an3
, at 25 PSIA. 

c) Notes on peculiarities of the m source 
l) On the chemical reactivity of SS 316 with hydrogen iodine 

Caution regardmg the nocaious reactivity orm suggested to use Monel alloy to build the gas delivery syslelll that 

supplies the Ill gas mixture to the vacuum expansion. Subsequent modifications in the layout of the laboratocy 

required the gas delivery sysaem to be rebuilt; for the sate of simplicity and economy. we consttucted the oew gas 

delivery system out of regular SS 316 alloy. Through operation of this gas delivery system with lil gas mixture 

of 5 to 100% Hl:He, it was observed that if proper care is taken to avoid trace water in the gas line, the SS 316 

metal shows no sign of surface degradation even after more than two years of usage. as observed from tbe inside 

flange of the pulsed valve. On the Olber band. a gas line of the same material exposed to Ill and air consecutively, 

fer few days at a time. showed surface damage within weeks. Therefore we observed that the water-free SS 316 

metal is chemically stable with respect to m. while the opposite is often assumed to be true. 

2) On initial induction time of the HI source, due to reactive passivmion of the SS surface by hydrogen iodine 

The reactivity of Ill oo metal surfaces, common to the family of hydrogen halides. is such that a fraction the m 

molecules partially decompose on fresh metal surfaces. This results in an apparent induction lime. before the 

steady-srare value of In target G.A·.centration is reached, when one introduces the gas in the line for the first time, 

and to a lesser extent. after it bas been exposed to the laboratory atmosphere. However, steady-state conditions 

are observed to recover after about 20-40 minutes of pulsed Row, depending on Ill concentration of the source. 

This observation is explained by a ~valim of the SS surface of the gas delivery system. A similar effect is also 

observed in excimer laser systems using halogen and hydrogen halides. 

3) On the thermal equilibrium in the cryostatic HI source 

Anolber peo•Harity of this source was observed, with regard to stability: if the SS ID botlle was surrouoded with 

the dry ice/ethanol mixture up to the top of the bottle, while the level of lil was approximately at 1/5 of its full 

volume. the partial pressure of Ill was reduce.d lO 30% of the steady saate conditions. within a period of 30 

minutes, after 3-4 hours of having kept the bottle at low temperature. It was found that if the 1/8 inch O.D. SS 

tubing feeding die He pressure was heated at 60-70 °C, the problem was remediated, and the steady-state 

equilibrium flow condition of the mixture were stable over the longest time observed. i.e. 20 hours. 
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To explained these observations. we first re.call that the m is solid at 72 °C, so that beat conduction through 

mechanical ooovectiai of the liquid is hindered. Secondly, the laaent beat of evaporation, A=50S8 calories/mole 

or approximately 0.2 eV, is quite large. The Dow rate calculated above implies that 0.8 mWatt of heat must be 

leaked to the solid Ill in order to keep a steady-Slate flow at thermal equilibrium. The beat flow depends on 

thermal gradient, and it will be small if the foot long SS lecture bottle is well surrounded by the ethanol/dry ice 

slush. SS being a rather poor beat cooduaor. It was deduced that the solid Ill ends up being cooled down by the 

caistant evaporation of the solid m. Considerations on a similar problem with HBr were mentioned in the Ph. 

D. thesis2 of Dr. Hepburn. 

A2 Supersonic expansion for a fll:He mixture 

In a supersonic expansion. the sbcwt-range imermolecular potential3 acts to couple the internal degree of freedom 

of the ID seed molecules to lhe oolder translational degre.e of freedom of the He carrier gas. In proper conditions, 

a reduction of the temperature to few Kelvin is typically reached. The basic mechanism of supersonic expansion 

fer a pure moooatcmic gas bas been well understood4 for more than thirty years. but the finer details concerning 

lhe cooling of the vilx'atiooal and rowiooal degree of freedrm of seed molecules are still object of investigations5
.6. 

AS)'llopsis of the model7 for the supersonic jet is summarized below. Formula from the theory are only invoked 

to lhe extent required to obtain an estimate of temperature and number density of our seeded supersonic fre.e jet 

expansion. 

a)Theoretical concepts 

Because the number density n5 of the seed gas is of the order of a few percents of the carrier gas De, it is generally 

~eel that it is the cattier gas whose relaxation drives the expansion. The carrier-carrier molecular collision 

frequency. <a>cc is roughly the same as the seed-carrier molecular collision frequency, Ca>sc and these are much 

larger than the seed-seed collision frequency <a>55. This argument justifies the seed gas oonttibution to the 

expansion oooling. Coosequeotly, the problem of tbe seeded supersonic expansion can be treated. at least in first 

approximation, as the expansion of a nearly-pure carrier gas. and tbe thermalizatioo of the seed gas in the 

surrounding flow field of the carrier gas. 

b} Theoreticalformula 

Since tbe exact desaiption of the cooling of a seeded gas is beyond the scope of this work, we will co1uent 

ourselves with the simpler calculalioo of the local temperature of the carrier gas to provide a lower limit for the 

lemperalUre of the seed. 1be local tanperalUre of the carrier gas and tbe local number density of tbe seed gas are 

expressed below as a fimction of the reduced distance mm the nozzle oo the Dow scream axis, defined as: z=Z/(1 

where Z is the distance frmn the nozzle and d is the nozzle diameter. The dependence of local equilibrium 

183 



Seeded Supersonic Expansion 
-3 2.5 

· • · · · · Seed stagnation number density 
BI seed number density 

-4 
- - I-le carrier temperature profile 

2.0 
~ 
~ - ~ 

"$ t 

Stagnation pres~ure = 25 psia \ ~ 

= Nozzle diameter: d = 0.5 mm ~ 

-S 
. 

1.5 ~ e . '--"' \ f '--"' ....................................... _ .................................................. ~ ......... 

C / s ·- f fll 
\ C -6 \ 1.0 ~ ~ ' Uncertainty related to c:a. "C " ,. 

.... \ geometrical cooling iJ \ 

~ \. .c E-4 e ' '--"' 

' 
= -7 o.s ... = ' 

t,i) = = '--"' '· ~ = .... 

' (: .... , 
~ -8 ............ 0.0 ......... 

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

-9 ______________ _.___._..__....._____.__ _____ __.___........, -0.S 
0 10 20 30 40 

Reduced axial distance (z/d) 
Fipre A.I Predicdoos of the model fer the supersonic apansioa of the HI:He mixture. At the cxpcrimeotal position. z/d= 
20. the ttaoslatioaal temperatun= or the He carrier gas is racbing 1.6 K. and the Ill number density of the seed. Ds, can be 
estimated by using the gas ratio at the stapatioo pressure. 

184 



lelllperature of the carrier gas on the Mach number is expressed by equation (A-2). At large distance from the 

nozzle, Z>5, where the Dow is~ the Mach number is given by (A-3). 

M(z)=C1zy-l (A-2) 

c) Num~rical application 

Fer a mooatomic gas. y=S/3 and C
1

=3.23. We are interested in the local number density of the seed gas in the 

expansion. The local number density of the carrier gas, at large distance from the nozzle, is given by (E-3). 

Awming a quiescent pressure of 25 PSIA, the formula developed above are applied to our HI:He mixture. The 

result is shown in figure A.1. 

A lower limit fer the number density of the HI seed is provided by assuming: n5 / De = n0,s I no.c • i.e. the number 

density ratio remains constant through the expansion. The effects of Mach number focussing. discussed in 

reference 4. tends to inaease the heavier seed concentration. Fer our seed concentration, an estimate of the effect 

of Mach number focussing is represented by an upper limit factor of 5 for the uncertainty in seed concentration. 

This was obtained by using arguments of momentum conservation and angular dependence of the free inviscid 

flow fcx- the independent gas'. Inspection of figure E. l indicates that in lhe typical conditions used in the present 

study. the nmnber density of the ID molecules in the experimental volume were approximately between l .0- lo-'-

l.0· l0·7 mole/ml, oc in more usual unit. S.0-1015 

- 5.0-1016 molecules/an3

• and the target temperature was 

sanewbere between 1 and 15 °IC. 1bis theoretical estimate is in good agreement with the temperature observed 

through the rotatiooal distribution of CO molecules, measured with VUV LIF (see chapter 4). and cooled in the 

same conditions. 
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Appendix B Laser dye concentration 

B.1 Optimization of F548/NaOH dye laser solution for 532 nm pumping 

The absaptioo aoss section for the Fluorescein 548A (FS48) laser dye depends strongly oo the coocenttatioo of 

sodium hydroxide (NaOH) present in the edlanol solution. Although this fact was known. no systematic 

characterization of tbis binary sys1em bas been made. Because the NaOH bas a reactive nature. poreotially 

magnified by the presence of lmg-lived ttiplet excited state in the dye solution excited by the exposure to intense 

radiation, it was deemed wise to find the minimum [NaOH] that optimize the optical properties of the gain 

medium for the binary system FS48:NaOH. in order lo minimize the dye degradation and maximize the gain 

medium solution lifetime. 

To achieve this goal, a set of F548 solutions in ethanol were made, with varying concemrations of NaOH. Each 

solution was characterized by its absorption spectnml, measured with a HP diode array spectrometer, using a 

quartz absaption cell with a 1 mm optical path. The results of the measurements are presented in figure B.l a). 

for seven concentration of NaOH. at 20 mg/I incremenL Then the absorbance at 532 nm was n~ and it was 

plotted against lhe NaOH cmcentralioo in figure 8.1 b), where a clear maximum is observed. A quadratic fit was 

used to determine the optimum coocenttation, which was found to be 74.6 mg/l. This optimum value was used 

to make laser dye solution. The conversion efficiency for the d}'e laser was found lo be 33%, at 150 ml/pulse 

pump power at 532 nm. Mm,ovec, the lifetime of the dye solution was observed to be more than 500 hours. which 

is extremely long for a chemical exposed to such intense radiation. 

B.2 Laser dye concentrations 

a) GREEN (532 nm) pumped dyes 

These laser d)eS solutions were used in various FWM scheme to generate VUV. In general, the solution for the 

amplifier are 1/3 of the concentratioo for the oscillator. unless indicated in the table B. l. 

b) BLUE (355 nm) pumped dyes 

The dye solutions listed in table B.2 were emplo)ed in the dye laser used for the generation of the tN pump laser. 

The relatively high cmss secum of these d)'CSy and the cooamitant low saturation threshold for absorption of the 

pump power (bleaching), results in lhe fact that lhese solutions have to be oplimized for both oscillator and 

amplifier. Mmow:r. die oplimmn a:manttalion am be sligbdy different in the high and low limit of pump power 

fer a given dye; tbe following cmrmttations were optimized for a lasers pumped with nominally 100 ml/pulse. 

A. Exciton inc .. Dayton. omo, USA 
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Optimization of NaOH concentration for F548 (550 mg/I) 
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Figure B.1 a) Spectral absorption measurement: b) optimi7.atioa ofNaOH conccnttatioo for S32 nm absorption. 
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Table B.t. Dye solutions used for the generation of the UV (PUMP) photolysis 

PbOlolysis Dye order Typical Dye Pump Conc.(mg/1) Solvent 
l(nm) CouDler Power {ml/p) l(nm) osc(/amp) 

212.5 5100 6 l.2-2.5 S420 3S5 175 (/ 60) MeOH 
185 (/65) EtOH 

C440 4e+05 200 (/67) MeOH 
185 (/60) EtOH 

225 5400 6 2.0-2.5 C450 355 22S (/75) MeOH 

C460 355 275 (/90) EtOH 

240 5760 6 2 C480 355 510 (/ 170) MeOH 

248& 4%0& 5 4.2 C500 355 610 (/205) EtOH:MeOH 
257 S140 = 1:1 

266 5320 5 3 C540A 355 2300 (/770) MeOH 

Table 8.2. Dye solutions used for VUV generation 

Lasing range order Dye Pump Conc.(mg/1) osc Solvent~· 
l(nm) l(nm) (/amp) 

540 - 575 s F548 532 550 { / 155) EtOH with NaOH 80 mg/l 
00=2.12 (See 8.1 above) 

570- 595 5 R590Cl 532 1.10 g/1 EtOH 
0.85 g/1 

590-620 5 R610 532 1.40 g/l EtOH 
-0.70 g/1 

610-650 4 R640 532 400 (/ 133) EtOH 

660 - 730 4 LDS698 532 358 MeOH 

690-750 4 LDS 722 532 235 MeOH 
OD= 1.88/mm 

695-750 4 LDS750 532 195 MeOH:PC =10:1 

720-780 4 LDS75l 532 175 MeOH 

790-845 3 LDS821 532 285 MeOH:PC=l0:l 

835 -900 3 LDS867 532 368 O0=2.0/mm MeOH:PC=I0:l 

835 -85()8 3 LDS821 532 268 MeOH:PC 
+LDS867 70 =10:1 

,._ MeOH: methanol; EtOH: ethanol. 

8. Optimized @ 843 nm for four-wave differencc-mixiog ( FWDM) in Kr at L cz 
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Appendix C Generation of VUV by THO in phase-matched Kr:Ar 

The redmique of noo-resonant third harmonic generation {THG) in phased-matched krypton and argon (Kr.Ar) 

gases mixture is desaibed. This teebnique was selected among odlers as the most appropriate to generate an 

intense a>herent light beam in the Lyman « region. The experimental setup used lo generate VUV for H-atom 

LIF spectroscopy is described. almg with the tuning range that was observed. Then the observation of VUV 

depletion at specific energies indicates resonant multi-phOIOD ionization, which suggested the importance of 'X: 

near-resonance in Ibis process, as discussed in section C.3 below. 

C. l FWM techniques for VUV generation at Lyman a 

a) The various technique 

Four-wave-mixing (FWM) are nonlinear optics techniques of frequency m.ixing1 in atomic g~ wbicb can be 

employed to generate tunable frequency in the VUV region of Ille electromagnetic spectrum, i.e. 115-180 nm. 

These teebniq~ rely m resonance or near-resonance of the nmlinear susceptibility, and on the relative dispersion 

of a gas, or mixture of gases9 to phase-match the different frequencies involved in the process. These techniques 

aim at generating tunable narrow-band VUV light beam. with an efficiency varying in the range of 10.a to 10·3_ 

To generate Ille VIN probe~ lbree FWM tfldmiques were compared experimentally: four-wave-sum•mixing 

(FWSM) in Merwry (Hg) vapour, four-wave.(filference-mixing (FWDM) in Kr, and nonresonant TIIG in pbase­

mau:hed Kr.Ar. It must be appreciated lhat the efficiency of lhese processes is dependent on the intensity of the 

input beam. FWSM in meiany is most efficient near specific resonance lines9 which are not conveniently localed 

fer Lyman ci generation. Mcnover, the problem of metal deposition on the optical window was very detrimental 

lo rugged operation for this system. 

It should be noted tbataicmicresonanceinXe. such as the6s [1Yz]0 component with I=2. at 67068.047 an·1 offers 

convenient two-photon resonance which allow to apply the same FWSM technique that can be done in Hg, but 

without the problem of metal deposition on Ille window. Resonant FWDM in pure Kr bas the highest efficiency 

for low input power(< 1 ml/pulse for 10 nsec pulse), and it bas been sbown2 to generate VUV at Lyman ci with 

an efficiency in the vicinity of 5· 10' at l .8• 1()6 W peak ffuence of the fundamental frequency beam. Higher input 

beam intensity produces efficient multipboton ionizatioo, which rapidly degrades the conversion efficiency. 

On the Olher band. die technique of THG in phase-matched Kr:Ar mixture bas a much lower efficiency at low 

input intensity, but die lack of direct resmance remits in the dielectric breakdown occurring at much higher input 

intensity. The TIIG technique bas been sbown3 to produce VUV radiation at Lyman II with a conversion 
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effidency of 1.4· 1<>4 by using a laser intensity of 5· 109 W/cm2 al 365 nm. A theoretical limit to the conversion 

efficiency, due roself-foaming. predicts a conversion efficiency of 1·10-3 • assuming a lhresbold intensity for gas 

breakdown of 1·1011 W/cm2• 

The tedmique ofTIIG in phase matched Kr.Ar gas is die FWM technique dial was selected to generate a vtN 

probe beam in the vicinity of the Lyman u lrallsidon in hydrogen atoms. Further indications tbat Ibis was an 

excellent choice was corroboraled by die fact dial die EURATOM project bad also selected lhis technique to 

execme Doppb madenmg measuranmtofdle H-aroms aanperature in die plasma of their rotamak. Moreover. 

recmt experiment oo spin polarized H-arans in mapero-opcic a:ap• also used die technique of nomesonaot 111G 

in pbase-matcbed Kr.Ar. 

b) Nonresonanz THG in phase-nsa1ched Kr:Ar 

Tbe following brief acc:ount or Ibis theory is taken from Bjorldund5• lbis process relies on die third order 

suscepb'bility of Krypton, t3> (ICr)•Xitr for the sake of noration clarity. When a 1EMoo laser beam. widl a power 

11.t is focussed into a gas having negative dispersion for the fundamental and third harmonic frequency, the VUV 

intensity produced can be expressed by equation (C-1). 

lvuv ac {Nx1er>2 1l F (C-1) 

In me latter equatioo. N is the number density of the gas. and Fis a phase matching factor that depends on b-4k,. 

where b is the confocal parameter. and 4k=k(l).3t(31). for' which, k(l)=2n(l)/l, and n(l.) is the refractive 

index. Nore that 4k is defined ~ as to be negative in die domain of interest. In the limit of tight focussing or die 

input laser beam (spotsi7.e of the focus :s 10' 1), the phase-matching factor' Fis given by F={1tb4k)2 exp(b • 4k); 

in the gas, Ak=CN. where C is the wavevedOI' mismatch per atom. Allbougb F bas a maximum at b • 4k=-~ 

since lvuv ... N1F. die maximum VUV is obtained for b • 4k---4. which c:orrespoods to a maximum gas pressure 

Pm~Cb. when:~= 3.036-10-17 at 20 °c. At Lyman a {1216 A). Ibis corresponds to Kr pressure of Ria= 54 

Torr; higher pressure of Kr results in decreasing VUV power. as a result of decrease phase-matching by the Kr 

negathe dispersion. In order to produce high« VlN iormsities, ~ing can be recovered by using Argon 

gas, which bas a posilive dispersion. )'el negligible third order susceptibility al dlese wavelengths. Using Ibis 

medlod. die vtN inrmsity can be enhanced by more lhan two orders of magnimde, in camparison witb die 

intensity produced at the optimum pure Kr presmre. Using 10 mJ/p at 365 nm and a lens wilh a focal of 20 an. 
a Kr.Ar mixture of 300:785 mbar was found 10 be optimum for' die geoeratioo of vtN radiation al Lyman a. 

b) Gm,ssian optics of 1/u las~r bum 

Gaussian oplics must be used in order to evaluate the intensity of the radiation field in die focal region. lbe 

confocal beam parameter. Zen in equation (C-2), is c::ala1lated by taking lhe value of lhe beam waist of die 
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Figure c:.1 a) Exploded view of the VUV cell designed for our experimeoL b) Gas handling system to fill the cell with 
accurate gas mixture: lWV: three-way valve. SOV: shut-off valve. MV: metering valve. 
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inaming 365 nm. defined as the value of radius at which tbe intensity bas reduced to lie of the value on the axis. 

estimated as: 6Jo1=0 .. 6S mm. Using the formula (C-3) for the propagation of Gaussian beam 6, we can calculate 

lhe spot size at the focus. which can be used to obCain an estimate of the power intensity in the focal region. 
ff0>2 D 

Zo1=~ 
).. 

0>03 ~) 

0>01 J1+~j 

(C-2) 

(C-3) 

Flueoc~"t ..... , ... 
I=~ ----- (C-4) 

K0>03 

We find 7.oi=3.64 merer fer our inaming 365 nm beam. Using a lens with a focal of 20 an, the resulting spot size 

at the focus c.>m is calculated to be equal to 36 µm. Using a typical value of F=I0 ml/pulse for the laser Ouence 

during lhe 10 nsec pulse. the intensity at lhe focal spot can be estimated at 2.5· 1010 Watt/an2 with relatioo(C-4). 

An <rder of magnitude fer the dielectric breakdown of lhe gas can be evaluated by setting the electric field of the 

electromagnetic radiation equal to the electric field inside a hydrogen atom. An intensity of 5· 101s Watt/an2 is 

obtained. Because this simple minded picture does not take into account the multiphoton resonances occurring 

in such high field. this is by far an upper limit to lhe intensity required for dielectric breakdown; in fact it is 

observed to occur already in the range of 1011-101: Watt/an2. Nore that although we are operating in the region 

approaching the ohierved intensity limit for gas bre.alc:down, we observed a third order power law dependence of 

the VW 0uence generated as a fimction of the UV 0uence. It will be showed however that r resonance already 

produce ionization for specific photon energy, even at the intensities used in Ibis work. 

C.2 Implementation of THG of VUV 

a) Experimental setup 

The optical layout to generate the 365 nm UV radiation pumping the THG of VUV was illustrated in figure 4. 7. 

The mixing cell and the gas manifold to handle the Kr.Ar gas are illustrated in figure c.2. The 0exible design 

of the optical port of the vtN cell takes advantage of a standard fitting. whose dimensions match the standard 

1 inch diameter window. in addition to providing the ~ring seal which acts as both a rugged seal for 

vacumn/bigb-presmre operalicm and a soft seat ensuring mechanical stability of the window. As shown in figure 

c.2 a). by adding a Teflon insert to the standard CajonA VCO filling. turns the vacuum fitting into a 0exible and 

econc:mical optical port. 

Figure c.2 b) shows the opcimal design for the gas handling manifold used to meter each compment of the Kr.Ar 

gas mixture. The~ handling S)'Slem allows one to deal with high purity rare gases of Krypton and Argon. The 
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Figure c.2. VUV wavelength tuning range of the cell for various gas mixture 
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best shut-off valves fcx- prolonged leak-tight operation are the Whitey" "40" series ball valves. The company also 

manufactures 3-wayvalve tbatbelp tosimplifytbe design of the gas handling manifold shown in c.2b). To meter 

each o:xnponent of the gas mixture. a Nupro1's "S" series metering valve was used to control the flow such that 

the cell pressure can be varied at a rate adjustable between 0.2-10 mbar/sec. with the gas regulator of the gas 

delivery adjusled at 10 PSIG. The cell pressure was measured with a piaoresistive pressure gauge, (from 

ICSensr. model 13A-050 A) having a precision of l mbar and a linearity of 0.5%. installed on the gas manifold 

before the cell shut-off valve. 

In typical operation. the cell was first evacualed by a mechanical pump; a liquid nitrogen trap was used between 

the cell and the pump to oondense the backstreaming oil vapour from the pump. Then. 300 mbars of Kr was 

introduced. after what lbe Ar pressure was slowly adjusted for maximum VUV output at the desired wavelength. 

Because the timescale for the gas mixture to become completely homogeneous is about 5· IO minutes. few trials 

were typically required to get the mixture having the desired tuning range. 

b) Results: gas mixtures and tuning range 

A study of the VW ruoing ranges was amduaed. by inlroducing 300 mbars of kryptoo in a clean cell with a fixed 

amOWlt of argoo. After an induction time of 10-20 minutes. the gas mixture was homogenised. as wimessed by 

the constancy of its nonlinear optical properties. The tuning range was measured, for incremental values of the 

partial argon presmre. ranging mm 350 to 1025 mbars. For inaeasing partial pressure of the argon component. 

contributing positive dispersion in this range of VUV frequencies. the peak of the tuning curve shifts to lower 

energy. ~ illustrated by figure c.2. Using 10 mJ/p at 365 nm and a lens with a focal of 20 an. an optimum Kr.Ar 

mixture of 300:785 mbars was found to be optimal for VUV generation in the vicinity ofLymanu (82260 an·1
). 

C.3 Resonant ionization of Kr: significance of x5 

In figure c.~ one can observe that there are peculiar dips in the wning curve at specific VlN photon energies. 

at 82380 cm·1 and at 82650 cm·•. 

Delailed observation of the behaviour of the THG process in a range of energy spanning 150 an·• around 82350 

an·•, indicates that die dip in the VUV wning curve is located at 82380 an·1
• To investigate this spectral feature 

systematically. we expanded the dip. as plotted in figure c.3 b), and ampared its position with all the electronic 

states of the two atoms involved having the proper symmetry of tocal angular momentum. for die possible 

multipbotm transitions. figure c.3 a) indicates that resonant multiphotoo ionization of Kr atoms is the physical 

A_ Cajon. Whitey and Nupro arc Swagclot ccmpanics. 
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cause explaining Ibis feature. Because a great care bas been taken to ensure the highest purity of gas handling 

systeol. and that this signal was repeatable and srable, it is a deemed a property of the atomic system under high 

intensity radiation. The dip at 826S0 an·• can be readily explained in similar way. 

It bas been found that structure observed in the VUV tuning curve can be explained by a four-photon resooant. 

five photon ionization. As a consequence of the present coosideration, if the four photons resonance can be so 

efficient to produce ionization, it is suggested that the importance of its nearby presence may then have been 

overlooked in the explanation of the observed behaviour for the "nooresonant'' 111G FWM process. 

This process bas been observed in Xe by Lukasik and Vallee in the early 80'. A resonant fifth-order process was 

observed in VUV generation around 1400 A. Because the scheme goes as: c.>1 + c.>1 +<a>1 + c.>1 - c.>1 = ~. no energy 

is extracted mm the field for the fourth and fifth photon, and consequently they would not affect the third order 

dependence of the VlN intensity on the UV intensity which is verified experimentally. 

As a conclusion, our observation indicated that the nonresonant THG process might indeed have to be renamed 

"near resonant five-photon phase-matched. THG generation". A rest of this hypothesis would be best afforded by 

application of the present assumplions in designs to improve the effectiveness of Olher nonlinear optics processes_ 
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Appendix D Stability and linearity of the dye laser wavelength tuning mechanism 

The dye laser FL2002E from Lambda Pbysik is a very good instrument. but as with any instrument. it is not 

perfect. The relalively dananding requirements of the present study have provided the opportunity to be 

coofionted with die limilalions of this instrument. although at the time when the authOI" was struggling with this 

seemingly unsolvable problem it may not bave appeared to be such a wonderful opportunity! Nevertheless. these 

problems have been solved. and due to the relatively high popularity of this instrument. these solutions were 

deemed worthy of being cmununicared. Two main problems have been observed with this instrument: (i) motion 

reproducibility of the tuning mechanism. and (ii) quasi-periodic nonlinearity of the wavelength tuning. These 

problans have been cbaracraized, and solutims have been implemented in both cases. They are desaibed below. 

D. l Stability of the tuning mechanism 

a) Observation of the problem 

The lack of reproducibility f<r spectral measuremen~ obtained when different step sizes where used to move the 

dye laser grating, was mentioned in section 4.3.4 e) of chapter 4, and illustrated in figure 4.12. After detailed 

consideration and numerous tests of bypodleses for probable cause of this problem. it was found that the problem 

was due to the carelessness of the driver generating the electrical pulses (steps) controlling the stepping motor 

which actuates the grating. It is meant that a sharp force was resulting from the abrupt change of frequency of 

the step driver, which translated into abrupt velocity change for lhe motion of the motor. 

b) Analysis of the system 

The precise requirement for lhe mechanical motion of this system was apparently not satisfied by a driver 

operating at a few preselected driver frequencies. Nevertheless this situation is customary for stepper motor 

cmtroller, as electronic design of typical controller includes an oscillator and few frequency dividers. However. 

the availability of a a:mputer to gene.rate a software driver for the stepper motor control allows greater Oexibility. 

By seeking lhe smoothest motion for this mechanical system. the "smooth drive" software controller was 

developed. The concepts emerged from the solution of the following coosttaints: to generate a well-defined 

number of pulses, in a sequence of pulses in the least amount of time. at a rate smaller lhan a preset frequency, 

and at a change ex rate below a preset value. It can be shown, that there is no analytical solution to be found for 

such sequence m pulses. as a result of the limit of simultaneous precisim on time and frequency (Fourier limit); 

surely, a software l'OUline am simulate the pulse sequence. and can sa«e them in the memory. but it is simpler and 

fasla' ro calaJlare diem in real time, sincz die solutkm ro dais problem bas an iterative nature. Figure D.l presents 

a conceptual comparison between the custmnary method of analog driver, and this software driver. 
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Inertia consttined conttol (Smoolh drive ): 
- Conttol over insaanraneous force 
- Conttol over instaDtaneous velocity 
- No mechanical overshoot 
- Require real-time calculation or period 
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Automatic frequency selection 

Frequency constrained control (customary): 
- No conuol over insrantaneous force 
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Figure D.1 A oomparison between the properties of customary electronic driver and the .. smooth drive .. software driver . 
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Figure D.2 Example of motion commanded by the smooch drive software driver. 
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c) Solution and implementation 

This "smooth drive .. concept was implemented in the software driver conttolling the motion of the grating, and 

reproducible measurement were obtained. Because the controller use dummy loop of the computer to generate 

p~ train of well-defined peri~ the canputer dock was calibrated prior to implement the software driver. The 

only information given to the algorithm is a maximum frequency oc velocity. a maximum acceleration and a 

number of steps. The iterative algorithm amputes the sequence of periods in real-time. 

The suongest argument in favour of this software driver method is its results. which are wimessed by the 

cmsistmcy amongst the spcdral meamrement of figure 4.13. To illustrate the motion resulting from this driver, 

we~ the computer to store the instantaneous ti'equency values used during the execution of a grading motion. 

The plot of instantaneous stepper frequency versus time is illustrated in figure D.2. for a displacement of 20 A 
and 40 A. The smooth ramping of the frequency can actually be heard by a user standing in the laboratory. 

D.2 Linearity of the tuning mechanism 

a) Observation of the problem 

Whenever a calibration of the Lambda physics dye laser was obtained from a spectroscopic reference. a residual 

was always obtain~ which is 2-3 times broader than the experimental linewidth obtained from the very same 

measuremenL Dr. Lewis. from Australian National University. bas communicated to us that he also has observed 

a quasi-periodic nonlinear deviation from a wavemeter measurements on a laser from Lambda Physik. 

Although a wavemeter was not available foc the present study. a reference spectrum, having an appropriate line 

density, can provide quantirative information on the nonlinear deviation of the wavelength drive. The absorption 

lines of an iodine cell were found to satisfy the requirements of oor study. Moreover, the same nonlinearity 

measurement (X]Ufd also be obained mm fringe measuremenl of a Famy-Perot etalon used to monitOl" the dye laser 

quality. 

b) Analysis of the problem 

The signal mm an 12 cell permits linearity cbaraaeri7.atim fOl" the tuning wavelength of the dye laser, in addition 

to providing an absolute vawmn wavelength cahlntion. This openuioo was afforded by the fact that the spectrum 

of the 12 molecule~ been measured by interferanetty, and the line positions are tabulated1 over this range of the 

visible specttum. Comparison with this reference specttum enables calculation of the nonlinear deviatioo from 

the wavelength tuning of the dye laser. A typical measurement of the nonlinear wavelength deviation from 

linearity is illustrated in figure D.3 
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Figure D.3 Determination of the nonlinear deviation of the tuning mechanism by matching the corresponding peaks 
of a reference spectrum with an experimental one. 

0.15 -----------------------

-~ 0.10 
C 
0 

~ 
2! ... 8 0.05 ... 
I ·-= ~ 0.00 

-calculated by the 1, LIF spectra method 
- -calculated by lbe etalon spectrum method 

J 

-0.05 ___ .._ _____ ......,..._ ____ .._ _____ ....._ __ _. 
5540 5550 5580 55?0 

Dye laser waveleqth (A) 

Figure DA Comparison of tbe IIOlllinear deviation measured with two unrelated methods: i) lbe nonlinear deviation 
from 12 LIF and ii) from lbe fringes of a monitor etalon. 

202 



An equivalent determination of the nonlinearity function can be measured in a tocally independent way by 

recording peaks produced with the fringes of a monitor' etalon and a PIN diode. figure D.4 shows that the two 

numerical functions determined by these completely independent methods agree very well. The nonlinear 

wavelength deviation exceeds the linewidtb (0.04-0.05 A) by a factor of 2, while the amplitude of the deviation 

exceeds the typical linewidtb by a factor greater than 3. The amplitude of the nonlinear deviation of the tuning 

mechanism bas been observed befOl'e by other users of similar instruments made by Lambda Pbysiks2• but the 

details of its behaviour are dearly illustrated here. 

The linearization. i.e. lhe correction of the nonlinearity produced by the mechanical drive. relies on a prior 

characteri2.atioo of this imperfection. Questions such as: (i) is the noolinearity reproducible or random'! (ii) can 

it be modelled analytically '! (iii) what is the physical cause of this nonlinear deviation '! are of interest to best 

solve this problem. The issues of the cause of this imperfection are only hypothetical, since we did not attempt to 

rebuild the laser. The imponant results of these considerations are that the nonlinear deviation is reproducible 

within a finite time. Figure D.3 and D.4 showed that the nonlinearity can be measured and characterized. 

c) Solution implemented 

A correction procedure for this nonlinearity is essential to obtain significant information from the spectral 

measurements. In the present study. 12 LIF spectra of iodine molecules were simultaneously measured with data 

aaruisition. by using an 12 cell assembly represented in the optical layout of figure 4.2. The typical measurements. 

and the associated correction procedure are outlined in lhe section 5.2 of chapter 5. 

Implementation of lhe correction for the nonlinear wavelength deviation solved a few mysteries. with respect to 

long-standing problems in our srudy. As an exampl~ prier to understand the problem of wavelength drive stability 

and nonlinearity, the author of this study was very concerned with a spurious signal in the Doppler spectra. 

Although we knew the widdl of the Doppler spectra. based on energy conservation, the experimental widths were 

always too narrow. u illustrated in figure 0.5. Moreover, a spurious signal was present on the high energy side 

of many spectta This mystery puzzled us until after the realizatioo of the fact outlined in this appendix, i.e. the 

grating drive wu smiedmes overshooting. and nonlinear wavelength deviations could be as much as three times 

the linewidth. 

For the sake of future upgrades fOI' this system. it should be n()(e(l that because a oorrection of the wavelength 

nonlinearity from the grating drive can be implemented on the basis of etalon fringe measurements. oeber 

possibility ensue. As a matter of fact. integration of etalon fringe measurement and expert system would allow 

real-dme correaion of spectral measurement. and rugged operation of the intracavity etalon and grating ttacldng. 
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a) Present sliding mechanism 

b) Proposed sliding mechanism 

Figure D.6 filustratioo of a suggested solution for the hypothetical cause of the nonlinearity of the grating mechanical drive. 

d) Solution for rhe hypothetical friction cause 

The grating mechanism is a sine-driv~ i.e. a lever pushed up by a screw, which is connected on a srepper moror 

through a geared-down transmission. Because tbe period of the quasi-periodic noolinearity corresponds to an 

integral multiple of tbe rotating motion of tbe screw pushing onto the lever of die grating, it is reasonable to 

assume mat the nonlinearity originates from an effective wobbling motion of the screw. This wobbling may 

originare mm a warped screw; however the minute value of the mechanical imperfection, coupled with the fact 

that there is a finite friction at the point of contact between the lever and the grating lever, suggests that die 

dfeclive -warp oould indeed miginale from the friction at the point of amtact. Because the point of contact is just 

that. a point between a sapphire ball and a shinny plate ofhmd metal, improvement could be achieved by replacing 

lhe ball by a cylinder, hence reducing the friction by orders of magnitude. Figure D.6 was made to provide the 

reader with a dear picture of what is envisioned. 
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Appendix E Linearity of PMT detectors and electronic preamplifiers 

The effective dynamic range for signal detection is delennined by the noise level and the saturation limit. for a 

dera:ur and the following signal proa:smlg electronics. While the saturatim of a ttansistorized amplifier results 

in a clear plateau of the output signal level, the saturation behaviour of an electron multiplier is not as trivial. 

Indeed. die latter typically exhibits a creeping saturation, to be desaibed below, which can easily go undetected 

if linearity cests are only performed within a small dynamic range of output signal. In the present study, it was 

found critical to meticulously characterize die saturation behaviour or the pboccmultiplier tubes (PMl) and 

electronic preamplifi~ in order to ensure die linearity of the measurements. because the signal from the PMT 

detectors are first sent to the preamplifier. The methods to characterize the range of linearity. for bolb the 

electronic preamplifiers and the PMT detectors, are described below. 

E. l Linearity of the preamplifiers 

The maximum input level that can be fed to the fast preamplitiers (preamp) have to be determined if the overall 

system PMT/preamplifier is to be properly characterized. because the preamps were used to amplify the output 

PMT signals. There was three preamps used in this study, and whose amplification properties are plotted in 

picture E.l and listed in table E•l, for 10 nanoseconds pulsed input signal. lbe amplification properties of dlese 
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Figure &1 Linearity of the preamplificrs used in the present study. The preamplifiers named Jacek #1 and IF 934 #2 have 
been built by the elccttooic engineers of our electronic shop. namely Jacek Szubra and Ivan Frola. respectively. 
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devices \\UC deU:nnined with a digital pulse generatoc (Stanford Research Instrument. Model SRS-DG53S). and 

a 100 MHz oscilloscope (Tektronix. Model 2245A). 

Table E-1 Amplification properties of lhe preamplifiers used in lhe present work. 

Preamp \ Properties Gain Input saturation limit (mV) Output saturation limit (V) 

Phillips B-10 7.49 120 0.9 

Jacek#l 6.58 77 0.5 

IF934#2 4.53 132 0.6 

E.2 Amplification and gain saturation in a PMT detector 

A) Amplification in a PMT detector 

A ph01omultiplier tube can be conceptualized in two pans: a photocathode, converting a photon signal into an 

electroo signal. and a electron multiplier tube. In figure E.~ a typical PMT assembly is illustrated. in which the 

nwnerous dynodes are connected to a voltage divider. The process of amplification results from the following 

facts: (i) free electtoos are accelerated between the dynodes. and they suffer energetic collisions upon impinging 

onto the dynode metallic surfaces; (ii) few electrons are backscattered from Ille metallic surface. as a result of the 

energetic collision. which in tum are accelerated until the next dynode; (iii) the energy of Ille collision being 

determined by the bias oo the voltage divider. Within linear response. the dependence of the gain on bias voltage 

is typically given by equation1 (E-1) foc photomultiplier tube. 

(E-1) 
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Fiprc E.2 Schematic drawing of a PMT, showing the pbota:atbodc, the voltage divider, and the dynodes2. 
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B) Gain saturation in a PMT detector 

Saturation in a PMT is a charge effect; it occurs when the pulse of electrons begin to effectively produce a 

significant voltage on the dynode capacitance. Because the current growth. along the dynodes chain. follows a 

power law, the effect of tanpmary aa:umulalioo of charge is mainly produced on the last few dynodes. Therefore 

the operational cause of gain saturalion is large output signal Va. which in tum may result from either large gain 

and/or large input signal. As it is indicated by equation (E-1). the gain inaeases with volrage; however. at 

inaea.tjngly higher~ high output will eventually result in gain saturation. Therefore, as will be demonstrated 

experimentally below, the critical physical quantity determining the saturation behaviour is the ratio: V 8 ~ 0 . 

G{Vo) = Go 1[1 + Ksa,(Vo I vbias )2] (E-2) 

lbrough this cbaracteri7.ation work. it was found empirically that the relation (E-2) describes properly the onset 

of saturation for our PMT devices. as showed in figure E.6. The nature of this relation is such that the onset of 

gain saturation depends effectively on the precision aimed at by the overall measurement procedure. 

E.3 Characterization of the PMT gain saturation 

A) Experimental setup 

The onset of saturation was characterized for the two PMTs desaibed in the chapter 4: Hamamatsu and EMR. 

The saturation behaviour was characterized as a function of PMT bias. and input pbOlon irradiation. from which 

lbe dependence of this process on output signal level was deduced. The gain and limit of linearity of the EMR 

PMT were characterized using the following sernp: (i) a coherent beam of VUV radiation was send through the 

pbotofragment spectrometer (see chapter 4) and it was detected after a monochromator (Acton Research9 model 

VM-52) by a Raroamatsu PMT9 whose limit of response linearity bad been characterized prior to that 

measurements; (d) a fine SS mesh was installed at lbe position of the target to provide a scattering source for the 

EMR PMT LIF detector in proportion to tbe incaning VUV radiation. The intensity of the VlN beam and the 

bias of the PMTs could be varied in a range over which both linear behaviour and onset of saturation could be 

observed. 

B) Dependence on PMT bias voltage 

The pbotocalbode irradialion wu kept cmstant. and the bias of the PMT was varied in a range such that the PMT 

gain encompasses both a linear range and the onset or gain saturation. By varying the PMT bias volrage. and 

recol'ding the signal output. equation (E-1) was verified for each PMT. The measurements are reported in the 

figure E.2 for the EMR PMT. and in the figure E.3 the HamamalSu PMT. The value of the exponential power 

was obtained by the slope of a log-log plOI of the gain versus bias volrage; the values of the fit are n(EMR)=9.58 

and n(Hamamatsu)=7. 77. 
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Fnm tbe above illustrations. it will appreciated that the Hamamatsu PMT was well within linear response for all 

meamrements. while gain saturalim m the EMR. PMT is evident for the two highest experimental values of PMT 

bias. and consequendy. they were not induded in the fiL Also plotted in the figure E.3 and E.4 are the saturation 

levels as a function of the bias voltage, which were determined by the following method. 

CJ Dependence on input photon i"adiation 

Meamrement of die EMR PMT response, near the onset of saturation. allowed fer the characterization this gain 

saturatioo proa:ss. The meaguemeots were carried out by varying the intensity of the VUV beam and recording 

the relative signal of the power mooiur PMT and the LIF scattering (EMR) PMT. The VUV intensity was varied 

by tuning the VUV wavelength over the narrow tuning range afforded by phase-matched THG in a Kr:Ar mixture. 

The measurements are illustrated in figure E.5. At first glance. the two signals seems to vary in constant 

propcrtioo, but careful examination reveals that the LIF signal starts to deviate from linearity at a relatively low 

value of output voltage. Data manipulation produced a plot of output signal versus scattered light input oo the 

PMT pbococatbode, which is showed in figure E.6. Further analysis bas demonstrated that the analytical model 

provided by equation E-2 describes appropriately the gain saturation of our EMR. PMT. Few sets of data were 

analyzed and compared to the model. For the EMR. PMT. the value of KsAT= 3.43-LO·s. with Ve1AS• the bias 

voltage, in kV and V0 in mV. 

The gain dependence on the output signal level VO is such that it dea:eases significantly beyond a precision 

dependent threshold. By setting an arbitrarily value of 3% deviation from linearity as a threshold value. a limit 

of30 mV/kV of linear output signal is obtained. By plotting this result on figure E.6, a consistent picture of the 

gain saturation process was obtained for the electron multiplier of this device. 

E.4 Conclusion 

Saturatioo in elearon multiplier is caused by the accumulation of charges on the last dynodes, through a reduction 

of bolb electtoo multiplication and collection efficiency. Because the dynode voltage is proportional to the PMT 

mu. it is intuitively reasooable that the dependence of the gain saturation on the output signal should be scaled 

in proportion of the PMT bias. It was showed that PMT gain saturation depends on the ratio of PMT output to 

bias \'Oltage, aa:mding to the equatim (E-2). as showed in figure E.6 for the EMR PMT. It is concluded that this 

m<Xlel is a suitable reprrmllalioo m Ille observations. Consequendy. the range within which the linear respoose 

of a pbo(anulliplia" blbe can be expeaed depends somewhat on the precision within which linearity is required. 

For example, if me plans to obfain mcmurements up ID a Signal-ro-Noise (SIN) ratio of 30, the response linearity 

of the detectioo electronics should be smaller than 3%, in order to be consistent. 
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On the Olber band. if die wtput voltage is maintained below die threshold fc:r gain saturation, where the relation 

(E-1) is valid, cmstant gain and linear behavior is predicted and observed. The validity of equation (E-1), below 

die threshold of gain saturation, was illustrated through figure E.3 and E.4. 

The results of these considerations provides a systematic quantification fc:r the limit of linearity for an electron 

multiplier device. The ~ent of Ibis limit was found to be crucial tc discriminate among the vast amount of 

data acquired. This was deemed essential to obtain averaged data within the SIN ratio that was targeted by the 

present study. The characterization of saturation limits for PMT and preamplifier provided qua11titative means 

for rig<rous quality a,n1rol of the data acquisition. By using threshold for the linearity of each component of the 

detection electronic to disaiminate amongst the data and to reject measurements that were plagued by detector 

or preamplifier saturatioo, consistent results were obl.ained from the statistically averaged data. 
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Appendix F Optimization beyond least mean squares 

F. l. Introduction 

Sr.alistical analysis is a crucial phase of experimental investigation, through the process of linking a given set of 

measurements to a parametrized model. Wben a large number of data can be obtained easily, the stadstical 

analysis is trivial. However, when one bas a statistically small data set (N<30), wilh well defined statistical 

unce:rtainlies. the best answer and its precision are not as obvious as ooe would like. lbe specific questions that 

arise are: is the parametrized model appropriate, and if so, what are the precision of the parameters determined 

by the statistical analysis, and bow does this relate to the experimental uncertainties of the data'! Consequently, 

the rigour of the oprimizati"1 ~ i.e. the specifics of the reJations between experimental uncertainties of the 

measurement, and the ones of the parametrized model. are of prime concern. The object of this appendix is to 

introduce an improvement of the optimization method, and to demonstrate its advantage compared to the 

customary least mean square (LMS) approach. 

For the sake of the following argumentation, we shall briefly derive the essential concepts underlying the least 

mean square (LMS) approach to optimization. Consider a set of measurements {yi} for an observable. with 

statistical uncertainties characterized by one standard deviation {at}, recorded against a set of values { ~} for the 

independent variable. m which lhe {Yi} are understood to depend; hence the da1a set is represented by: {~. Yi, ai}­

A parametrized model, y = f(x; ~ 8, C). is assumed to afford an appropriate analytical representation of the 

observable dependen~ oo the variable x. The goal mthe optimi7.ation procedure is to determine the best estimate 

of the true values for tbe parameters (A,B,C) and their uncertainties (M, AB, AC), in additioo to provide an 

assessment of tbe appropriateness of the model for the data seL 

The underlying assumptions for an optimization procedure are simply that: 

1- An experimental measurement, widlin its oorresponding uncertainty, is an estimate of the true value sougbL 

2- The paramelrized model, f(x; ~ B, C). can represent the uue values of die observables; coosequently the 

q,rimal paramecers values will be our best estimate of the ttue parameters values. Therefore, we want to make 

the best possible use of the informatioo contained in the measuremenL 

3- For a given set of parameters values (A. B. C), the relative probability to observe the values y1 within an 

uncertainty o~ is quantified by the relation (F-1). 

Pi(A,B,C) oc (1/ai)-exp{-0/2) [yi -f(xi;A.B,C)] 1 /a'f} (F-1) 

In this problem, ooe seeks to determine a parametrized model that best represents the measurement; ooce the 
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model bas been chosen on the ground of physical rationale. it is customary1 ro use the least mean square (LMS) 

method in order to achieve this goal. The LMS opdmizari'lll procedure is a method characterized by the 

dislinaive as.mmption that: the probability for the model lO represent the whole of the measurements, is defined 

as lhe prdJability dial it represents the point i. and the point i+ 1. and i+l. etc. In set theory. the logical operation 

AND b 1ep:m,led by an interseclim. and its madlemalical implementation corresponds lO a product. nerefore. 

the probability that a parameuized model represents all our measurements is expressed by the equation (F-2); the 

optimimmn paramerers determination consists iP maximizing the product of the individual probability. as in the 

equation (F-2). which corresponds 10 the minimization of r. and presaibes the LMS method. 

Pc~s(A.B,C)oc P1(A, B, C) • P2(A, B. C) * ... *~(A, B, C) (F-2) 

= (1/G1) • (1/a2) * ... • (lfaN) * exp fx2 /2) 
where: x2 = ~ {(-1/2) [Yi -f{xi;A,B,C)] 

2 
/G

2
} 

I 

Convenient mathematical characteristics have made the LMS method the dominant one. e.g. it has led to the 

ubiquirous polynomial regression algorithm. However practical experience bas repeatedly shown that the LMS 

method is not very robust for small (N<30) data sample that cootains outlier' points, a situation which may be 

disregarded, m:ause systematic deviation are not perceived by measurement statistics. and their occurrence may 

sometimes go undetected by the experimentalis'9 or simply for the lack of a better alternative. The issue of 

robusmess is usually dealt with a posteriori through numerical implementation of ad hoc functions2 designated 

influence function. which effectively filters out outlier points through the iterative application of a least mean 

square algorithm; however, the arbitrariness of these inOuence functions leads lO a fit procedure lacking the 

guidance provided by a physical rationale. 

The faa dial the LMS medlod is not robust can be directly apprecialed from the following example. Consider the 

product of individual probabilities in (F-2), fer which we will ~ed that all the data points but one overlap with 

the model for the ttue values of parameters. and that this singular point lies more than three time its statistical 

uncenainty as a result of unsuspected systematic error. In that case, the probability factor for that outlier point 

will becmle modi smaller dJan one. as a amsequence of which the overall probability would be very small for the 

true parameter values. although the large majority or the experimental points overlap with that true parameters 

values. Cmsequentty in this aR, lbe LMS fit wwld ~ optimal parameter values which differ from the ttue 

values by a greater quantity lhan the informatim content of the other data could afforded, would a more 

disaiminating algorithm be available. 

,. Oudicr points arc defined as dJose points lbal lies outside the main group of a data set. with respect to a parametrucd model. 
as a result of sp:radic imperfection from the measurement process. 
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An additiooal argument against the general appropriateness of the LMS formulation concerns lhe malhematical 

implementation of the probability statement. Posing the logical operation AND as a mathematical product is 

defined as such for completely independent probabilities; however, Ibis is not the case here. as the individual 

probabilities share the same parametrized model. 

A marked impro\lallent in robusm~ can be obtained by an opimizatioo method wbicb uses a more acconodating 

requirement for optimi2.ation: we require that lhe model provides an optimal statistical overlap for the 

experimental point i, or i+ I. or ... e1e.. The overall probability is a sum of the individual probabilities. equation 

(F-3), because a logical OR anesponds to lhe unim in set theory. and to the additiooA in mathematics. Noce that 

the sum is a weighted sum, whose relative weights are normalized and proportiooal to the informatioo content 

of each poinL 

It must be observed tha~ in the present case, the concept of weight cmceptually differs from its use in LMS 

method. In the usual LMS method, the weight is scaling the importance of the difference between experimental 

and parametrized values of the dependent variable, and as such, the absolute uncertainties of lhe measurement 

suffice to quantify this model--daaa relation. Note also that in the LMS method, the factor in front of lhe 

exponential of the individual probabilities do not enter in the optimization. 

In the novel medlod sugg~ here. lhe concept of relative weighl signifies a very different aspect of the problem: 

this relative weight represents the different importance of each individual probabilities in the sum of them. The 

existence of the relative weight derives from the term factorizing the individual probabiliti~ which loose their 

importance in the AND formulation leading to the LMS method. 

The physical meaning of the relative weight is the informatioo content of the experimental data point. which 

c:orrespooding to lbat individual probability; it is a quantity that weight the information content of the data point 

with ~ to all the other data point in the data set. There is no preset definition of this quantity. but if the SIN 

is a good measure of the informatioo content. it could be used as a basis to quantify this relative weigh~ at least 

in appropriate case. NOie Chat Ibis relative weight coocept is completely independent of the parametrized model. 

Note also that the absolute uncenainty of the data is use in the same way as in the LMS meth~ as its involvement 

in lhe mathematical functimaality of lhe problem originates frmi the exponential function (F-1) of the individual 

probabilities. 

A As it was argued fer the AND logical operation. the fact lbat tbc individual probabilities are correlated indicates caution with 
regards to the rdation bctwcco logical operator OR and mathematical product operation; in fact. as one may~ later in 
this wok. the seaningly appropriated logical statement that corresponds to this sum of correlated individual probabilities can 
be denoted the probability lhat any individual probability (as many as possible obviously!) best overlap the model. 
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The probability stalelllent requiring that either poinas will fit the model will a: shown to be better suited to real 

experimental data. In relation to the fact that the individual probabilities are correlated by the parameuized 

model, and the afocementiooed concerns regarding the relation between logical operation (AND and OR). and 

madlemadcal operalial (x. +), it will be appreciated dlat in fact. tbe sum of the correlated probabilities. equation 

{F-3) corresponds rather to the IOcal probability that any point statistically overlaps with the model. 

P BSO(A B C) _ pBSO(A B C) pBSO( ) BSO tot , , - 1 , , + 2 A,B,C + ... + PN (A,B,C) (F-3) 

where: piBSO(A,B,C) = wi exp{(-1/2) P'i -f(xi;A,B,C)] 2 / Gf} and ~ wi = I 
I 

A short glance at the formulation in the equalioos (F-3) indicaleS its robusmeu against outlier points: if an 

individual probability goes ro u.ro, the sum in (F-3) am only differ by its respective maximum contribution. F.ach 

m~ent point ( Xt, Y.• ~) that decently corroborates the model. will contribute to the sum in proportion to the 

relative quality of its overlap with the model , and in proportion to its statistical weight, whence the designation 

of the method as best statistical overlap {BSO). If tbe measurement of the data set is such that the uncertaities 

results frcm statistia, the signal-lO-noise (SIN) ratio is equivalent 10 the (y, / a,) ratio, and in that case, the latter 

can quantify appropriately the information content, on the basis of the reasonable assumption lbat the SIN ratio 

is a meaningful me;mne of the infcxmation conrenL In this case, the relative weight can be defined by the inverse 

of the relative uncertainty as: wicc (ytf ai) cc ( SIN), and 1 = Ei w,, i.e. wi are normalized. 

In the absence of outlier points, and for tbe case of an appropriate model fitted to a set of data having equivalent 

information content, i.e. equal weight, tbe LMS and BSO method become identical in the limit of the true 

parame~ i.e. the parameters that makes pm<> very nearly L The latter statement is readily appreciated by 

recalling that in die limit x->O. the identity exp(-x)-> 1-x bolds. Thus taking the weighted sum of N terms of the 

fmn (l-6J with equal weight (1/N), where c\ «l,ooe obtains I-x2 as it is showed in expression (F-4). Because to 

find the maximum for 1-r is equivalent to find the minimum for r. tbe results of BSO or LMS methods are 

therefore coo verging to lhe same parameters values in this case of perfect data. i.e. data deviating solely within 

the determined statistical uncertainties. and having idenlical relative information cooaent. 

Denoting:Pi8 s0 (A,B,C) = wi•exp(-6i} and using wi = 1/N, 

then: liin Pf:,~0 (A,B,C) = l-61 -62 - ... -6N = I-x2 (F-4) 

6; ➔ O :. A➔ A0P, B ➔ B0P, C ➔ C0P 

However. the BSO formulation of oplimizatioo offers a marked advantage when it comes to deal witb realistic 

situation. i.e. when tbe points have different relative infonnalioo content. and where tbe unforwnaae possibility 

of systematic errors cannot be dismissed; tbe example of section F.3 dearly illustrate this point. 
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A disadvantage of lhe BSO fcm1ulation of optimization. compared ro the LMS melh~ is that the calculation are 

slightly more involved. which make it harder to obtained closed form expression, even for simple analytical 

functionality such ~ pol)'llmlial regression. It may be suggested that the realization of this fact may historically 

bad influenced the choice of the AND formulation of the probability in early srudies. which lead to much more 

concise analytical formulation. However. the development of amputee technology bas greatly reduced the 

difficulties of numerical calculation, which remove this limitation associated with the BSO method. 

The advantage of the BSO method will be illusttared, in the demonstration of ilS performance. at the end of this 

appendix. Mm:ova- a profes.gooal SWistician3 have investigated the mathematical properties of the BSO method. 

and have asserted its validity for optimization. 

F.2. Mathematical description 

The premiss for any optimization of parametrized model is dlat the experimental dara can be represented by an 

analytical model, which is characterized by adjustable parameters. The goals of the optimization procedure are: 

(i) to detennine the optimum value of die parameters and their uncertainties. from lhe experimental dara and lheir 

statistical uncertainties. and (ii) to assert the overall appropriateness of the model from data-model comparison. 

The present BSO approach to optimization is especially suited for die case where a small statistical sample. i.e. 

N s30, of good data points (i.e. data points with small relative uncertainties) have been acquired. and one wishes 

to extract the information content in the best statistical manner. The model is an analytical function which bas 

no points of in8exioo ow:r the range of interest. <rat~ 30 data points per points of inflexion. because a general 

statement can only be made for nearly monotonic function. 

WealreadydesallJedtbefmmatfcrtbedataset:{Xt. Y.• ~}. It must be considered as an estimate of die true values. 

which absolute imperfection is quantified by a1• while the relative quality of each point among the data set is 

quantified by (y/aJ. die latter ratio is equivalent to a (SIN) rati~ and represenlS tbe information contenL The 

BSO method bas a low sensitivity f<r systematic errors. resulting fnm a fine balance between collective data 

versus model, and each datum amparcd IO the collective data. 

The model is represenled by a function of one variable x. wbicb is parametrized by (A. B. C) as: y=f{x; A.B.C). 

The diffamce between model and daca can ~ calaJlawt for a given set of parameters values. for each data points 

$: 4t<A. B, C) = y. - f(~; A. B. C). The function~= exp[ -(llt/~}2/2 J for each individual probability terms can 

be labeled lhe sensitivity func::lion; it is the function that quantifies, in the range [0, I], die acceptability of a given 

parametrized model for each data point. 
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A) Relative weight 

Each experimental point may in general have a different information conten~ wbicb must be quantified by lhe 

experimentalist. In many cases. it can be quantified in pO(Utioo to the relative uncertainty (y/aJ for that specific 

meamrement. in regard, toils statistical meaning, as diso•ssed above. We used the term information content here 

to emplwize the physical me.aoing sought rather dlan die specific number used: the idea is to quantify the relative 

importance of an expeiimental point amongst tbe dala set. This relative weight w, is completely defined by adding 

the requirement that it will be D('ffllalized, i.e. ~ wi = 1. 

B) Optimizer definition 

Once these concepts are clearly established, a quantity designated by O for Optimizer, can be defined as lhe 

weighted sum of the sensitivity for each point. as m equation (F-5). The optimization procedure is then simply 

defined as lhe maximization of that Optimizer quantity, which in turns defined the optimum parameters: A0
, B0

, 

and C°, that 1epresents our best knowledge of the truth. In laymen• s terms. this Optimizer quantity is the sum of 

the probabilities that the parametrized model represents each dar.a poin~ each individual probability being 

weighted by its respective information content. The total probability O is a function considered to depend on A. 

B, C. and it is calculated for a fixed dar.a set: { ~. Yi• ai}. 

0 = pBSO = L wisi (S-5) 

CJ Properties 

The value of Ovaries between O and 1, as a cmsequeoce of the normalized weights (w1). and of the same property 

fa- the individual sensitivity functions St· The optimization procedure consists simply in scanning the parameter 

space. and in searching for the parameters combination that maximize O(A.B.C); the optimum parameters are 

defined by the set of values {A0
, B0

, C°} which corresponds to Max(O(A, B, C)) = O(A0
, B0

, C°)= o_. The 

maximmn value of O is expected lO approach 1 very closely, while the difference to this goal can be due to either 

outlier points er inappropriate model. If o_ approaches I, the model can be deemed appropriate, if the difference 

frcm 1 can be justified in tamed of the statistical IDlcenainlies of the data. and the rare occurance of outlier points. 

lbe uncertainties in the optimal values of the parameters are related to the uncertainties of the data points via a 

value of 0=0_ defined by equation (F-6), which circumvent a region of lhe parameter domain, using the best 

estimate of the parameters f1P =f(A0
, B0

, C°) to calculate the cumulative information content; equation (F-6) is 

easily derived by recalling the conceptual correspondence between SIN ratio for a given point. and reciprocal of 

its relative uncertainties. The extremum of the region of the parameters domain provides an estimate for the 

model uncertainties. 
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2 -1 f
0P(x-)-y· 

[ { [ 2]}-1/2] 
OUNc = OMAX 1- f Cw;) exp ? ( ;, '] (F-6) 

It is intuitively expected that the finite precision or lhe data used IO calculate the O matrix results in a finite 

precision of the optimum parameters. A qualitative picture is afforded by ooosidering a two parameters model 

oprirninlioo; there O(A.B) is a surface, wbidl Im a maximum. lbe uncertainties in the values of lhe parameters 

are conveniendy defined by o_ (<C>_). The intersedion oran horizontal plane at Z--0_, with the O(AJ3) 

s~ defines a locus in thf'! domain or the parameters which defines their respective uncertainties. Thus the 

goals set fir the optilnmUim medlod have been readied,, i.e. lhe oprimi7111icu procedure allows the determination 

of the optimum paramefa'S and their IDlcertainties, and offers a quantitative estimate of the appropriateness of the 

modelw and a transparent way to account for the effect of oudier on the overall procedure. 

The distinctive advantage of the BSO method is its robusmessw which results from its intrinsic ability to properly 

deal with outlier points using the dominant collective agreement of the dara with the model. 

F.3. Illustrative example 

We shall now demonstrate the advantage of the aforementioned properties with a numerical example. We 

produced an artificial data set of 15 pointsw wilh typical relative uncertainties {2%-6% ); the uncertainty is correctly 

simulated with the aid of a random nlDDber generator. Additionally an .. accidentaln systematic deviation is made 

to affect I point every 5 odler points at randomw imposing an additional deviation of 30% on tbese "measured .. 

values compared ro tbe "true .. value for these data points. Note that from the experimentalist point of vieww 

uncertainties are oblained from measurements sratistics. In the case of the present examplew the physical model 

is perfectly known to follow a quadratic form, whose rrue parameters are known perfectly in this artificial case. 

The data are listed in table F.l bereafterw in which the first two columns are the point's numbers (#) and abscissa 

(XJ; the tbird colmnn is the ttue value Y ._ and 1he fourth and fifth columns represents tbe measurement Yap and 

the statistical uncertainties: A Y ... Note that the weights for die BSO method are calculated as: w850cx 

(Yar/4 Y .Jw while for the LMS metbod it is wLMS oc (1/AY _,)2. lbe difference lies in the different meaning for 

weight in tbe two cases. As it can be seen from (F-1) IO (F-4), in the case ofLMSw weight originates from the 

denominator in the exponential function of the probabilityw whence tbe use of tbe absolute uncertainty from the 

sratistics of tbe m~ent. taken as equivalent to a sumdard deviation; for LMSw weights are used to scale the 

difference between data and model. In the case or die BSO, the absolute uncenainty is also used for the same 

purposew since it originates from the same expression for individual probabililiesw but it is not denooJinated 

"weigbtn. The relative weightw wl in BSOw refers to the relative information oontent of each measurement with 
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respect to the collective of the data. i.e. independently of lhe model. This important point is ueated correctly by 

our rigo:ous BSO medlod: the measuremeors are independent sratistical assessmenrs of the arue value, the quality 

of which depends of their respective {SIN) ratio. When taken collectively. with the aid of an appropriate model. 

parameters optimization is presaibed by the dilferences between model and data. in proportion of the 

corresponding absolute uncertainties. The global quality of the fit is the weighted sum of the qualities for each 

point; Ibis is definition of the fit quality is a somewhat tolerant definitioo of quality. which bas been shown by 

experience to be more appropriate lban lhe requirements implied by lhe LMS method. The analytical function 

is defined as: Y = FCX;A.B.C) = x•cx• A+B)+C. where A. B and C are to be determined. These simulated 

experimental data are used to ampare the parameters obtained by using LMS and BSO optimization methods 

desaibed above. In table F .2. the parametas values obfained for each methods are compared with the uue values. 

Table F. l Data used for the comparative example. 

# ~ y !Ille Yap ~yl&al 

1 0.2 46.875 46.87534 I.I 

2 0.2857143 62.557 62.41404 1.3 

3 0.3714286 80.666 102.4395 4.7 

4 0.4571429 101.203 101.2031 5.8 

s 0.5428571 124.168 124.J681 7 

6 0.6285714 149.561 146.3987 8.2 

7 0.7142857 177.382 175.1848 4.6 

8 0.8 207.63 206.5539 5.6 
9 0.8857143 240.307 237.5329 5.5 
10 0.9714286 275.411 348.2076 12.7 

11 1.057143 312.944 307.46 15.5 

12 1.142857 352.904 352.9 8.5 

13 1.228571 395.292 385.77 10.4 

14 1.314286 440.I08 433.09 10.5 

15 1.4 487.352 633.56 12.1 

A) I.MS methods 

The most common fitting melhod for the type of problem in which the analytical function is a second order 

pol)'Danial. is to operate a quadratic regression on the data set; quadratic regression technique do not take into 

aa:ount lhe meamrement IDKBtainti~ and therefore it is better suited to the cases of very large data set {N»30). 

and f<r which statislics is usually effective in averaging out tbe negative effect of outliers. A more general Ieast­

mean-squares method allows to indude (LMS) weigblS. which are based on the standard deviation for normal 

emr disanlJutioo as a represenlatioo of lhe experimental uncertain ti~ as we have shown in the previous sections. 
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0 

BSO Optimization: data set# 10 

300 llO 
Aparameter 160 

BSO OptimizatiQD: data set# 11 

Fipre F.1 mUSll'ation of the BSO method fir parametric model q,timizalioo: a) global convergence of the opdmiz.cr fuoctioo 
(0-fimcuoo), and b) wcll-dctiaed identity of lhe optimum. 
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In the comparison made in this section. both the LMS method and the quadratic polynomial regression were 

applied to the determination of the optimum unknown parameters, A. B. and C. 

BJ BSO method 

To illustrate our BSO method. we used a brute force method of grid calculation. for the sake of simplicity and 

transpareoce of the method. The domain of lhe parameters A and B was made discrete onto a grid of sufficient 

finesse. for which each point of the grid corresponded to an entry of a discrete numerical optimizer function. or 

O-functioo. For each combinatioo of these first two parameters, a rough estimate ofC is first obtained. around 

which a range of value is expanded. on which the Optimizer was calculated; the optimum O over the C range 

defines the O(A.B) to be sued. In qualitative~ we q,rirnized A and B in a parametric direction along C such 

that O is maximlDD. A plot of the 0-fimctim is shown in figure F .2 a) and the region of the optimum is magnified 

in figure F.2 b). 

After the whole 0-fimdim was calailaterl, this disaete O(A,B) function was scanned for the maximum of 0, and 

the drotain for the A and B parameters was readjusled to improve the definition of that maximum of O(A.B ). The 

procedure was repeated iteratively until the maximum of O was determined with certainty and the desired 

precision. The method to determine the uncertainties have been already discussed above. The result of the 

procedure is resumed in table F.2. It can be clearly appreciated that the parameters estimates and uncertainties 

calculated from equatioo (F-6) are a good approximatioo of the true values. i.e. that the error bars on the 

paramet.er'S obr.ained by the BSO are indeed meaningful. in that they reproduce the true values of the parameters. 

Table F.2 Comparison of the parameters obtained by different optimization method 

Parameters Quadratic LMS TRUE VALUES BSO 

regression 

A 146.4 242.3 z4.8 165.231 161 z6 

B 129.16 19.8 ±6.8 102.694 105z5 

C 19.137 37.7 z 1.8 19.727 19.72±0.25 

F.4. Conclusion 

The goal of this comparative study was to test the BSO method, for which we proceeded in the aforementioned 

manner. Regarding the superiority of the BSO method, in relatioo to robustness in challenging conditions. the 

ccmpdition is ttailing far behind: the quadratic regression produces results deviating by 15% and 30% for A and 

B respectively. the LMS is not only worse off, but it also produce wrong estimate of the uncertainties. 
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Figure F .2 Graphical comparison of the performance of each optimization method discussed in the tcxL The higher 
performance of the 8S0 mctbcd is amazing 
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Our BSO method displays the best pea fian.ance by offering a relatively good precision: 5% relative uncenatinties 

on the parameters in the wane case. while 20% of the data deviate by 30%. while the statistical uncertainties of 

the <Iara varies between 2-6%. A final canparison between the estimates of the true. by these three methods. also 

includes the true values (stars in the graph) in figure F.3. 

We have showed that the BSO method is clearly superior to the LMS in the precision afforded for the model 

parameters. We have discussed the rationale substantiating its superiority,. and its robustness was exemplified 

in a cypical case with simulaled dara having n-alistic piOpaties. Therefore. it should become the preferred method 

for scientific studies having produced definite assesS1J1ent of the statistical uncertainties of their measurements. 

This BSO method is a mealctbrougb in optimization procedure. on the basis of its advantageous properties and 

superior performance,. in comparison to ttaditional LMS approaches. 
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Appendix G Non-adiabatic transition in dissociation dynamics 

G. l Effect of non-crossing rule on molecular electronic structure 

A) Non-crossing rule: homogeneous penurba1ion 

Henberg1 bas shown that lbe electronic sttucture of diatomic molecules can be understood as being made up of 

low-ader states. which may perturb each odler under cenain conditioos, hence given rise to higher order states. 

The fcxmer states deramine the predcminaot feawres of lbe suucture. while the laUer states take into account the 

modificatioos of tbe energy levels, brought about by the perturbation, which are indeed observed experimentally. 

As a matta' of fa~ systematic understanding of pea1Jiar specttal features observed in molecules have prompted 

Neumann and Wigner to define the non-crossing rule: for infinitely slow change of intemuclear distance. nro 

electronic states of the same species cannot cross each other. Same species means same symmetty properties or 

S)Ulllletry type. The avoidance of lhe aos.tjng originates fr<m a term of the Hamiltonian, that was ignOl'ed in the 

first approximation leading to the first-order stares. and that must be treated as a perturbation, whose inclusion 

defines the high-cr'der state. The non-aosmig rule is the effect of a perturbation that couples the first-Ol'der states 

of the same symmetry. henceforth producing a repulsion of the "original" first-order energy levels. 

B) Diabatic and adiabatic PEC 

The typical effect of the perturbation causing the avoided crossing is illustrated in figure c. l. The strength of the 

coupling between the diabatic potential energy curves (PECs) can be seen to affect directly the width of the 

splitting that distinguises the a,t;abatic stares from the diabatic ones. An important definition must be established 

to avoid coofusion while disa•ssing this topic. The diabatic states are tbe states that correspond to the first-order 

states. The adiabatic states are the states that results from the "non-aossing" perturbation, corresponding most 

closely to the observed reality. If the coupling is strong. it makes physical sense to approach nooadiabatic effects 

frc:m the point of view of the adiabatic state. while if lbe coupling is weak. as in the case considered in the early 

theoretical works on this problem, it can be approached frcm lhe diabatic point of view. 

C) Coupling strength 

By inspection of the PEC illustrated in figure c.l, the delenllinatioo of the coupling sttength is obvious to the 

trained spectroscopist's e:yes. When the coupling is quire large. as shown in the part a) of figure G. 1. it may be 

hard to discern any effects in the adiabatic PEC, while in part b), the kinks in the PEC is quire suggestive of the 

avoided crossing. Depending on the internuclear region wbece the avoided crossing occurs. and the respective 

nature of lhe first-order stateS9 the effect of lhe coupling may ttanslate in a wide range of adiabatic PEC. Few 

other possibilities are shown inc) and ind). 
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Figure G.l Different cases of avoided crossing; a) strong coupling. b) and c) intermediate coupling strength 
at increasing internuclear distance. and d) coupling with a direct dissociative state (Cakeo from ref 1 ). 
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Figure G.2 Practical example: tbe eleccrooic suueture of the LiF molecule. Note lhe insert where the radial 
dependeace of the coupling stteogdl is illustrated. The loc::al nawre of die coupling will be rcfened ro below 
(taken from ref 10). 
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A practical example of avoided crossing is provided by the electronic structure of LiF molecule shown in figure 

G.2 The avoided crossing results &om the coupling of the ions pair pocential with the lowest tocally symmetric 

configuration of the neutral atmLs ambinatioo. This sysran exemplifies well the nature of the perturbation. Note 

die radial dependence of the coupling term illustrated in the insert. 

G.2 Diabatic curves crossing and nonadiabatic transition 

A) Background 

Many books on lbe lbeory of arcmic and molecular oollisioo have treated this aucial subject'·".5. The initial wO£ks 

on the problem of diabatic curve crossing was developed indepeodendy by Landau6
• 2.ener7. and Stueckelberg1

. 

Historically. the topic aimed at solving the problem of charge transfer in slow collision .. although analogy have 

been established with the equivalent problem of energy exchange. and many Olber generalizations since then. In 

the theory of collision. slow collisioo refers to the dynamical time scale of motion in the electronic structure. 

Recent treatments of the dynamical effects of curve crossing can be found in the books of Child9
• and Murrell and 

Bosanac10
. The interested reader will find a clear and concise derivation of the topic treated below in Bates' book. 

B) Problem definition 

The generic problem was concerned with the probability for charge transfer during the collision between two 

atanS. It was recognized early that such a process bad to involve nooadiabatic transitions. The collision involved 

two states of the combined system. which can be described in terms of the diabatic PEC or lbe adiabatic PEC. 

which are represented respectively by the dashed and the solid curves in figure G.3. The diabatic PECs cross at 

a value of the internuclear radius denoted Re. while the adiabatic PECs do not cross, because the perturbation bas 

been taken into account for this higher order of approximation of the energy level. 

The initial state of the system is taken as lhe 3S}'lllpl0Cically separated atoms in the lowest state denoted o in figure 

G.3. During the collision, the probability for the transfer translares into the probability for making a uansition 

from the lower asymptotic state to the higher asymptotic state of the combined system. The aforesaid transition 

oocurs predcxninandy in the region around Re. where die diabatic curves cross. During the collision. this region 

is travelled twice: once during the approach and once during the repulsion. To assess the probability for the 

system to end up in the final stale f. the two trajectories indicated in figure G.3 must be taken into accounL In 

dissociation however, Re is crossed only once. 

At any given branching point. between the adiabatic PECs and the diabatic curves aossing, P can be defined as 

the prdJability for die syslelll to stay on the adiabatic curve. while (1-P) is the probability for the system to make 

a transition between the adiabatic states. The probability for the same physical situation can be equivalently 
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Figure G.3. Ilustration of lbe generic problem of aromic: collision for which the probability of nooadiabatic 
transition was originally defined. The solid lines are the adiabatic energy levels, while the dashed lines represent 
the diabatic stares. "Iwo events bave to be considered to calculate the a:ansition probability: (I) the transition 
occurs during the outward motion, whereas in (ll) the transition happened during the inward motion. Arrows 
indicate the path of the colliding particles (taken from ref 5). 

Figure G.4 Tbe Landau-Zener curve crossing parameters. Diabatic (dashed) and adiabatic (solid) curves are 
shown. F1 and F2 are Che slopes of the diabatic curves at Cbe crossing point (taken from ref 10). 
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described in lenDS of the diabalic states: P is then the probability for the system to make a uansilioo between the 

diabalic states at the curve crossing, while (1-P) is the probability for the syslCOl ro stay on the diabalic PEC 

curves. Diabalic stares and adiabatic stares are different basis stares of the dynamics. 

C) Landau-~ner.Stueckelberg approximation 

Sweckelbe:rg developed a delailed framework to tteat such DOl'a«liabatic interaction. He started from the Born's 

approximation. and ended up with the diabatic distorted wave. charaaerized by a varying phase shift: the 

Stueckelberg pbase1. While his fonnalism can in principle lead ro precise prediction. as it has been 

demonstrated10
, lhe level of precision to which the PEC are known in practice rarely warranted Che application 

of this amplex tbecry. Approximatim on Stueckelberg formalism produces formula identical to the one derived 

independently by Landau and Zener, as it was first recognized by Mott and Massey3, and also discussed in 

Jobnson5
• Consequently. the probability P for the process desaibed above will hencefor..b be referred to as the 

Landau-aner-Stueckelberg (I.ZS) probability, deoOled pl-ZS. Figure G.4 illustrates graphically Ille physical 

meaning of the algebraic terms referred to below. 

plZS = exp{-tc/T12) 

pIZS = l-exp{-tc/T12) 

1t 12 
[ 

U 
]

-1 
where: -r12 = t, . 

(in terms of diabatic states) 

(in terms of adiabatic states) 

(G-1) 

(G-2) 

_ Ore 
t C - [m-/dt lrc .. 

(ar/at] = [1i(k1 + k2 )J 
re 2 µ 

re 
- Ve, where: F; =~ 

~re 

The l.2S probability refers to the probability of making a ttansili<m fir a single passage aaoss intersecting diabatic 

curves. Nore lhat the original derivation and concepts definitioo was made in terms of the diabatic states; 

overlodcing dlis very fact bas been the cause of rmfusioo iP discussioo oo this topic. Most important is to keep 

in mind that the L2S fmmula is only an approximaaioo, which valid in a limited range of value of the argument 

-rj-r 12 = r. It will be nored that if {v) is very small, r is very large, and the probability for diabetic crossing 

predicaed by the l2S formulae is very small, i.e. no ttansitim occurs between the diabatic stalCS for low energy 

encounter; this is in apparent contradictioo with the noo-aossing rule, which states that the adiaba•ic states 

represent the physical reality in the limit of slow dynamics. However, the contradiclioo is lifted by realizing that 

in genaal, the kinetic energy will differ a great deal frml zao in the regim of curve aossing, as illustraled by 
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figure G.3. Without discussing all possible limit cases for lhe variables of r. we can simply state that the LZS 

fcmtulae will give meaningful estimate fer lhe probability of curve crossing for values of I' of approximately one 

to two orders of magnitude around 1, 01" the range [0.0~ SO]. 

In snrnrnary, we shall recall the following clarificatioos developed above: a jump between tbe diabatic curves is 

equivalent to no jump between the nonadiabatic curves, and vice-versa. Note also that. if pl.ZS is the probability 

to jump, (1-f>US) is the probability not to jump. 

Coofusioo may arise out of these diffaent points of view when one consider a real molecule, because the physical 

states typically dek:nnined through specuoscopic experiments are the adiabatic states, while the states considered 

in first approximation theory are the diabatic stares. Confusion arose when that distinctioo is not dearly 

established. 

D) Expression/or the case ofwealc nonadiabatic effect!!: case of strong coupling interaction 

When the ooupling between the first-onier state is strong, i.e. of the same Ol"der or larger than the kinetic energy 

involved in the collision, it makes more sense intuitively to desaibe the collision dynamics in terms of adiabatic 

states. In the case of strong coupling, lhe diabatic states are well separated by U1~ and the dynamics occs 

preferentially on the adiabatic state. in the limits of very low collision energy (outside the range of validity of the 

lZS formula). The range of validity of the lZS formula is for collision with kinetic energy within one or two 

orders of magnitude of die ooupling energy which gave rise ro the adiabatic states, i.e. it is in the limit of relatively 

srnall atomic collision velocities. In the high end of Ibis range. r « 1, and exp(-a)- l - a. The term F2-F1 

represents the spatial variation of lhe polaltial difference causing lhe nonadiabatic transition, so its physical effect 

will be cbaracteri7.ed by die fundamental Fourier ampooent of its spatial frequency. The latter spatial frequency 

of the potential. when experienced in lhe velocity of lhe collision, will translate into a temporal frequency, whenc.P­

energy. Therefcre, lhe probability of nooadiabatic transition can be understood qualitatively as being due to that 

part of lhe Fourier spectrum of tempmll frequencies. resulting from the combination of the diabatic potentials and 

collision velocities. that "resonates" with the adiabatic energy coupling 

The latter tam F2-F1 can be approximated by: [Ui:f &-], where 4r represents that range where the aforementioned 

coupling is significanL Returning to die l2S formulae for the nooadiabatic ttansitioo in aerms of the adiabatic 

stateS. we can substitute the following approximation m: exp(-6)- l - 6 for r « I, and the approximation (ll): 

(F2-F1) = [U1:/4r], 10 obtain the approximation of equation (G-4), for the probability of nonadiabatic effects, in 

terms of adiabatic states. 
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The last relalim am be useful in pmclical applicalim where little is known a priori for the PEC,. while the value 

for coupling strength 0 12 can be estimated from specuosa,pic observalim of adiabatic PEC splitting. and upper 

limits for the value ofkindic energy and poo:ntial can beevaluaaed from experimental measurements. We derived 

and justified the approximation for 11ooadiabatic ttansitioo in die case of adiabalic basis states. obtained by SFB11
• 
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