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ABSTRACT 

This dissertation describes the results of time-of-flight 

spectroscopic examination of H+ ions resulting from electron 

bombardment of the hydrogen halide molecules HF, HC$/" HBr, and HI. 

The time-of-flight spectra of the H+ fragments and their corresponding 

H+ fragment kinetic energy spectra are used to study the dissociative 

processes that yield W fragments for electron bombardment energies 

in the 15 eV to 51 eV range. 

The H+ fragments are produced in an interaction region defined 

by a pulse electron beam colliding with the target gas. By keeping 

the gas pressure sufficiently low to guarantee that the fragment path 

length to the ion detector is much less than the mean-free path 

length in the gas, the fragments' velocities can be considered a 

sample of fragment velocities produced by the electron beam and 

hydrogen halide gas in the interaction region. The geometry of the 

interaction region primarily detected fragments produced at 900 to the 

electron beam axis. The electron gun used was designed to allow 

computer control of the electron bombardment energy. The computer 

also controlled a programmable multichannel analyzer that allowed the 

data to be acquired in a fashion that permitted normalization of the 

H+ TOF spectra taken at different electron bombardment energies. This 

normalization procedure allowed the use of ionization efficiency 

curves in detection of the thresholds of H+ production channels for 

HC$/, and HBr. For HF and HI the thresholds of H+ production channels 

xiii 



xiv 

had to be determined by visual examination of the TOF spectra. 

The electronic structure of the hydrogen halide molecules has 

been a popular topic of study over the years. Since this work 

represents the first TOF study of electronic excitation processes that 

lead to dissociation resulting in IF fragments from the hydrogen 

halides, it should prove to be a significant contribution toward an 

understanding of the highly excited electronic states of these 

molecules and their molecular ions. The interpretation of the results 

obtained indicated . that both configuration interactions between 

adiabatic electronic states that lead to predissociation-type 

processes and inner valence shell excitations were probably the 

primary contributors to the H+ fragment production. 



CHAPTER 1 

INTRODUCTION TO TIME-OF-FLIGHT SPECTROSCOPIC STUDY 
OF MOLECULAR ELECTRONIC STATES 

The purpose of this chapter is to outline briefly the general 

experimental technique and considerations involved in time-of-flight 

(TOF) studies of molecular electronic states. Some general advantages 

and disadvantages of the TOF technique will be discussed in an attempt 

to place it in perspective relative to other experimental methods and 

to motivate its use. 

General Description 

The concept of using a TOF measurement procedure to 

investigate the velocity or ldnetic energy distribution of a beam of 

particles dates back to experimental methods of classical physics. 

The basic TOF experiment is illustrated by Fig. 1.1(a). The beam 

source S is pulsed so that only over a period of time ~t are particles 

allowed to enter the beam. This time period ~t defines the 

experimental time zero for beginning the measurement of the time T 

that it takes a particle to reach the detector D over a flight path of 

length L. The velocity of the particle V=L/T is then known 

accurately, provided that the errors in the measurement of T and L, aT 

and aU are such that T » ~t, aT' and aL/v. If the experimental 

parameters are kept fixed and the beam source is pulsed at a rate \) 

(or = 1/\) such that or > Tmax + To' where Tmax is the maximum value of 

1 



(c) .. . . 
....- a. 

I. • • ••• • . ... ... . ..... 

M!,------!::,.T ----~ 

(b) . L - Period of data sampling 
!::,.T - Period of TOF data acquisition 
To - Position of beam pulse 

Tmax - Maximum fragment TOF value of interest 

(a) 

~-----"[ 

T max 

I,"" 
!::"t 

IDetectorl~<~------------- ... P_u_l_s_e_d __ ~ Source Flight Path 

Vacuum 
System 

Fig. 1.1. (a) Typical TOF apparatus, (b) important TOF time 
parameters, (c) typical TOF spectrum. ' 

2 
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T possible for particles of interest from the beam source and To is 

the position of the pulse, then each pulse of the beam may be 

considered an independent sampling of the beam source distribution of 

particle TOF times. By accumulating the detector events on an 

experimentally calibrated time scale of length ~T with a fixed To in 

D.T at which the pulse occurs, a relative probability distribution of 

the beam source TOF times can be obtained provided (see Fig. 1.1(b) and 

(c) ): 

The above argument also depends on the tacit assUmption that the 

count rate is not high enough nor concentrated in a n~rrow enough time 

interval that instrumental limitations of the detector due to a finite 

recovery time between events become significant. Such a distribution 

of the relative probabilities of the TOF time will be called a TOF 

spectrum. The relative probability distributions of particle velocity 

and kinetic energy are readily obtained from the TOF spectra and are 

also referred to frequently as the velocity spectrum and the ldnetic 

energy spectrum. 

The advent of fast electronic instrumentation (submicrosecond) 

and digital data acquisition techniques have made the acquisition of 

TOF spectra, taken for the purpose of studying dissociative electronic 

states of molecules that typically yield fragments from 0.1 eV to 10 

eV in ldnetic energy, a practicable laboratory measurement. The beam 

source for dissociative molecular fragment TOF studies is typically 

achieved by crossing a pulsed laser or electron beam through an 
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interaction region containing the molecular target gas. To remove the 

effects of collisions occurring between the gas and the fragments 

created by the pulsed electron beam or laser beam, the gas pressures 

in the interaction region and flight path region must be such that the 

mean-free pathlength in both regions is considerably longer than the 

lengths the fragments must traverse before reaching the detector. 

The mean-free pathlength of a classical particle gas of 5-angstrom

diameter spheres at room temperature is -25 cm for a gas of 1x10-4 

torr pressure. The gas pressures typically used in molecular fragment 

TOF studies are in the 5 to 10x10-6 torr range ensuring that the 

criteria of the mean-free pathlength is satisfied for path lengths of 

about 100 cm or less, since the mean-free path length A is related to 

pressure by 

A ex 1/p 

for a classical gas. The pressure regime is also an ideal one for use 

of the classical gas model, since long-range interactions between ion 

fragments and molecules with permanent dipole moments can be treated 

as negligible for A'S of this magnitude. 

The choice of molecular fragments whose TOF spectra are 

studied is dictated by the fact that the lifetime of the fragments 

that the detector is sensitive to must be long enough to ensure that a 

reasonable portion of the fragments created in the interaction region 

survive to reach the detector. The two obvious types of fragments 

with long lifetimes in a gas in which fragment depletion due to 

collisions with the gas may be neglected are 



(1) fragments in a long lived metastable or high Rydberg 

electronic state, and 

(2) ion fragments. 

5 

The two most popular fragments of TOF studies are H*(2s) 2S 

metastables and H+ ions. One reason for this is that due to the low 

mass, no mass separation is needed in the detector system provided the 

existence of such ions as H2+ and H3+ or hydrogen isotopes can be 

neglected. For the molecules of this thesis (HF, He$/" HBr, and HI), 

clearly no contamination of the H+ TOF spectra with halogen ions could 

be expected. Another reason the H+ fragment spectra are easy to 

study is that detection systems with relatively large solid angles for 

sampling the beam source H+ fragments are readily constructed due to 

the ability to focus charged particles. This greatly enhances the 

sensitivity of the detection process and allows one to gather a 

reasonably good TOF spectrum in a period of data acquisition as short 

as a couple of hours. 

Advantages and Disadvantages of TOF 

The advantages of the TOF technique stem mainly from the fact 

that it is one of the few experimental techniques that measures 

directly and reliably (with appropriate experimental precautions) the 

fragment velocities of molecular dissociation processes with the 

possibility of distinguishing between the various fragment production 

channels. Provided that the TOF spectra allows one to determine the 

individual fragment production channels, energy thresholds can be 

established for the appearance of the channels by varying the energy 
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of the pulsed electron or radiation beam used to create the fragments. 

Another advantage characteristic of TOF spectra is the ease with which 

data can be obtained with the proper equipment. Indeed, for this 

thesis, over 600 TOF spectra were taken on the molecules in question 

allowing one to check for repetitiveness and reliability of data and 

discard data runs in which stray potentials and/or H+ contamination 

from molecules such as H2 or H20 were identified. The ways in which 

the experimental system and data analysis implement and utilize the 

TOF technique in this thesis is the subject of Cha pters 3 and 4, and so 

will not be discus~ed further here. 

The TOF technique and the general advantages it offers in 

examining, selectively, fragment production channels as used in this 

thesis was the topic of the previous paragraph. Other workers have 

used the TOF technique in a different fashion to study some of the 

topics listed below. 

(1) The angular distribution of H+ from dissociative states of 

H2• (Ref. 1) 

(2) The study of high-Rydberg atomic fragments from numerous 

molecules. (Ref. 2) 

(3) The use of a detector utilizing the TOF technique itself to 

"mass analyze the fragments resulting from electron bom

bardment of organic molecules. (Ref. 3) 

The TOF experimental technique is also subject to some general 

disadvantages. Since these points will be discussed at greater length 

in Chapters 3 and 4, they will only be stated briefly here. 

(1) The lack of energy resolution for faster fragments due to 



the 1/T2 dependence of kinetic energy on the time-of

fligh t tim e T. 

(2) The distortion of low energy fragment's TOF spectra due to 

thermal motion of the target gas and electron-molecule 

momentum transfer. 

(3) A possible lack of sensitivity for a variety of reasons 

(particularly for low energy fragments) of the TOF tech

nique to fragment production channels leading to poor 

threshold energy estimates. 
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Another general problem with doing TOF work is the lack of 

supportive calculations. This is primarily due to the theoretical and 

computational difficulties inherent in treating the electron-molecule 

scattering process at electron bombardment energl.es near the energy 

thresholds of the fragment channels. The problem of coming up with 

an adequate description for molecular electronic states is also a 

formidable one even for diatomic systems. Due to these theoretical 

shortcomings, TOF data is typically interpreted using very simplified 

models, such as the two-step model introduced in Chapter 2. The 

electronic states of diatomic molecular systems will also be the 

topic in Appendix A and part of Chapter 2 in an attempt to make the 

thesis relatively self-contained, insofar as general background that is 

necessary to understand the later discussion of hydrogen halides and 

data analysis in Chapters 5, 6, and 7. 



CHAPTER 2 

THEORETICAL BACKGROUND 

This chapter discusses the physical concepts and theory used 

to discuss and analyze the data in later chapters. The general 

problem of developing a soluble model for electronic states of 

diatomic molecules and molecular ions within the framework of quantum 

theory is outlined in the Appendix. The independent particle model of 

molecular electronic states through qualitatitve molecular orbital 

theory is introduced first to allow a more detailed discussion of 

diatomic molecular electronic states. Then a brief discussion of the 

electron-molecule scattering problem and a deSCription of dissociation 

processes that can yield H+ ions is given. Finally, a discussion of 

electron excitation involving inner valence shell electrons and the 

ensuing complications closes out the chapter. 

Diatomic Electronic States and Qualitative Molecular Orbital Theory 

Appendix A outlines in detail the development of the quantum 

theory of electronic states of diatomic systems utilizing the mass 

difference of the electrons and nuclei to achieve the adiabatic curve 

description. The objective of this section is a brief discussion of the 

classification of electronic states and the independent particle model 

that allows the assignment of electrOnic configurations to these 

electronic states. A short discussion of the qualitative use of 

molecular orbital (MO) electronic configurations in discussing 

8 
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dissociation of diatomic systems and in describing the configuration of 

ionized molecules finishes the section. 

Electronic States of Heteronuclear Diatomic Systems 

The electronic states of molecules and molecular ions are 

classified by quantum numbers denoting conserved physical quantities 

of the system which represent physical observables. Conserved 

quantities of a given Hamiltonian are represented by time-independent 

quantum-mechanical operators, say 0, that commute with the Hamiltonian 

of the system, [H,O]=O. One such class of operations is the coordinate 

transformations which represent symmetries of the Hamiltonian for the 

system (see Ref. 4). The two symmetries of the electronic Hamiltonian 

He for heteronuclear molecular systems discussed in Appendix A are: 

1) rotation about the internuclear axis by R~ and 

2) reflection through any plane containing the internuclear 

axis denoted by crv• 

The symmetry operation R~ corresponds to the operator representation 

of the component of the total orbital electronic angular momentum 

projected along the internuclear axis, Lz• Physically, the electronic 

states are independent of the two directions of rotation for Lz 'I. 0, 

so the magnitude of Lz ' A = ILzl represents the physical observable for 

R~. The notation for the A quantum number follows the convention 

A = 0 

A = 1 

A = 2 
• • • 

L electronic states 

rr electronic states 

~ electronic states 
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Since the operation crv acting on itself is equivalent to an identity 

operation~ only two quantum numbers, ±1, are sufficient to represent 

crv• Now crv operating on R </> results in a reversed sense of rotation 

for A oJ. 0, but the A oJ. 0 states are independent of R</>'s sense of 

rotation as noted earlier,· hence the A oJ. 0 states are doubly 

degenerate. For A = 0 the E states are already independent of 

rotational direction, so the crv operation implies the existence of two 

states denoted by E+ and E- that are, in general, nondegenerate. The 

total electron spin of the diatomic system S represents a conserved 

quantity when relativistic corrections to He are ignored, and it 

resul ts in diatomic molecular electron states being assigned 

multiplicity quantum numbers 2S+1 in conformity with the convention of 

atomic electronic states. Thus the electronic state for heteronuclear 

molecules is classified by the three quantum numbers A, 2S+1, and + or 

- for A = 0 states when the coupling between the electronic and 

nuclear degrees of freedom is considered negligible in the adiabatic 

curve characterization. The resultant notation follows the convention: 

MUltiPlicity", /" 

1E+ 

+ or - if Estate 

I 
A value 

The adiabatic electronic states resulting from the combination 

of atom-atom or atom-ion with states of total electronic angular 

momenta L1' L2; total electronic spins S" S2; and parities 11, 12 can 

be found using the Wigner-Witmer rules. The Wigner-Witmer rules 
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assume that in the range of R values corresponding to bound molecular 

states, the coupling that determines the quantum numbers of the 

atomic systems will break down, and the projection of the total 

electronic angular momenta of the two atomic systems along the 

internuclear axiS, say M, and M2, will couple to determine the A, 

where A = 1M, + M21, of each electronic state. Similarly, the total 

electronic spin of the two atoms S, and S2 will couple to give the 

mul tiplicity terms possible for each A value. A is allowed the values 

and S the values 

IS2 - S,I :£ S :£ S, + S2 ' 

where A can only take integer values and S only half-integer or 

integer values as allowed by the standard angular momentum addition 

rule of quantum mechanics. For l: states, the + or - sign. is 

determined by the rules: 

both E+ and E- states result 

2) 1M, I = 1M 21 = 0 

E+ if L,+L2 (-1) I, I2 = +' 

E- if (_1)L,+L2 I, I2 = -, 
This completes the discussion of the Wigner-Witmer rules pertinent to 

heteronuclear diatomic systems. For further details, consul t Refs. 5 

and 6. As an example, consider the two cases below (g,u denote parity 

of atomic electronic state): 

yields 

as possible electronic states of Hel, and 
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yields 

as possible electronic states of HF+. 

Independent Particle Model of Diatomic Systems 

The problem of developing one-electron states that are 

consistent with the adiabatic electronic states of molecules will now 

be addressed. One-electron molecular states are called molecular 

orbitals, hereafter referred to as MO's. The methods of construction 

and computation used to develop MO's for diatomic systems are the 

subjects of a vast literature (as Refs. 7-9 attest) and lie outside the 

scope of this thesis. A brief discussion of pertinent concepts and 

terminology for MO's will be given. The use of MO's in constructing an 

electronic configuration for a given adiabatic electronic state, and 

how this configuration relates to the electronic configurations and 

states of the two constituent atoms or atom and ion in the separate 

atom limit, will then finish the qualitative discussion of MO theory 

pertinent to this thesis. 

The independent particle model of adiabatic molecular 

electronic states involves finding single electron states that allow 

for a systematic construction of approximate solutions to the 

Hamiltonian of Eq. (A3), derived in Appendix A: 

The standard approach is to construct a set of eigenstates for the 

single-electron operator part of the Hamiltonian for a fixed R value: 

A mul tielectron wave function consistent with the Pauli Principle is 
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then constructed from the set {<I>i(R)} which in turn is used in a 

Hartree-Fock self-consistent field computation using equations 

developed from the Hamiltonian 

H = Te + Vne + Vee 

for the fixed R value. By repeating the calculation for different 

values of R, an approximate solution for an adiabatic electronic state 

corresponding to a single configuration of molecular one-electron 

states used to construct the mul tielectron wave function is obtained. 

The Vnn term is treated as a constant to be added on at each fixed R 

value and therefore doesn't enter the computation until U(R) is 

computed. 

Note that the one-electron states or MO's <l>i (R) are 

parameterized by the internuclear separation R, as they must be if 

the~ are to describe the adiabatic electronic states of diatomic 

systems. The MO's R-dependence means that their properties such as 

orbital energies Ei. (R) and bonding character are also parameterized by 

R. The convention normally adopted is to reference all single

electron state properties to the R value corresponding to the 

minimum of the adiabatic curve of the ground electronic state. We 

will adhere to this convention unless otherwise specified. Another 

convention regarding MO's is to treat the orbital energy Ei (R) as a 

rough estimate of the vertical ionization potential IP of the MO, which 

is the enegy needed to excite the molecule from the original adiabatic 

electronic state to the adiabatic electronic state of a singly ionized 

molecular ion with a configuration omitting the MO in question at the 

R value corresponding to the minimum of the origi.nal state. The 
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justification for treating the MO energy as a good approxlmation of 

the vertical IP is Koopman's theorem. 

The axlal E field along the internuclear axls of a diatomic 

molecule or molecular ion suggests that the magnitude of the 

projection of each electron's orbital angular momentum along the axi.s, 

1m .1/,1, be used as a quantum number to identify the one-electron states. 

To be consistent with the notation adopted for adiabatic electronic 

states, the magnitude of the projection of an individual electron's 

angular momentum along the internuclear axis is denoted by A = Im.l/,I, 

where 

cr A = 0 MO 

1T A = 1 MO 

15 A = 2 MO 
• • • 

The other number associated with MO's is a positive integer that 

establishes the order of MO~s with the same A value in terms of the 

energy of the MO states. MO's with the same integer and A designation 

are degenerate in their energy. As an illustration of MO notation, -

consider the case A = 0 where the MO's are denoted by 1cr, 2cr, 3cr, ••• , 

and the energy ordering is 1 cr < 2cr < 3cr ••• , where 1 cr denotes the cr MO 

of lowest energy. The energy ordering of MO's of' one symmetry type, 

that is the same A value, remains unambiguous despite the dependence 

of the MO's and their energles on the internuclear separation R 

because of the "non-crossing rule," which is discussed in more detail 

in Refs. 5 and 10. For MO's of different symmetry types, the "non-

crossing rule" is inapplicable and the energy ordering can vary as R 
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changes. 

The Pauli exclusion principle must be satisfied when writing 

out the MO electronic configuration of a diatomic system. The Pauli 

principle is satisfied by noting that 

cr MO mQ, = 0 

7T MO mQ, = ±1 

0 MO mQ, = ±2 
• • • 

which in conjunction with ms = ± 1/2 for individual electrons gives 

• • • 

filled cr shell 

filled 7T shell 

filled 0 shell , 

where n=1,2,3,... is the integer associated with energy ordering 

discussed earlier. For example, given that the energy ordering of MO's 

for the HF molecule at the R value corresponding to the minimum value 

of U(R) for the HF 1E+ ground state is 

1 cr < 2cr < 3cr < 17T < 4cr ••• , 

the electronic configuration for the 1E+ ground state of HF is written 

as 

Hund and Hulliken developed a set of rules for coupling 

together MOs of a given electronic configuration to yield the 

corresponding electronic states. The A = ImQ,1 values of the MO's are 

coupled together using the quantum mechanical rule of an gul ar-

momentum addition to find the possible A values of the configuration 
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with the direction of the vectors coupled being determined by the sign 

of mR.. The electron spins are then similarly coupled to give the 

mul tiplicities associated with a given A value. The + and -

designation of ~ states is determined by the criteria that the 

coupling giving the A = 0 value allows the spatial part of the total 

wave function to be antisymmetric for ~- or symmetric for ~+. The 

Pauli principle determines the possible coupling values, and a few 

examples are listed in Table 2.1 for the case of equivalent and the 

case of none qui valent electrons. 

TABLE 2.1. Examples of possible coupling values as determined by the 
Pauli principle. 

Electron Configuration Electronic states allowed 

n~n' 

All closed shells of MO's (na)2, (n1T) 4, ••• couple to A = 0 and S = 0 so 

that MO configurations consisting of only closed shells can couple to 

only 1 ~+ electronic states. For further details and discussion, Refs. 

6 and 11 are recommended. 

The R-dependence of the MO's necessitates the introduction of 

correlation diagrams to relate the MO's of a given electron 

configuration to the atomic orbitals, or AO's, of the atom-atom or 

atom-ion in the "separate atom limit" when discussing the dissociative 

behavior of the electronic states. For heteronuclear diatomic systems, 
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the construction of' correlation diagrams requires first the 

construction of an MO diagram that shows roughly the energy 

relationship between the MO's and the AO's. For example, the MO 

diagram for the ground electronic state of HF is shown in Fig. 2.1, 

where the MO's have been assigned their vertical ionization potentials 

and the AO's their ionization potentials. The solid lines show the 

most probable correlation of MO to AO, based on the assumptions that 

the valence AOs will correlate to the MOs closest to them in energy 

and that the symmetry of the AO, him ~I, must agree with symmetry of 

the MO. The MO's highest in energy in a MO electron configuration, the 

11T and 30'· MO's in the case of HF, are referred to as valence MO's in 

analogy with AO terminology. The valence MO's of a diatomic system 

are primary contributors to the net excess electron charge build-up 

between the nuclei, which can result in a stable bound system for a 

range of R values. Valence MO's are thus often referred to as bonding 

or non bonding by some authors. In some cases a particular MO's charge 

distribution can even inhibit bonding, resulting in anti-bonding MO's 

* (often denoted by an asterisk superscript, for example, nO'). Note 

that the 10' and 20' MO energies illustrate that these MO's remain 

essentially fluoride AO's in nature. Another point illustrated by the 

MO diagram is that 11T valence MO's of HF are close to the 2p AO's in 

energy and that the 30' valence MO's are considerably lower in energy 

than the fluoride 2p AO and hydrogen 1s AO This can be related to the 

fact that the 11T valence orbitals have little to do with the bonding 

together of the HF molecule in its (10')2 (20')2 (30')2 (11T)4 ground state 

configuration and that the 30' valence orbitals represent the primary 
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source of stability in the bond. From the MO diagram and symmetry 

one assigns the following correlation diagram to the (10)2 (20)2 (30')2 

(11T)4 ground electronic configuration in the "separate atom limit" to 

the H( 1s) and F( 1s2 2s2 2p5) ground state atomic configurations, as 

shown in Fig. 2.1. Further discussion of qualitative MO theory may be 

found in Ref. 12. 

A brief illustration of the qualitative use of the MO 

description of adiabatic electronic states in discussing possible 

dissociative states yielding H+ ions from the HF molecule is now given. 

The vertical I.P.' s for 11T and 30 MO' s of HF (102 202 302 11T4) are _ 16 

eV and -20 eV, and the threshold value for producing H+ ions via 

dissociation yielding fluoride atoms in their ground state is -19.5 eVe 

Further, the 11T orbital is of non-bonding character and, therefore, the 

HF+ ion resul ting from its loss might be expected to remain a bound 

state. The loss of a 30 orbital is expected to severely impact the 

ability of the HF+ ion formed to remain bound and, hence, the adiabatic 

curve describing the HF+ ion might have a repulsive character. Thus 

the HF+ ion with 102 202 301 11T4 electronic configuration 

corresponding to a 2L+ adiabatic electronic state is a possible source 

of H+ ions. This expectation has been shown to be correct by both 

computational and experimental work of Berkowitz et ale in Ref. 13 and 

is consistent with the interpretation of HF H+ TOF spectra in this 

thesis. 

Electronic Excitation of Diatomic Molecules 

The purpose of this section is to describe and analyze, insofar 

as is practicable, the processes which will yield H+ ions through the 
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inelastic scattering of electrons from hydrogen-halide diatomic 

molecules. A simple model will be used to derive the R-dependence of 

the fragment kinetic-energy distribution for the case of direct 

excitation to a state that can dissociate to yield H+. The Winan

Stueckelberg approximation is then introduced to allow computation of 

the fragment ki.netic-energy distribution even when the adiabatic curve 

of the molecular ion state is unknown. Finally, a brief description of 

configuration interaction for molecules is given and how it can also 

resul t in H+ ions. 

Electronic Excitation and Franck-Condon Factors 

Electron-molecule scattering theory presents formidable 

difficul ties in both theory and computational techniques when the 

electron's energy ranges from near threshold energies of the 

electronic excitations involved to two or three times the threshold 

energies (see Refs. 14 and 15), as is the case in this thesis. Because 

of these difficulties and the fact that experiments often measure only 

relative quantities and not absolute quantities, a simple model has 

been developed that describes direct excitation to an electronic state 

that treats the dissociation process as a two-step process (see Refs. 

16 and 17). First, the inelastic collision of the electron and 

molecule produces an excited electronic state. Assuming the nuclear 

motion, whether bound or unbound, occurs over a time period that 

allows the scattered electron and any molecular electrons excited to 

continuum states to be neglected, the resulting excited states of the 

molecular system after collisions will be represented by adiabatic 
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electronic states of the molecule or molecular ion. Thus, the model 

permits the electronic excitation to be treated as a transition 

between adiabatic electronic states of the molecule or molecular ion 

of the diatomic system in question. 

H+ results from two types of dissqciation processes. The 

primary source of H+ fragments are the singly ionized molecular ions 

produced by excitation to an electronic state which has a molecular 

electron in a continuum state. The other type of dissociation process 

represents an excitation that resul ts in charge transfer from the 

hydrogen atom to the halogen atom yielding a halogen negative ion and 

H+ in the dissociation limit. The two-step descriptions of the two 

types of H+ production channels are: 

1) e(E) + HX(1E+) + HX+(S) + e(E - ~E) + e(E) 

2) HX+(S) + H+ + XCA) + KE 

E - electron bombardment energy 

~ - energy loss after collision 

E - energy of molecular electron in continuum state 

1E+ _ ground electronic state of HX molecules 

S - denotes molecular ion electronic state 

A - denotes halogen atom's electronic state 

KE - kinetic energy of fragments 

for H+ production from dissociating Hx+ ions and 

1) e(E) + HX(1E+) + HX*(S) + e(E-~E) 

2) HX*(S) + H+ + x-eN) + KE 

S - denotes excited electronic state of molecule 
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N - denotes halogen negative ion electronic state for the 

for the H+ production from a charge transfer dissociation process. 

Conservation of energy requires that when the energy associated with 

electron-molecule recoil is neglected due to the mass difference 

where 

lIE = e: + E(S) 

E(S) = KE + E(A) + IP(H) + D(1L+) 

E(S) - energy of electronic state S of HX+ ion 

measured relative to 1Z+ ground state 

E(A) - energy of atomic electronic state A measured 

relative to ground electronic state of halogen atom 

IP(H) - ionization potential of ground state hydrogen atom 

D(1Z+) _ dissociation energy of HX(1Z+) electronic 

state from ground vibrational state 

for dissociation of the molecular ions, and 

where 

lIE = E(S) 

E(S) = KE + E(N) + IP(H) + D(1Z+) 

E(N) - energy of halogen negative ion's electronic state 

measured relative to ground electronic state of 

halogen atom 

for dissociation yielding H+ + X-. Figure 2.2 illustrates the two 

types of states yielding H+ ions in terms of adiabatic curves. 

Figure 2.2 shows that the ldnetic energy of the fragments will 

be dependent on the R value at which dissociation is assumed to take 

place. To obtain a qualitative understanding of the R-dependence of 
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FIG. 2.2. Illustration of electronic excitation from HX(l~+) 
ground electronic state to states dissociating to yield H+ ions. 
The kinetic energy of the dissociating fragments is equal to the 
difference between the R~ limit of the adiabatic curve of the 
excited state and the energy U(R) of the curve at the R.value assumed 
by the excited state after th~ excitation. For example, assuming R 
stays fixed at Ro during the excitation process would yield a high 
energy H+ fragment from dissociation to H++X-(N) and a low energy 
H+ fragment from dissociation to H++X(A). 
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the transition between two adiabatic electronic states, the Franck-

Condon principle is introduced. Following Ref. 18, the pr'inciple stated 

in physical terms asserts that transitions between states that require 

the least instantaneous adjustment of R and the momentum of nuclei 

will be favored. In electron-molecule scattering theory, Born's first 

approximation is used to obtain a quantitative method for finding the 

R-dependence in which the differential cross section of an electronic 

excitation from an initial state Wi to a final state Wf resulting from 

an interaction represented by potential V is proportional to 

To compute the explicit R-dependence or Franck-Condon factor of a 

transition, the wave functions Wi and Wf are both assumed to be of the 

form 

... ... = We (ri<l,R)Xv(R)PJM(9,iP), 

where W(iti<l''R) represents the electronic wave function that is a 

solution of Eq. (2.3) and Xv(R) and PJM(S,iP) describe the vibrational 

and rotational motion of the nuclei with Sand iP denoting the polar 

angles desCribing orientation of the nuclear axis relative to a space-

fixed coordinate system. V is assumed to be the coulombic interaction 

potential between the incident electron and the molecular electrons. 

The further assumption that the integration over electronic 

coordinates involving <WefIVIWei> will yield a fUnction G(R,9,iP) that 

varies slowly with R in comparison with the XVf(R)XVi (R) part of the 

integrand allows the approximation 
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where Ro represents the value at which XVi (R) is a maximum. Finally, 

the electronic excitation of a molecule exhibiting no preferred 

orientation in space permits taldng the average over e and ~, yielding 

(2.1 ) 

The cross section of the transition is seen to be proportional to the 

square of the overlap integral IX:f(R)XVi(R)dR of the initial and final 

adiabatic electronic state's vibrational wave functions. The M(Ro) 

term represents the cross section for electronic excitation, which 

also has a dependence on the energy of the incoming electron and the 

electronic excitation energy. While Born's first approximation is 

effective when the energy of the incident electron is several times 

the threshold energy of the electronic transitions of interest, it is 

of little value at bombardment energies near threshold. Since the 

nuclear motion of diatomic systems in the ground vibrational state 

might still be regarded as an adiabatic process with regard to 

electronic motion for electrons with incident energy near electronic 

excitation thresholds, it is assummed that the overlap integral still 

gives a reasonable R-dependence for the electronic excitation process, 

but the computation of M(Ro) would have to be modified in some 

fashion. The details of the computation to arrive at Eq. (2.1) are 
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discussed in greater detail in Ref. 19. 

Overlap Integral and the Winans-Stueckelberg Approximation 

Th~ R-dependence determining the relative intensity of ldnetic 

energy distribution of the fragments can be found by evaluating the 

Franck-Condon factor 

(2.2) 

The use of (2.2) requires that both the initial and final state's 

adiabatic curves be available so XVi and XVf can be determined. For 

the hydrogen halides, the 1 k+ ground electronic state's ground state 

vibrational wave function can be ass'JIDed to represent XVi for reasons 

that will be discussed elsewhe~e and is approximated quite accurately 

by a simple harmonic oscillator (S.H.O.) wave function of the form 

(1 1/4 -(1/2 x2 
lJJo = (-) e 

1T 
x = R - Ro ' (2.3) 

where Cl and Ro are constants that can be determined from standard 

spectroscopic constants available in the literature. The XVf will be 

repulsive portions of the adiabatic curves of singly ionized molecular 

ions or excited electronic states correlating to negative ions in the 

dissociation limit. Unfortunately, the adiabatic curves of only a few 

such states of HF and HCl have been computed and verified 

experimentally. This situation arises frequently in molecular 

spectroscopy; and, in the case in which XVf represents the repulsive 

portion of an adiabatic curve, the Winans-Stueckelberg or "reflection" 

approxLmation is frequently used which assumes XVf can be 

approximated by an appropriately normalized delta function o(R-R '). 
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The physical rationale behind the reflection principle is 

illustrated by Fig. 2.3. The adiabatic curve is modeled as a linear 

function of R: 

where K is determined by the ,condition 

and R1 and R2 are determined by the range of R values for which the 

ground-state vibrational wave function XVi departs significantly from 

zero. The XVf wave function then satisfies the Schrodinger equation 

iJ.2 d2X 
- + U(R)X = EX 

2ll dR2 

where II is the reduced mass of HX. Introducing the variable 

z = (R - [R2 + (E2-E)/CJ) (2l-tC/ll2) 1/3 

transforms Eq. (2.12) to the form 

d2 
~ + zX = 0 • 
dz2 

The general solution to equations of the form (2.5) is an Airy function 

1 roo 1 
Ai(z) = liT 6 cos ("3 ll3 - llz) dll , 

which is discussed at greater length in Refs. 5 and 20. The properties 

of Ai(z) of interest are the following: 

1) z is a parameter of E and the Airy functions obey the 

desired normalization condition of energy eigenfunctions with a 
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FIG. Z. 3. Illustration of the t-linans-Stueckelberg Approximation. 
The Airv function for Z(R ) decays rapidl" for R >R and oscillates for 

• 0 - 0 
R>R so ~hat the contribution to the overl~p integral of XVf can be 
rep~esented by o(R-R). Rl and RZ denote the limits of the Franck
Condon region determfned by the range of R values for which -kv- ,repre
~ented by the ground vibrational-state wave functions, assumes~nonzero 
values. 
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continuous spectrum 
co 

f Ai(z(E» Ai(z(E'» dR _ o(E-E'); 

2) for z < O~ Ai(z) decays exponentially; 

3) for z > 0, Ai(z) -I- sine ~ z3/2 + i 1T) • 

Properties 2) and 3) justify the type of behavior exhibited by XVf in 

Fig. 2.3 Because of properties 2) and 3), only a small region about 

z=O, which corresponds to a small range of R values near the adiabatic 

curve, contributes significantly to the overlap integral allowing XVf 

to be approxi.mated as a delta function o(R-R'). In a detailed 

quantitative analysis in Ref. 21, Gislason concluded that, provided the 

adiabatic curve of XVf was linear, the appropriately normalized form 

of XVf is to a good degree of accuracy 

XVf = IdU(R)/dRI;~~~ o(R-R') • (2.6) 

Using this form of XVf to implement the reflection principle in the 

Franck-Condon factor of Eq. (2.2), with XVi given by Eq. (2.4), yields 

IdU/dRI;~R' "'~(R') , (2.7) 

as the R-dependence determining the fragment kinetic energy 

distribution. Equation (2.7) is the expression of R-dependence that 

will be used in analysis of TOF kinetic-energy distribution later in 

the thesis. 

Indirect Excitation Processes 

The preceding discussion assumed the excitation of the initial 

electronic state of the diatomic molecule directly to the electronic 

state, which dissociates to yield H+. There exi.sts, however, the 

possibility of state mixi.ng for quantum mechanical systems 
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characterized by approximate solutions such as the adiabatic 

electronic states of diatomic systems. One reason for this lies in 

the fact that the adiabatic electronic-state description of molecular 

electronic states and excitation of molecular electronic states is 

achieved by ignoring certain interactions in the system, such as the 

effect of nuclear motion on electronic motion or spin-orbit 

interaction. If two different adiabatic electronic states are in 

coincidence or near coincidence in energy for a range of R values as 

they are at a curve crossing point, then such neglected interactions 

can represent perturbations of sufficient magnitude to result in a 

mixing of the two states, resulting in a breakdown of the independent 

orthogonal adiabatic electronic-state description. The mechanism just 

described is used to explain the phenomena of predissociation in Refs. 

5 and 6. 

Another reason the adiabatic electronic-state description is 

inadequate is that, typically, the states are modeled by a single 

electronic configuration which doesn't represent an adequate 

description of the electronic state for a gLven range of R values. 

The electronic state can be better represented by a wave function 

expanded to include more than one single-configuration, adiabatic wave 

function over the range of R values of interest 

(i) 
We(R,E) = 1: ci We (R,E) , 

i 
where the W~i) (R,E) represent orthogonal adiabatic electronic wave 

functions of different electronic configurations. The fact that more 

than one single-configuration, adiabatic electronic state is needed to 

describe the electronic state wave function implies that mixing of the 
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states for the range of R values in question is possible due to 

perturbations such as those described in the preceding paragraph. This 

type of phenomena is termed "configuration interaction" by Fano in Ref. 

22. The classic example of configuration interaction is autoionization 

of atoms and molecules in which an excited electronic state 

represented by a configuration of bound electrons mixes with a 

configuration corresponding to the continuum electronic state of a 

molecular ion and an electron of energy e:. An interesting point to 

note is that, in contrast to curve crossing, the autoionization process 

resulting from configuration interaction does not require the adiabatic 

curve of the neutral molecule autoionizing electronic state to be in 

coincidence or near coincidence with the molecular ion curve for a 

range of R values because of the energy e: of the electron in the 

continuum state. Curve crossing also represents a configuration 

interaction but, in addition, implies a localization of the range of R 

values over which the state mixing takes place that is possibly much 

more limited than the FC region. The adiabatic curves are assumed to 

represent a reasonable approximation of the molecular states involved 

except for that range of R values where the "curve crossing" occurs. 

For this reason, the distinction between "curve-crossing" type 

configuration interactions that yield H+ and autoionization-type 

configuration interactions that yield ~ will be maintained in this 

thesis (see Fig. 2.4). 

The production of H+ ions from state mixing processes can be 

understood in principle using the preceding mechanisms, but the actual 

prediction and calculation of such phenomena requires detailed 
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FIG. 2.4. Typical KE spectra due to excitation processes. (a) and 
(b) illustrate indirect excitati"on processes fragment distributions in 
whic~ the molecule HX is excited first to the excited state 7 g~ving 
H*+X as R-+oo. The excited state then dissociates via the HT+X through 
curve crossing at Rc in (a) and through auto ionization in the range of 
R values Rl<R<R2 in (b). Note the narrow range of kinetic energy values 
in (a). (c) illustrates a direct excitation process fragment distribution. 
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information about the electronic states involved and sophisticated 

electronic-molecular scattering-theory formalism, as discussed in 

Refs. 23-25. Only the simplest molecular systems, such as H2, have 

been the subject of detailed calculations - and then only for the case 

of autoionization. This lack of a quantitative model or models and 

theoretical calculations requires that this thesis confine itself to 

noting that there can exist features in a TOF kinetic-energy spectrum, 
I 

with kinetic energy distributions and/or energy thresholds that appear 

to preclude the use of the simple direct-excitation model. Such 

features might be attributable to a curve-crossinel; resulting in a 
I 

state dissociating to H+ + X- or predissociation iirvOl ving HX+ ion 

states, or a configuration interaction resulting in ~n autoionization 

process. 

Electronic Excitation Processes of Inner Valence Electrons 

The prior discussion of adiabatic electronic states of diatomic 

molecular systems described two types of H+ production channels 

utilizing the independent particle-model configuration of MO's to give 

a quantitative deSCription of the processes. Even in the configuration 

interaction processes it was assumed that the independent particle-

model configurations represented a reasonable basis set for deSCribing 

the electronic states of a diatomic system. This assumption is valid 

to a good degree of accuracy for electronic transitions involving only 

the loosely bound outer valence shell electrons which can be treated 

as moving in an average field resulting from the nuclei and inner 

valence shell and core electrons. However, for electronic excitations 
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invol ving the inner valence electrons, the use of the independent 

particle model breaks down in both atoms and molecules. The primary 

reason for this breakdown is that the inner valence electrons can no 

longer be treated as moving in an averaged field but must be treated 

by a formalism that introduces the effects that the electrons have on 

each other in a more explicit fashion. This breakdown in the 

independent particle model for inner valence electrons due to electron 

correlation effects complicates the description of electronic states 

considera bly. 

The electron correlation effect on inner shell valence 

electrons directly manifests itself in experimental data from 

photoelectron energy spectra (PES) and (e,2e) coincidence spectra. In 

PES spectra the photoelectron spectra associated with the 

photoexcitation of inner valence and core electrons of the noble gas 

atoms is split among several widely spaced peaks in energy instead of 

a single main peak or closely clustered peaks resulting from coupling 

of spin and angular momenta that would be expected in the independent 

particle model. This lack of a well-defined electron binding energy 

is attributed primarily to electron correlation effects. In the 

recently developed field of (e,2e) cOincidence spectroscopy (see Refs. 

26 and 27 for reviews of (e,2e», the scattering of fast electrons from 

a target atom or molecule and the coincident detection of a scattered 

electron and an electron knocked out of the target atom or molecule 

with the appropriate total energies and angular correlation defined 

relative to the electron beam direction can yield information similar 

to PES. The (e,2e) technique has been used to investigate the binding 
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energy and momentum distributions of bound electrons in the target 

atoms and molecules. The w.ork of Weigold, McCarthy, and their co-

workers on the noble gases (see previous Refs) and the more recent 

experimental and theoretical work of Brion, Weigold, and their co

workers on the hydrogen halides,28,29 which are diatomic systems 

isoelectronic to the noble gases, reveals that for both the atoms and 

the molecules, the inner valence electrons are no longer adequately 

described by the independent particle model. The pertinent results 

will be described in Chapter V. 

The preceding discussion noted that for atomic/molecular 

systems the independent particle model can break down even without 

the introduction of perturbations such as those that result in curve 

crossing and autoionization. This breakdown is attributed to electron 

correlation effects· and can be modeled by the use of "configuration-

interaction states" to describe the more complex character of the 

electronic system by the use of wave functions: 

where {\jJi} represents a complete basis set of independent particle 

configurations coupled to the desired spin and angular momenta of the 

state in question. When describing the effect of electron correlation 

on an excitation process defined by an initial and final state, the 

state for which the electron correlation effects necessitate the use 

of "configuration-interaction states" must be specified. This leads to 

the terminology of initial-state-configuration-interaction (L'3CI) and 
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final-state-configuration-interaction (FSCI) to distinguish between the 

two possible types of correlation states. In some cases (see, for 

example, Ref. 30), both types of correlation states can be necessary to 

model an excitation process properly. The experimental results from 

PES and (e,2e) on the inner valence electrons of the noble gases and 

hydrogen halides of interest to this thesis were modeled using 

electron correlations in the final (i.e., ion) state, so the distinction 

is not important to bear in mind when discussing these results. 

Before discussing the possible production of H+ ions from 

inner valence shell excitations, it will be necessary to introduce 

some further terminology used to describe such electronic states. The 

choice of terminology is dictated by the choice of formalism used to 

treat the electron correlation problem. Since the hydrogen halide 

(e,2e) references of most direct interest to this thesis utilize the 

second-quantization many-body Green's function (GF) methods developed 

for atomic/molecular electronic states, the vernacular of this 

formalism will be given. The GF computational results use the MO 

designations of single electron states ncr, O1r, ••• , but a GF electron 

state no longer corresponds to a uniquely defined MO but to a 

quasiparticle state in the particle-hole description used to describe 

atom/molecule electronic systems in the second quantization formalism. 

When the electronic process of interest involves the removal of a 

valence shell electron (denoted by (ncr)-1, for example), this 

corresponds to the creation of a "hole state" in quasiparticle 

terminology. The hole state can have several ionization energies 

called "poles" in GF vernacular, in contrast to the single ionization 
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potential of an independent particle model MO. The relative weights 

assigned to the poles of a given hole state are termed the "pole 

strengths" and are normalized to unity. For further details of the 

formalism involved, Refs. 20-23 are recommended. 

The excitation of an inner valence electron (for example, the 

40' electron of HCI) to a continuum state is now described as creating 

a "hole state" of the corresponding MO « 40')-1 in the case of HCI) 

with the pole energies regarded as being equivalent to multiple 

vertical ionization potentials of the hole state at the R value for 

which the GF calculations were performed. The R values used in the 

calculations of Refs. 28 adn 29 corresponded to the minima of the 

ground state adiabatic curves of the hydrogen halides. 

In contrast to the vertical ionization energies for the outer 

valence el,ectrons, inner valence electrons typically have pole 

energies well above the thresholds for production of H+ fragments 

from either the H++X+e- or H++X- dissociation process. This suggests 

that H+ production resulting from inner valence shell electron 

correlation states be modeled as follows: 

(1) Inner shell ionization takes place due to electron-

molecule scattering, leading to creation of a hole state with a given 

pole energy. 

(2) Possible photon and/or electron emission takes place 

prior to dissociation for short-lived hole states with lifetimes 

considerably less than time periods characteristic of nuclear motion. 

(3) Dissociation of the singly or doubly ionized diatomic 

system to yield H+ fragments and a halogen atom or ion in a given 
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electronic state. 

step (1) suggests that the threshold electron bombardment 

energy of the appearance of a given H+ feature should be nearly 

cOincident with the pole energy of a hole state if an inner valence 

electron is involved. step (2) precludes the assignment of a given 

excited adiabatic curve electrOnic state without more experimental and 

theoretical studies on the possible partitiOning of the excitation 

energy among the possible degrees of freedom of the excited system 

and time scales involved in the partitioning processes. Step (3) 

suggests the use of the FC factor analysis and approximations used to 

model the fragment kinetic energy distribution as primarUy 

attributable to the ground electronic state's ground vibrational 

state's distribution of R values: 

1"'0 (R) 12 

probably remains a reasonable description of the dissociation process 

provided one of two criteria is satisfied for the hole state: 

(1) T« Tn 

(2) T» Tn , 

where T is the lifetime of the hole state and Tn is the period of 

oscUlation of the ground state vibrational wave function of the 

system. If criteria (2) is satisfied, then the two-step model remains 

a reasonable one, even for excitation involving inner valence shell 

excitations. Criteria (1), which seems more likely to be satisfied 

considering inner valence shell excited electronic states have typical 

lifetimes on the order of 10-17 sec or less, means that shell 

rearrangement involving the outer valence electrons wUl take place 
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prior to dissociation. Should T and Tn be of approximately the same 

order of magnitude, the ground vibrational state F-C factor can no 

longer be expected to represent a reasonable model for the 

distribution of R values for the dissociation process. Indeed, for this 

case the adiabatic treatment of nuclear and electronic motion 

separately would break down. 



CHAPTER 3 

EXPERIMENTAL TECHNIQUE AND DATA ACQUISITION 

This chapter descl"ibes the expel"imental technique and apparatus 

used to obtain the experimental data. The bulk of the apparatus used 

with the exception of the electron gun and computer software was 

either purchased commerically or else constructed by persons 

associated with the TOF group in the past. The major source of 

dif fi cuI ties in the experiment was the type of gases used (HX where 

X=F, CI, Br, I) which severely restl"icted the options available for 

handling the gases, reliably measul"ing pressure and channeltron 

detector performance. 

Vacuum System 

TOF experimental work requires a vacuum system capable of 

achieving a number of cl"iteria: 

1) maintaining pressures that satisfy the TOF criterion that 

the mean-free pathlength of the gases present in the system be 

considerably greater than the pathlen~h to the detector traveled by 

fragments from the interaction region. 

2) maintaining pressures in a considerable volume that permit 

the expel"imental equipment in the chamber such as channel trons, 

electron-gun cathodes, etc., to function. 

3) achieve a pumping speed for the vacuum system that allows 

introduction of gas into the interaction region at a rate that gives a 

40 
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good signal at the detector while at the same time maintaining 

pressures compatible with requirements 1) and 2). 

4) achieve a lower pressure limit in the absence of source 

gas that allows the background gases to be treated as a small 

contributor to the TOF spectrum when the source gas is present at 

normal operating pressure. 

In practice, requirement~. 2) and 3) represented the major 

restrictions imposed on the experiment by the vacuum system. 

Requirement 2) fixed the upper limi t of chamber press ure at _ 1 x 1 0-5 

torr which was restrictive when attempting to take TOF data near the 

threshold energies due to the pumping efficiency of the vacuum system. 

The vacuum system used was built from commercially available 

components. The TOF vacuum chamber was of cylindrical geometry and 

constructed from stainless steel. The chamber volume afforded by the 

dimensions of 1.2 m in length and 46 cm inside diameter easily 

accommodated the experimental apparatus used to take data on TOF 

pathlengths of 20 cm and 40 cm. The chamber was pumped by a 

centrally located Edwards 9M3A mercury diffusion pump coupled to an 

Edwards CB9A freon-cooled baffle (operated at -30oc) and an Edwards 

NTM9A liquid nitrogen trap cold trap. Typically a starting background 

pressure of _2-4x10-7 torr could be obtained for a clean system and 

5-7x10-7 torr if the electron gun was operating with an outgassed 

filamenta The operating pressures ranged from 5x10-6 to 1X10-5 torr 

during data runs. 

A problem posed by the hydrogen halide gases was a buildup in 

background gas pressure in the system if the gas source was run 
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continuously over a period of time exceeding 72 hours. This increase 

in background pressure was attributed to the cumulative condensation 

of the hydrogen halides on the liquid nitrogen trap contributing vapor 

pressure to the background. This problem proved to be manageable by 

restricting continuous gas source operation to periods of _48 hours or 

less and periodically allowing the liquid nitrogen trap to warm up to 

purge the condensation. 

The pressure in the vacuum system was monitored continuously 

by two Granville-Phillips Bayard-Alpert-type ionization gauge tubes 

and gauge controllers rated for a pressure range of 1x10-3 torr to 

3x10- 10 torr. The tubes were positioned to monitor pressure at a 

vacuum feedthrough centered on the cylindrical wall of the main 

chamber and at a vacuum feedthrough located on the metal neck leading 

to the liquid ni.trogen trap. 

Ionization gauge pressure measurement is based on the 

principle that the current of ions produced in the ionization gauge 

tube by electron bombardment is proportional to the gas pressure in 

the tube. Unfortunately, different gases produce different ion 

currents even assuming the tube's operating parameters, such as 

electron bombardment current, remain fiXed for the different gases. 

Typically the tube is calibrated for nitrogen gas, and the tube 

sensitivity to other gases relative to nitrogen is adjusted using 

manufacturer's data or rough empirical relationships that appear to be 

valid for certain groupings of gases, as discussed in Ref. 34. Another 

problem is that the reactive nature of the hydrogen halides can cause 

desorption of gases on surfaces which could cause locally higher 
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pressures in the tube with its smaller volume to surface area ratio 

than the main chamber. While the net effect of all possible errors 

might tend to balance out, the pressures measured by the ionization 

gauges cited in the thesis are regarded as accurate in order of 

magnitude but limited in accuracy for estimating pressure dependent 

quantities. 

A further point to note is that the pressure in the 

interaction regLon is not directly monitored by the ion gauge tubes. 

This problem was overcome by assuming that the count rate of TOF 

spectra observed for fixed electron gun parameters is proportional to 

the gas pressure in the interaction regLon. The introduction of H2, N2, 

He, and Hel gas into the vacuum chamber directly into the interaction 

reglon gas source and indirectly via another gas inlet located well 

away from the interaction regLon showed that the direct gas source 

gave a count rate roughly double the indirect gas source for the same 

chamber pressure. This would indicate that the pressure in the 

interaction regLon is roughly double that measured at the chamber ion 

gauge. 

Gas Source 

The gas source of the interaction regLon consisted of an array 

of thirty stainless steel tubes 1 cm in length and -0.015 cm inner 

diameter. The tubes were mounted in a stainless steel block in three 

rows o~ ten, spaced uniformly over an area 3/8" x 1 1/4". 

The vacuum system pumping speed for air was given as 400 

liters/sec. Using half of the air pumping speed as an estimate of the 
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effective pumping speed of the system for the hydrogen halides and 

assuming a chamber pressure of 7x10-6 torr gives 

Q = 1.4x10-3 torr-liters/sec 

= 4.5x10 16 molecules/sec at T = 3000 K 

so that each tube has a flux rate of -1.5x10 15 molecules/sec. 

Reference 35's analysis and graphs indicate that a pressure of -1 torr 

is needed at the high pressure end of the tube to achieve this flux 

rate which means that the mean-free path length of the gas on the 

high pressure side is only half of the tUbe's inner diameter. 

The conditions described in the preceding paragraph would 

support the model that the gas flow through most of the tube length 

is dominated by wall collisions with some intermolecular collisions. 

This type of flow has been discussed by Refs. 36-38 in detail, and both 

experimental and theoretical studies indicate that the speed 

distribution of the molecules leaving the tube will be approximately 

of Maxwell-Boltzmann character. The thermal ion fragments, resulting 

from the bombardment of monoatomic helium gas and modeled as the 

flux of a Maxwell-Boltzmann gas across a surface (due to the 

detection method), were described by the speed distribution: 

3 _v2/v
2 

=--f(v)dv ~ veT dv vT = 12KT/m 

which in terms of time traversed over a fixed pathlength 1 gives the 

distribution 
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(3.1 ) 

A superposition of the distribution (3.1 ) and a typical He+ ion TOF 

spectrum obtained at _28 eV bombardment is shown in Fig. 3.1. 

Considering that the fast portion of the He+ ion spectrum is 

contaminated by N+ ions from 
+ dissociating N2, and that no correction 

for momentum transfer due to the electron-molecule scattering 

process, which can be considerable for an atom as light as helium (as 

discussed in Ref. 39), the Maxwell-Boltzmann distribution appears to 

give a model that approximates the general character of the speed 

distribution of gases passed through the source array. Generally, runs 

of He+ ion spectra gave values for KT ranging from 0.04 to 0.06 eV, 

which does not seem unrealistic due to the presence of the hairpin 

filament as a source of heat to the array source and the difficulty in 

obtaining good TOF spectra for He+ ions at near threshold electron 

bombardment energy. 

The gas on the high pressure side of the array is sourced from 

a lecture bottle of gas obtained from either Linde or Matheson and in 

all cases a purity of 96 % or greater was claimed. The gas was 

introduced into a copper line through a commercially obtained 

corrosi ve gas regulator in the cases of HC1, HBr, and HI, and through a 

Monel needle valve in the case of HF. The copper line from the 

lecture bottle lead to a stainless steel needle valve which was used 

to make the final adjustment to the gas flow going to the high 

pressure side of the tube array through a copper tube connected to 
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FIG. 3.1. The solid line denotes the distribution of Eq. 3.1. The 
dashed line denotes a He+ ion·TOF spectrum obtained with 28 eV electron 
bombardment and normalized so that the maxima of the two curves are in 
agreement. The maximum value occurs at t =~ t*, which gives a KT 
value of -0.050 eV for the experimental curve. 



the array by teflon tutdng. 

The reactive nature of the hydrogen halides necessitated the 

use of a careful purge procedure to ensure the gases did not become 

too contaminated while passing from the lecture bottle to the array. 

Typically, prior to a run, the needle valve was shut and a pressure of 

-112 atmosphere of the gas to be run (except for HF as will be 

explained) waa, introduced into the tubing up to the needle valve and 

allowed to sit for -112 hour. The gas was then pumped from the 

tubing and the procedure repeated twice. Finally, the needle valve 

was cracked to allow the vacuum chamber to reach a reasonable 

operating pressure for data runs and typically was allowed to run for 

at least two hours or longer before any attempt was made to set up 

for a data run. The entire procedure was repeated prior to every data 

run. 

The gas in the chamber was monitored occasionally using an 

Ultek Quadrapole 150 residual gas analyzer. The instrument used was 

incapable of giving absolute or relative pressures of the gases 

present, but was extremely sensitive and provided a good check for the 

presence of other gases capable of yielding H+ ions such as H2 and 

H20. The mass analyzer was also used to check for the presence of 

exotic contamination in the form d1mers, hexamers, etc. of the hydrogen 

halide form gases (i.e., (HX)n' where n=2,3,4,5, ••• ). Such species of 

molecular complexes are the subject of much research (see, for 

example, Ref. 40), but as of yet no detailed theory capable of 

predicting their concentration in HX vapor for a specified pressure and 

temperature condition is available. Mass spectrometers similar in 
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principle of operation to the one utilized in this experiment have been 

used to detect (HF)2 however, and no peaks that corresponded to 

multiples of (HX)n were observed. Therfore, the concentration of such 

molecUlar complexes must be considered negligible or nonexistent, 

because peaks of background gas such as nitrogen, which was present at 

a partial pressure of less than 4X10-7 prior to introducing the gas to 

the chamber, were reglstered as a definite, if weak, peak of the mass 

spectrum. 

Two of the gases run gave particular difficul ties. HF is 

liquid at room temperature under lecture bottle I conditions and, 

therefore, only had a line pressure comparable to the vapor pressure 

at 200 C of -1 psig for liquid HF. Pumping on a liquid! source with such 

low vapor pressure resulted in large pressure fluc~uations occuring 

unpredictably over very short time periods, making pressure 

normalization of spectra acquired during the same run unfeasible. Due 

to the dangerous and corrosive nature of HF, options such as heating 

the cylinder to yield a higher vapor pressure were considered 111-

advised. Fortunately, HF provided a reasonable signal in spite of 

erratic operating pressures. The other problem-prone gas was HI, 

which is an unstable gas due to the reaction 

being highly exothermic. The I2 presented no difficulty insofar as 

contamina tion of H+ TOF spectra was concerned. The H2 provides a 

possible source of contaminating H+ ions, but data runs done with 
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straight H2 gas indicate that the contribution of H+ ions from H2 

would be negligible in the electron-bombardment energy range of 20-35 

eV, where the HI energy thresholds for H+ production occur. HI can be 

purified by temperature-controlled distillation methods, but the 

equipment requirements and safety considerations, coupled with the 

additional time added to an already lengthy data-acquisition procedure, 

precluded its use in this experiment. By confining the HI data runs to 

20-35 eV electron .bombardment energy range, H+ TOF spectra with 

reasonable energy thresholds and no evidence of appreciable H+ from 

H2 were obtained. Unfortunately, the purity problems in the source 

cylinder also mean that the concentration of HI gas in the interaction 

region is only a reduced fraction of the total gas pressure and 

reduces the TOF signal quality obtainable at near-threshold 

bombardment energies. 

Electron Gun 

The electron gun constructed for this experiment was designed 

to produce a pulsed electron beam with variable beam bombardment 

energy in the 15 eV to 50 eV range capable of delivering current 

measured as a time-averaged current of -1x10-8 amps when pulsed at a 

rate of 8 kHz with pulses approximately a tenth of a microsecond in 

width. The gun cathode was constructed to allow the use of an ac 

power source which, coupled with the pulsed character of the beam, 

allowed a zero pickoff method to be utilized in an effort to eliminate 

the voltage drop across the cathode as a consideration In the electron 

bombardment energy. The gun was also configured to allow two 
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computer-controlled power supplies to change the electron beam 

bombardment energy. 

The electron gun and pertinent electrical connections are . 
shown in Fig. 3.2. The gun cathode consists of an ac-powered hairpin 

filament operated in a biased 600 cathode-shield geometry (lVB1> IVG' 

where VB,VG<O), following the design of Refs. 41 and 42. The hairpin 

filament itself was fabricated from 0.007-inch-diameter tungsten wire. 

A stainless steel mesh over an aperture of 0.20-inch diameter and 

located -0.15 inches from the tip of the filament was pulsed using 

output pulses of +40-volt amplitude and _0.10 microsecond duration 

from a Systron Donner 114A pulse generator triggered at ac power 

signal zero crossings (see Fig. 3.3(a» to introduce a pulsed source of 

electrons into the first electrostatic einzel lens. Between pulses, a 

9-vol t battery biased the pulse grid to prevent a leakage current of 

electrons. The first einzel lens is used to attempt to align the 

electrons into trajectories as near parallel to the desired beam axis 

as possible. The second einzel lens is then used to optimize the 

focus of the electrons into a Faraday cup on the other side of the 

interaction region. Both electrostatic einzel lens were constructed 

from three steel plates with apertures of 0.187-inch diameter spaced 

at 0.20-inch intervals so that the calculated tables of Ref. 43 could 

be utilized to estimate focal lengths for the lens, based on the known 

ratio of the potential of the inside plate to the outside plates. The 

two einzel lens were isolated from each other, the interaction region, 

and the pulse grid by grounded plates with apertures covered by 

stainless-steel mesh. The gun was constructed from standard 
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FIG. 3.2 Electron gun.· The ac power source used was an amplified 
sine wave from a McIntosh 75 audio amplifier that accepted a sine wave 
from a homemade zero pickoff circuit designed by former TOF group member, 
Stewart Ryan. The McIntosh Amp gave undistorted sine wave output to the 
impedance of the hairpin filament within the frequency range of 1-10 kHz. 
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electron-gun kit parts purchased from Kimball Physics, except for the 

mesh which was acquired from Unique Wire Cloth. 

The performance of the electron gun when in operation was 

measured by use of a Faraday cup (hereafter referred to as FC). The 

. FC was constructed from a six-inch stainless steel cylinder with a 

two-inch diameter enclosing a 5.5-inch stainless steel cylinder of 

1.5-inch diameter mounted in a fashion that insulated it from the 

larger cylinder. Both cylinders were sealed at one end while at the 

end mounted, facing the electron beam, the interior cylinder was left 

open and the exterior cylinder had a stainless steel faceplate with a 

O.625-inch aperture in the center. The FC was mounted to allow for 

isolation from ground. Assuming the electron beam was reasonably 

well directed into the center of the aperture, the FC allowed one to 

measure two parameters that gave a quantitative indication of the 

electron gun's operation: 

1) the total current IT obtained by summing the current from 

the exterior cylinder IFE and current from the interior cylinder I FC ' 

and 

2) the ratio of IFC/IT• 

The two parameters were used to gauge the effectiveness of 

the filament and focus voltage settings in producing a beam of 

adequate current and focus for data runs. The total current of the FC 

was also input to a homemade current regulator circuit used to aid in 

normalization of TOF spectra taken during the same data run (see Fig. 

3.3(b». 
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Typical gun performance parameters achieved during data 

acquisition runs are shown in Table 3.1. The improvement in Lr and 

ITIIFC with increasing Va is probably primarily due to the fact that 

space charge effects and thermal energy spread that limit the 

uniformity of the electrons comprising the pulsed beam become lesser 

in magnitude relative to Va leading to behavior to nearer ideal in the 

focusing of the beam. Positioning of the hairpin filaments and the 

fabrication of hairpin filaments with sharp tips was critical to 

obtaining proper gun performance. 

Table 3.1. E-gun performance 

Va (in eV) IT (namp) 

15 6.0 

20 8.0 

25 10.0 

30 12.0 

0.80 

0.95 

0.98 

0.99 

The non-monochromatic nature of the electron beam, due to the 

thermionic emission mechanism of the filament and various other 

sources, such as contact potentials and space charge effects, impose 

limitations in the accuracy of the calibration of the electron beam's 

bombardment energy. The actual bombardment energy of a beam electron 

entering the interaction region is 
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where VT represents the thermal energy and VM represents 

miscellaneous effects due to contact potentials, space charge, etc. By 

use of an ac-filament power source, the pulser could be triggered to 

deliver the gun pulses only' when a homemade control box sensed a zero 

crossing (see Fig. 3.2(b» so that the computer-controlled voltage 

input VG determined the electron beam's accelerating potential with no 

appreciable correction due to voltage drop from the filament's ac 

power. The average power delivered to the filament was approximately 

11 watts, which according to Ref. 44 corresponds to a temperature of 

-29000 K for the type of tungsten filament used, which is in reasonable 

agreement with operating temperatures Cited in the literature. 

Assuming thermionic emission from the cathode when an equilibrium 

condition exists between the electron gas and the filament, results in 

the energy of distribution of the electrons being modeled as (see Ref. 

45) 

dN(U) 

dU 

-U/kT 
ex: U e ( 3.2) 

where U is the electron thermal energy and KT the product of 

Boltzmann's constant and the filament temperature in K. The 

distribution of electrons in the beam due to thermal energy spread 

might reasonably be expected to be approximated by (3.1). Figure 

3.4(a) illustrates the distribution. 
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FIG. 3.4. (a) Distribution ue-U/ KT of electrons emitted from a 
heated filament. :For T=2900oK, KT is -0.25 eV. (b) Typical He+ ion 
calibration curve. The experimental points with values below VG=24 
volts are not linear due to the electron beam energy distribution 
shown in (a), still having an appreciable fraction of electrons below 
the helium ionization potential. The offset 2KT+C is 1.1±0.2 eV. 
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The problem of calibrating the electron gun energy scale to 

account for the VT + VM factor of the beam energy was resolved by 

using the method suggested by Asundi and Kurepa in Ref. 46. They 

assumed that the electr'on beam had an energy distribution similar to 

that of Eq. (3.2) and that the production of singly charged ions at 

electron bombardment energies near a known ionization threshold 

energy (see Ref. 47) obeyed a linear threshold law of the form 

ET - threshold energy of ion production 

P - ion production 

E - bombardment energy of electron beam 

to arrive at a value for VT that corrects the accelerating potential 

Va to the bombardment energy value of a monoenergetic beam equivalent 

to the thermally spread beam. The result was that 

VT = 2KT 

and, assuming some fiXed value for VM can give an approximate 

description of contact potential, etc., gives 

E = Va + 2KT + C C = VM = constant • 

In practice, helium with an IP of 24.6 eV was bombarded with Va varied 

from -23 to 28 volts, and a plot of counts in the TOF He+ thermal ion 

spectra versus Va vlas made. Extrapolating from the portion of the 

curve where an approximately linear power law appears gives an 
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estimate of 2KT+C (see Fig. 3.4(b». The filament temperature does not 

deviate from 29000 K by much more than 20 % during data acquisition 

from observed fluctuations of the peak-to-peak voltage signal Vpp 

assuming the power is proportional to the V~p. If the further 

assumption is made that VM is a constant primarily dependent on 

surface conditions and other factors that remain fairly constant 

during gun operation, the correction factor 2KT+C can be added to VG 

as an approxlmately. constant offset to gi ve an improved estimate of 

the electron beam's average bombardment energy. The correction 

factors found tended to be 0.9 to 1.1 eV prior to extended runs of the 

halogen acid gases and 1.1 to 1.3 eV after extended runs. An average 

correction factor of 1.2 eV with an error estimate of -0.3 eV was 

arrived at through averaging He+ calibration runs with the error due 

primarily to the error in the measurement of C+2KT. The errors, due 

to drift in the computer-controlled VG power supply and the finite 

resolution of the controlling DAC's voltage output, are only on the 

order of ±O.05 eVe The relationship between the experimentally 

measured value VG and the electron beam's effective bombardment 

ener gy is thus given by 

E = VG + 1.2 ± 0.3 eV • 

The bombardment of helium to produce thermal ions was also 

used to check for space charge effects due to the electron beam and 

possible stray potentials from other sources in the interaction region 

and flight-path tube. No appreciable effect was ever seen in the He+ 
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spectra that was not correctable by additional shielding of the 

interaction region. The He+ spectra taken right after the protracted 

runs with the hydl"ogen halides exhibited a slight enrichment of the 

faster portion of the thermal ion feature, but the definite presence 

of secondary features due to H+ and ~ ions from the residual 

backgroUnd gas indicates probable contamination of the fast portion of 

the He+ ions feature. Coupled with the fact the majority of He+ ions 

wel"e in the thermal velocity range, it would seem reasonable to 

conclude the majority of He+ ions produced in the interaction region 

were reaching the detector without appreciable perturbation. 

Interaction Region and Ion Flight Path 

The interaction region is illustrated in Fig. 3.5(a). The 

distance fl"om the front face of the electron gun to the front face of 

the FC is -5 cm and the gas array is _2 cm from the center of the 

electron beam axis. The surrounding surfaces are all fabricated from 

stainless-steel parts and are grounded. Portions of the interaction 

region volume not enclosed by grounded stainless-steel surfaces were 

shielded using grounded stainless-steel mesh. 

Ions produced in the interaction region with appropriate 

trajectories pass through an. aperture centered along the electron 

beam axis of 1-inch diameter located -2.7 cm from the center of the 

beam axis. Upon passing through the aperture, the ions entered a 

volume encased in grounded stainless-steel cylinders fabricated to 

different lengths to give the ions' flight paths of _20 cm and _40 cm 

as measured from the center of the electron beam to a grounded 
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stainless steel surface which contains an aperture covered with fine 

stainless steel mesh whose center is lined up with the center of the 

1-inch aperture. 

Ions passing through the second aperture then enter an 

electrostatic focus feature, designed and constructed by a former TOF 

group member Michael Burrows, which utilizes the electric field of a 

grounded plane and charged sphere to bring the ions to a point of 

focus corresponding to the position of a channeltron detector. 

Details of the detector geometry, fabrication, and operation are 

contained in Burrows thesis~8 and will not be repeated here except to 

note that the time the ions spend traversing the focus feature to the 

channel tron results in an approximately constant time offset that 

must be subtracted from the TOF spectra to find the true TOF of the 

ions in the field-free flight path·· region. Using the results of 

Burrows thesis for calculated and measured offsets with an operating 

voltage of -2400 volts on the focus feature scaled to the operating 

vol tage of -1200 vol ts used in this experiment (to cut down on 

background noise counts from the channeltron) gave an estimate of 

Toffset = 0.45 ± 0.10 lJSec • 

Burrows assumed that the channeltron was operated at a voltage 

approximately equal to that of the focus feature and so ignored 

perturbations if the channeltron voltage deviated appreciably from the 

focus feature. Since the channel tron was behind a plate with a hole 

_1 cm in diameter and the penetration of fields through apertures in 
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plates is negligible at distances beyond two diameters of the aperture 

(see Ref. 49), the fact that the total focus feature pathlength was 

21.5 cm ensures that any correction due to the channeltron's field 

will be small relative to the error estimate. 

Channeltron Detector and Pulse Timing 

The ion detector used to convert incident ions of keV energy 

to an electron pulse with a gain factor of -1x10B was a channeltron 

electron multiplier (CEM), model 4039, obtained from Galileo Electro-

Optics. A CEM's operation depends on the incident particle having 

enough energy to trigger secondary electron emission from the surface 

of the CEM which is then amplified by further secondary electron 

emissions. As a result, experimental conditions that contribute to a 

deterioration of the surface of the CEM or interfere with the electron 

beam resulting from the secondary emission process can severely 

impair a CEM's performance. In spite of the use of the halogen acids 

in this experiment (provided the pressure measured on the ionization 

gauges was not allowed over -1x10-5 torr), the CEM's provided pulses 

of _20 nanosecond width and 0.5 to 1 millivolt in amplitude, which are 

reasonable CEM pulse parameters. The dark count or intrinsic-noise 

count rate of the CEM is supposed to be _1 count/sec, but under the 

conditions of this experiment a rate of -2 to 3 counts/sec seemed 

more typical for the count rate without the electron gun operating. 

The Nuclear Data ND660 programmable multichannel analyzer 

system was used to acquire TOF data. The system required two pulse 

signals to register a count in the operation mode used. First, a pulse 
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to the START input begins data acquisition and defines the time zero 

of the multichannel analyzer time scale. To register a count after 

the start pulse, a second pulse to the EVENT BNe input during the time 

period spanned by the analyzer time-channel scale will clock a count 

into the appropriate channel and stop data acquisition until the next 

pulse at the START input is received. 

The sources for the START and EVENT pulses are shown in Fig. 

3.6. 
I 

The START pulse is provided by the synchronization pulse output 

of the pulseI' that supplies the electron gun pulsej with its main 

output. Introducing a time delay from the time the syrr pulse is sent 

to the ND660 START input to the time the electron gun is pulsed gives 

a convenient method for setting the true time zero lof the TOF ion 

spectra to the desired time channel. By using an Orte,c 416A gate and 
, 

delay generator, configured identical to the one used to supply the 

event pulse, any additional time offset due to instrumentation will be 

due to difference in cable lengths traversed by the start and event 

pulses, and time delays introduced by the Yale X10 fast amplifier and 

the Ortec T105/N fast discriminator used to amplify and remove noise 

from the channeltron signal. This time delay was measured by 

comparing the difference in leading edges of the pulses resulting from 

teeing a pulse into one of the imputs of a dual trace scope and into 

the fast amp and fast discriminator whose output pulse is then fed 

into the scope's other input. With roughly equal cable lengths the 

delay was found to be -20 nanoseconds. Since the difference in cable 

length between the synch pulse and channeltron pulse was typically 6 

meters longer for the synch pulse, and coaxial cable has a delay of -5 
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nanosecond/meter, the time difference between synchronization and 

channeltron pulses due to electronic instrumentation and cable delays 

is only on the order of _10 nanoseconds in magnitude. Hence, the time 

offset determining the time zero of the TOF ion spectra is the delay 

between the synch pulse and gun pulse to a good degree of accurracy. 

Computer Control and Data Acquisition 

The ND660 multichannel analyzer is interfaced to an RT-11 

foreground-background (FGBG) operating system that allows a wide 

range of options in data acquisition via computer control. In the 

normal mode of operation the RT-11 operating system will allow two 

jobs to be executed concurrently, provided enough memory is available 

to support both programs. The priority job program is loaded in the 

memory allocated to the foreground job by the operating system and 

the lower priority job program is located in the remaining available 

memory as the background job. The foreground job program receives 

priority in execution, but if the program allows the operating system 

free time such as the ND660.REL foreground program supplied with the 

system software, the background program is allowed to use the free 

time to execute until the foreground program reclaims the system. 

The typical data acquisition mode of the system involves 

loading the ND660.REL program into the foreground job memory, which 

allows the ND660 MC Analyzer to execute commands entered by the user 

on a keyboard. The ND660 can be programmed via the keyboard to 

acquire data into memory groups. The data groups can be shown on a 

CRT display and output to a floppy disk for storage in the form of 
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data files designated as ALL.nnB where nn is an integer between 00 and 

99. The ALL type data files are input back into the ND660 for CRT 

display and built-in data manipulation functions that are available. 

The background remains available for running other programs to be 

executed independently of the foreground program job when free time 

is available to the operating system. 

For this experiment, the method of data acquisition used 

enabled the data acquired in a particular memory group of the ND660 

MC Analyzer to be synchronized with selected VG and VB electron gun 

vol tages controlled by the computer. This was accomplished in the 

fashion outlined already in Fig. 3.3(b). The executable Fortran code 

program FGBG.SAV is loaded as the background job program. FGBG.SAV 

addresses two DAC's with 0-10-volt output to vary the output of two 

HP 6299A power supplies operated in the voltage-programmable mode 

between 0-100 volts. The FGBG.SAV program also utilizes the FGBG 

communication software routines which allow the background job 

program to tell the foreground job program ND660.REL the next task to 

be executed. The foreground job still has priority during execution 

but once an assigned task is completed, it relinquishes control to the 

background job program FGBG.SAV and waits for the next task. In this 

fashion a user-written background job program can be used to 

synchronize computer-controlled functions of the foreground and 

background job programs. Figure 3.7 outlines the execution of the 

FGBG.SAV program. 

The use of the FGBG.SAV background program, coupled with the 

numerous options available to the ND660 unit programmed with the 
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ND660.REL software package, allowed for a wide range of electron-gun 

settings and data acquisition parameter settings. In practice, the 

procedure outlined below was used in setting a data acquisition run. 

1) The electron gun was set to a regulated current value that 

represented the maximum current value with reasonable FC focus for 

the range of VG settings used to determine the electron bombardment 

energies. 

2) The ND660 data-acquisition parameters such as time/.channel 

and number of channels/memory group that must be fixed by hand are 

chosen. The ND660.REL program is loaded in foreground. 

3) At low threshold settings on the T105/N discriminator 

(provided the gun pulse width was less then or equal to the 

time/channel setting - which it always was to ensure optimum time 

resolution in the TOF spectra for a given time/channel setting that 

was usually 0.125 microseconds/channel) a peak of roughly one channel 

width that was associated with photon production coincident with the 

electron beam entering the interaction region was evident on the ND660 

CRT display. This peak was centered on the desired channel by varying 

the pulser setting of the delay between the synchronization pulse and 

the gun pulse to calibrate the channel of time zero for the ion TOF 

spectra. 

4) Finally the FGBG.SAV program is run in the background and 

given the necessary input data such as DAC1 and DAC2 output values for 

set of ion TOF spectra to be acquired. 

The parameters input to the FGBG.SAV program varied depending on 

the goals of a given series of TOF spectra and conditions, such as 
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electron gun current and focus, and chamber pressure. Typically, the 

input parameters covered a range of -5 to 6 volts in VG value in 

increments of 0.5 volt, 0.75 volt or 1.0 volts with total acquire times 

per TOF spectrum of two to six hours accumulated using acquisiton 

periods of three to six minutes. The short acquisition periods were 

chosen in an attempt to normalize the TOF spectra in the data run 

against minor fluctuations in experimental conditions such as 

gradually deteriorating channeltron performance and pressure 

fluctuations. With the exception of HF's radical pressure 

fluctuations, the method appeared to give a reasonable normalization 

procedure. 



CHAPTER 4 

TOF DATA ANALYSIS METHODS 

The methods of analysis used on the TOF W spectra are 

outlined in this chapter. First, analysis of the H+ TOF spectra for 

threshold energi.es of the H+ production channels, conversion of TOF 

spectra to Id.netic energy spectra, and TOF spectra subtraction is 

discussed. The use of the infol"lllation gained through this analysis to 

estimate the cross sections of H+ production at a given electron 

bombardment energy (EBE), and the excess energy involved in the 

excitation of a gi.ven H+ channel unaccounted for by the H+ fragment 

Id.netic energy and production energy is then examined. The application 

of the Winans-Stueckelberg approximation to gain information about the 

adiabatic curve generating a gi.ven W feature in the KE spectra is 

introduced. Finally, the qualitative and quantitative analysis of 

experimental errol" is outlined. 

Analysis of Raw TOF Data 

H+ Production Channel EBE Threshold Analysis 

The experimental procedure outlined in the previous chapter 

allows the data to be analyzed for the electron bombardment threshold 

energi.es by two methods. The obvious method is to establish the 

lowest electron-bombardment energy spectrum in which an evolving 

feature first becomes evident by visual examination of the spectra. 

The other method utlizes the normalization of the TOF spectra made 

70 
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possible by the data-acquisition procedure which allows a plot of H+ 

ion production as a function of the EBE. If the assumption is made 

that the contribution of H+ ions from a single channel resulting from 

the excitation of an electron from a bound state to a continuum state 

obeys an ionization threshold law of the form 

p a: «EBE) - ET)n EBE > ET ' 

where P is the ion production, ET is the threshold excitation energy of 

electron to continuum state, and n is an exponent approximately equal 

to unity for singly ionized atoms and molecules, then the H+ 

production from a new H+ channel will result in an abrupt increase in 

the H+ production versus EBE curve. 

The two methods for establishing EBE threshold-energy values 

both have shortcomings. The visual appearance of a new feature in a 

given TOF spectrum, when the experimental parameters such as gun 

current and gas pressure have been set to optimum values for a given 

set of TOF spectra, depends primarily on the following considerations: 

(1) The extent to which the new feature coincides or overlaps 

with already existing TOF spectrum features. 

(2) The rate of ~ ion production contributing to the new 

feature. 

(3) The range of the TOF time scale in which the feature 

appears, since faster ion features have their H+ ions 

distributed over fewer time channels due to the 1/t2 

dependence of kinetic energy. 

The ion production method is subject to the criticism that the 

assumption of a threshold law of the form of Eq. (4.1) is a 
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generalization of ionization threshold laws for singly ionized atoms 

(see Refs. 48 and 50), extended over an energy range and multiple 

channels of ionization, that has received little detailed theoretical 

treatment. Despite the lack of a firm theoretical foundation, the use 

of ion production efficiency curves as an empirical tool used to 

estimate experimental threshold values for ion production channels has 

long proven useful in the field of mass spectroscopy in various forms. 

Experimental measurements of partial cross sections and total cross 

sections for ionization from threshold to energies considerably 

greater than threshold exhibit a gradual monotonically increasing 

nearly linear dependence on EBE, which implies that ion production 

curve analysis can be treated as a useful empirical method to 

estimate threshold energies. The ion production channels resul ting 

from indirect excitation methods, such as curve-crossing or 

autoionization, have not been extensively treated either theoretically 

or experimentally over extended energy ranges so that the use of the 

threshold-law analysis on features containing large H+ contributions 

from such sources remains problematical. 

In practice, the two methods yielded results that were in 

close agreement for the most part. The threshold energies arrived at 

through visual detection will be referred to as appearance potentials 

and denoted by EA. The threshold-law analysis was implemented in two 

different fashions. The first method simply involved choosing the 

data point of the H+ ion count versus EBE plot nearest the abrupt 

increase in slope. The coarseness of the spacing of the data points 

on the EBE scale (0.50 to 0.75 eV) generally meant there was little 
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ambiguity as to which point was closest to the break. The second 

method makes more explicit use of the assumption that a threshold law 

of the form of Eq. (4.') is valid. The data points between the data 

points where sharp increases in slope of the H+ ion count versus EBE 

occur are fit to a straight line by the least-squares method. The 

difference in ion production at some value of EBE in the linear data 

region just beyond a break to the ion production value extrapolated 

from the linear fit of data in the linear region prior to the break is 

then attributed to the new H+ production channel as is the change in 

slope. Using this assumption, the threshold energy can be 

extrapolated from 

where 

M = 6N(E)/(S2 - S,) • 

E is an EBE value in the linear region after the break in the ion 

production curve, 6N(E) is the additional ion production after the 

break in excess of the extrapolated ion production before the break at 

the EBE value E. S2 is the slope of the linear fit line after the 

break, and S, is the slope of the linear fit line before the break. 

The threshold energies derived from the threshold-law method by the 

break convention will be denoted by EB and those from the linear

extrapolation convention will be denoted by EL• 

The threshold-analysis methods are not suited for use at 

higher EBE when the H+ production referred to is the entire H+ 

production in the TOF spectra. Due to the higher EBE, the contribution 

of H+ from a new channel will typically represent a much smaller 
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contribution relative to the total H+ ion count of the TOF spectra due 

to the H+ produced by the channels with lower threshold energies. To 

enhance the sensitivity of the threshold-law analysis, the TOF 

spectral features can be separated into different groupings with the 

advantages of the reduced H+ count rate, provided that little overlap 

occurs between the different H+ production channels contributing to 

the different groupings. This technique allows the different groups 

to be treated independently using the threshold-law analysis methods 

with a gain in response to new H+ production due to the reduction of 

total H+ counts being considered. The choice of division of the TOF 

spectra into subgroups does not allow for choosing groupings of such 

reduced count rate that statistical fluctuations of the data or 

overlap of H+ production that contributes primarily to another group 

will manifest themselves as a significant change in H+ production in 

another group. 

Background Subtraction from TOF Spectra 

Processing the raw TOF-spectra data for the H+ ion count, as 

well as converting the TOF spectra to H+ fragment ldnetic energy 

(hereafter abbreviated to KE) spectra, which will be discussed shortly, 

necessitates developing a technique for distinguishing and subtracting 

background counts. Figure 4.1(a) illustrates a typical TOF spectrum. 

The spectral features attributed to H+ occur in the 5 to 20 

microsecond range and rest on top of an approximately uniform 

spectrum that is attributed to background counts. Data runs with no 

gas input into the interaction region verify that to a good degree of 
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approximation the TOF spectrum is roughly uniform in nature. The 

background spectrum is attributable primarily to the random dark 

count rate of the channel tron detector itself and thermal-energy 

atomic and molecular ions produced by electron bombardment in the 

interaction region (which are smeared out over a time period much 

longer than that sampled for H+ fragments whose velocities are 

greater than thermal) and thus contribute· a background spectrum of no 

dis cernable structure. The background spectrum level usually 

fluctuates when source gas pressure and/or the EBE of the electron 

gun is changed, but this is explainable as a fluctuation in the 

production of thermal-energy atomic and molecular ions in the 

interaction region. The actual procedure followed for background 

subtraction was to select a subset of time channels in the TOF 

spectrum that correspond to thermal or near-thermal velocity ions and 

exhibit no evidence of structure associated with the H+ spectral 

features. This subset of channels was used to define a value for 

average background counts per channel for the uniform background 

spectrum, and this value is subtracted from all the TOF-spectrum 

channels that contain spectral features attributable to H+ ions, as 

shown in Fig. 4.1(b). 

TOF Data Conversion to Kinetic Energy 

The conversion of TOF spectra to kinetic energy spectra can 

provide a useful analytical tool. The conversion of TOF data involves 

specifying the TOF times t and t + f).t corresponding to the kinetic 

energy values KE + tKE and KE, respectively, defined by (m = fragment 
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mass, ~ = fragment path length) 

KE + lIKE = m~2/2t2 

and 

The definition, 

ftt+ fit P(t')dt' 1 t· b bilit f f d ti = re a love pro a y 0 ragment pro uc on 

in TOF time range t to t + fit 

= JKE P(KE') d(KE') 
KE+lIKE 

= relative probability of fragment production in 

kinetic energy range KE to KE + lIKE, 

(where pet') and P(KE') are the appropriately normalized TOF time and 

kinetic energy probability distribution, respectively) gives the 

relationship that can be used to construct the actual conversion 

algorithm. The actual choice of algorithm used is dependent on the 

method of data manipulation which can incorporate smoothing 

procedures to dress up the resulting kinetic energy spectrum. The 

1 It 2 dependence of the conversion yields the following relationship 

bet ween tKE and &: 

lKE = ~:: (2 ~~t) _ 6 (~t) 2 + ••• ) • 

If &/t « 1, then 
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lIKE = 

showing that if lIKE is kept fixed, the 1/t3 dependence results in 

greatly increased I1t intervals in the longer TOF time range (lower' 

klnetic energy) than in the shorter TOF time range (higher ldnetic 

energy). This results in the low energy pile-up phenomena that occurs 

in TOF ldnetic energy spectra. The KE spectrum resllll ting from the 

conversion accounts for the klnetic energy of the H+ i fragments. The 

H+ klnetic energy is related to the total ldnetic energy of the 

dissociation process by the formula derived from the conservation of 

momentum in the center-of-mass rest frame of the molecule 

KEtotal = (1 + mH/mX)KE , 

where mH and mX are the masses of the hydrogen and halogen fragments, 

respectively. 

The conversion of a TOF spectrum to the corresponding KE 

spectrum is a useful tool in analysis of the data. For the actual 

conversion procedure, the region of the TOF spectrum in an ALL type 

data file to be converted is chosen and the background subtraction 

performed. The spectrum channels of the TOF data file are then input 

to the ENERGY.SAV program along with the necessary input parameters 

that define the time scale, fragment path length, and ion fragment 

mass.' The ENERGY.SAV program was written by former TOF group member, 

Joseph Spezeski, and allowed the user to output an ALL type data file 

compatible for display on the ND660 multichannel-analyzer CRT display 

with the energy per channel chosen by the user at run time. The 
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program defines the limits of energy values for a given channel of the 

energy spectrum and uses the corresponding times in the TOF spectrum 

to define the limits over which the TOF spectrum counts are to be 

integrated. The relative weight of each energy channel is then 

assigned by scaling the output ALL file to the channel with the 

greatest number of counts. The program takes advantage of the fact 

that TOF features of significance in an energy spectrum will typically 

appear as fairly broad features over several channels. Provided not 

too coarse a value is chosen for the energy per channel (typically, 

values ranging from 0.05 to 0.10 eV per channel were used), a 

smoothing procedure may be introduced into the energy conversion 

algorithm without loosing significant information. This was 

accomplished by using an integration procedure that defines an average 

slope over the TOF data channel or channels contributing to a given 

energy spectrum channel. This allows the integration algorithm to sum 

over an averaged trapezoidal area rather than summing over individual 

rectangular areas that represent entire TOF channels, or fractions of 

channels, such as a direct conversion of TOF spectrum to KE spectrum 

would involve. 

KE spectra have several uses in analysis of TOF data. The KE 

spectra are necessary for comparison of the energy-spectrum features 

with the simple two-step model of dissociative electronic excitation 

presented in Chapter 2. Assuming that the Winans-Stueckelberg 

approximation holds and that the kinetic energy distribution of H+ 

fragments attributable to a single channel of H+ production is known, 

then information about the adiabatic curve producing the H+ fragments 
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can be obtained, as will be shown in the next section. KE spectra can 

also provide an additional check for the presence of new features in 

the TOF spectra that might not be so evident in the raw TOF data due 

to overlap or smearing out of the low energy H+ fra~ent features 

over large numbers of TOF channels. 

The KE spectra are subject to· two shortcomings. First, KE 

spectra as a rule do not represent a very sensitive way of finding new 

features, since well-defined energy features usually occur only in 

energy reglons corresponding to TOF regions where the H+ count per 

channel is at least double the background count per channel. This 

criteria is difficult to meet, in general, at near threshold EBE values 

and can be difficult to obtain at any EBE for low-energy features 

smeared over large numbers of TOF channels. The other problem 

results from the 1/t2-dependence of the TOF-to-energy conversion. 

This glves a piling up of any low-energy background events that were 

not removed by the background subtraction procedure in low-energy 

channels of the KE spectrum resulting in the distortion or 

obliteration of structure in the lower energy portion of a KE 

spectrum. Typically, for kinetic energles greater than one electron 

volt on the -20 cm ion flight path, low-energy pileup did not seem to 

pose much problem provided there were sufficient H+ counts to satisfy 

the H+-count-to-background-count criteria. In general, the two 

problems both present major obstacles to getting much useful 

information from KE spectra in the range of id..netic energles below 

0.5 eV. 
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TOF Spectra Subtraction 

Another potential tool of use in examination of TOF spectra is 

to subtract one spectrum from another for the purpose of comparing 

the change in spectral features of TOF spectra taken at two different 

EBE values. In practice, a worthwhile subtraction of two TOF spectra 

was difficult to obtain. Ideally, the subtraction should be performed 

to isolate on the evolution of a specific feature or group of features 

in a selected subset of time channels. This necessitates the 

development of a reasonable procedure that allows for the subtraction 

of the H+ contribution from H+ spectral features already present in 

the lower-energy EBE spectrum from the channels of interest in the 

higher EBE spectrum, which can be a nontrivial problem. Another 

problem was that counting statistics which determine the statistical 

fluctuations of the H+ in each TOF channel deteriorate the quality of 

the spectrum obtainable through the subtraction process. The 

collective effect of these problems limits the usefulness of spectra 

subtraction as a tool for analysis of TOF spectra in this thesis. 

Dissociative Electronic States and Cross Sections 

Excess Electronic Energy Determination 

The t.hreshold energy values found through the methods of 

analysis discussed in the preceding section, coupled with the 

knowledge of the ldnetic energy of the H+ fragments of a given 

feature, can be used to fix a bound on the excess energy available to 

the excited diatomic system for electronic excitation and, hence, limit 

the accessible electronic states of the halogen fragment from the 
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Recalling from Chapter 2 that energy 

conservation demands in the two-step model that if the scattered 

electron looses energy ~ 

~ = e: + E(S) = KE + E(A) + IP(H) + D(' I:+) (4.2) 

for dissociation of a molecular ion or 

M = KE + E(N) + IP(H) + D('~) 

for dissociation resulting in H+ + r. Assuming that a detectable ion 

count for a given H+ TOF spectrum feature occurs at 4!. = EBE and the 

additional constraint that the energy of the ejected ionized electron 

e: + 0 yields the relationships between EBE at a threshold bombardment 

energy (denoted by EBET) and the energy of the disSOciating molecule 

EBET = KE + E(A) + C(HX) 

EBET = KE+ E(N) + C(HX), 

where C(X) = IP(H) + D(' L+) is a fixed constant for a given hydrogen 

halide molecule. Under actual experimental conditions, the formulae 

just cited represent an approximation of the experimentally measured 

quantity ET because 

(1) due to the energy spread of the electron beam, the 

experimentally defined electron bombardment energy values ET are not 

precise, 

(2) the assumption that experimental conditions allow for 

adequate sensitivity to detect ~ ions from a given dissociating state 

at /£ = EBE, and 

(3) the assumption that H+ ions from molecular ion dis-

sociation occur in detectable quantity for e: + O. 
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The fashion in which item (,) biases the relationship of ET 

values to the true threshold energy depends on the effectiveness and 

accuracy of the calibration of the electron beam, discussed in Chapter 

3, to account for the lack of a monoenergetic electron beam. Items 

(2) and (3) indicate a definite tendency to bias ET values higher than 

the true values, implying thit 

ET ~ KE + E(A) + C(fIX) (4.4) 

ET > KE + E(N) + C(HX) (4.5) 

represent a more realistic working relationship. Equations (4.4) and 

(4.5) fix an upper bound to the possible range of E(A) and E(N) values 

for a given kinetic energy KE of the dissociating fragments at a given 

Equations (4.4) and (4.5) were used in two basic fashions. The , 
first method involves estimating the maximum kinetic energy of IJ+ 

fragments associated with a given TOF spectra feature at the lowest 

EBE value of their appearance. This upper bound on the value of KE., 

coupled with a reasonable estimate for the threshold EBE value for 

the appearance of ions of that energy, allows one to place bounds on 

the E(A) or E(N) associated with that feature. The second method 

assumes that the appearance thresholds derived by the analysis of the 

preceding sections represent a reasonable estimate for the average of 

the excitation energies needed to produce the fragments over the range 

of kinetic energies of a H+ feature. The kinetic energy value 

associated with the estimated centroid of the kinetiC energy 

distribution of the feature is then treated as a reasonable value to 

use for KE in Eqs. (4.4) and (4.5), allowing bounds. for E(A) and E(N) to 
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The first method is used to treat H+ features 

identified as probably resulting from indirect electronic excitation 

mechanisms such as curve crossing 01" autoionization. The second 

method's conventions are convenient for use with features of broad 

fragment kinetic energy spread such as result from direct excitations 

where the Franck-Condon principle is assumed operative. Note that 

E(A) and E(N) represent bounds on the excess energy available to the 

excited diatomic system regardless of whether 01" not the energy in 

question goes to the electronic excitation of the halogen fragment 01" 

into some other mechanism such as photon 01" electron emission (such 

as might occur as a result of shell rearrangement processes from 

excitation of an inner valence electron) prior to dissociation. 

Cross Section Estimates 

The accurate determination of absolute cross sections 

associated with electron bombardment excitation processes, whether 

partial 01" total, requires considerably more precise definition of the 

interaction region resulting from the crossed electron beam and gas 

source than was intended in this experiment. The lack of an accurate 

absolute pressure measurement for reasons mentioned in Chapter 3 also 

precludes an accurate measurement of cross sections from the data 

obtained. The efficiency of the ion detector also is difficult to 

gauge. In spite of these shortcomings, a rough calculation of the 

total H+ cross section from the data obtained in this experiment will 

be given as an estimate of the electronic transition moments involved 

in the cases of HCl and RBI". 
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The relationship between the production rate of H+ from a 

given channel Ci and the differential cross section of that channel at 

a given energy E and point of observation located by the angles (9,cjl) 

for a beam directed along the x-axis is (assuming 100 % detector 

efficiency) 

where Ci(E) is the production rate of r ions at EBE equal to E in 

counts/sec-steradian, I is the current of electron beam in units of 

electrons/sec, ~V is the interaction region volume, and n is the 

density of target gas in molecules/cm 3 (assuming uniform density). 

The evaluation of the integral over the interaction region 

volume for the two circular slit geometry can be quite an involved 

process, as Ref. 51 discusses in detail. Since the primary purpose of 

the calculation is to obtain an order-of-magnitude estimate, numerous 

liberties will be taken, such as treating d CJ.i./dn as approximately 

constant over the solid angle defined by the scattering geometry, so 

J ~V(d oldn)dn dx = (d Cfi/dn) J ~V dn dx • 

For a beam of considerably greater length than the slit diameter (-2.5 

times in this experiment), the integration of J b.V dn dx can neglect 

th6 beam cr-oss section and arrives at the approximate expression for 

circular slits of the form 

Jb.V dn dx = 'llr'22r 1!L(L-d) = (R.~n)eff' 
where r 1 denotes the radius of the first slit ions pass through, r2 

denotes the radius of the second slit ions pass through, L is the 
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length of flight path of the ions, and d is the length from the center 

of the electron beam to the first slit in 'the case of the electron 

beam axis being at 900 to the slit ans. Hence, the total W 

production cross section at a given energy E is given roughly by 

do (E) 
~ In(111n) ff 1< J-;;-> ' 

e i da6 8=900 
(4.6) 

where the < >8=900 notation denotes that the partial cross sections 

are taken as constant values representative of the partial cross 

section at 8=900 , All of the parameters in (4.6) can be estimated 

from experimental data except Li«doi (E»/dn> 8=900 which can now be 

calculated. 

Adiabatic Curve Analysis of Kinetic Energy Spectra 

Calculation of Theoretical KE Spectral Features 

The KE spectra giving the relative intenSity distribution of 

the kinetic energy of fragments from the direct excitation of a 

diatomic molecule to a dissociative electronic state is calculated 

using the two-step model discussed in Chapter 2. The additional 

assumption of the Winans-Stueckelberg (WS) approximation allows the 

model to be used even when the excited dissociative electron state's 

adiabatic curve remains unknown. The WS approximation has been shown 

to be a reasonable one for use in the two-step model, provided that 

the dissociative portion of the adiabatic curve in the Franck-Condon 

(FC) region is linear or near linear by Ref. 21. The probability of 
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exciting a molecule in the range of R values R to R+dR, corresponding 

to the electronic excitation energLes in the int,erval E to E+dE by an 

electron of energy Eo, is gLven by Eq. (2.1) implying that 

P(Eo,E)dE P(R)dR a: M(EoE)dE l\J2(R)dR , 
_ 0 

(4.7) 

where M(Eo,E) denotes M(Ro ) with the energy dependence explicitly 

shown. The form in which Eq. (4.7) is written emphasises that the 

probability for a transition at a gLven R value and the corresponding 

E value is a product of two probabilities P(Eo,E) and peR). peR) gLves 

the probability that the molecule will be at the internuclear 

separation value R and P(Eo,E), the probability that an electronic 

excitation of energy E will occur at an EBE value of Eo. The two 

probabilities represent independent physical considerations despite the 

fact that E is also a function of R (see Fig. 2.4). peR) results from 

treating the nuclear motion as an adiabatic process while P(Eo,E) 

characterizes the probability of an electronic transition due to the 

energy dependence of the cross section. The range of E values in the 

interval E to E+dE must correspond to the E values associated with 

the R values in the range R to R+dR in applying Eq. (4.7). 

The use of (4.7) necessitates speCifying a suitable form for 

M(Eo,E) •. Normally, when Eo»E ,M(Eo,E) is treated as a constant over 

the range of E associated with the excitation of a given fragment 

channel, but the 2 to 4 eV KE width typical of dissociative electronic 

states disallows the use of this approximation for values of Eo near 

to E in value due to the energy difference in E needed to produce 

fragments of lower and higher ldnetic energy. The behavior of 

ionization cross sections as slowly varying functions of Eo that can 
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be treat.ed as nearly linear when viewed over an interval comparable 

to the energy width of a dissociative electronic state suggests 

assuming a M(Eo,E) of the form 

K(Eo - E) , (4.8) 

where K = const. and Eo > E. Combining this form for M(Eo,E) with 

(4.7) and dropping the constant, since only relative intensities are of 

concern, yields 

(4.8) 

Equation (4.8) represents the basic formula used in this thesis for 

analyzing the relative intensity kinetic energy distribution for a 

direct electronic excitation process using the two-step model and WS 

approximation. 

One application of Eq. (4.8) is to calculate relative intensity 

kinetic energy distributions for comparison with experimental data. 

The analysis assumes that an R interval M corresponds to a well

defined electronic energy interval/$., and the WS approximation 

imposes the further restriction that the adiabatic curve be reasonably, 

approximated in the F-C region by an equation of the form 

U (R ) = a - bR + DP , 

where a and b are constants chosen so that a vertical transition at R 

resul ts in the a - bR terms giving the relative kinetic energy of the 

dissociating fragments at that R value. DP denotes the electronic 

energy of the dissociating fragments (i.e., in the R+CXl limit) measured 

relative to the ground vibrational state of the ground electronic 

state of the diatomic molecule in question, which is equivalent to the 

C(HX) + E(A) or C(HX) + E(N) contribution in Eqs. (4.5) and (4.6). Since 
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E = U(R) in the WS approximation by definition, 

E = U(R) = a - bR + DP , (4.9) 

which gives the explicit dependence of E on R. Using Eq. (4.9) with 

(4.8) and the fact dE = -bdR where b is constant gLves 

E R R-AR R 
I P(Eo,E')dE' I P(R')dR' ex: I (Eo-C+bR")dR" I ~P(R')dR', (4.10) 

R R-6R 0 E+ fj,E R - !::.R 

where C=a+DP and R and R-tm are the internuclear separation values 

corresponding to E and E+M, respectively. Equation (4.10) gives the 

relative probability of fragment production involving excitation 

energLes in the range E to E+ llE. Specifying Eo, DP and the constants a 

and b allows integration over the FC region in increments of M? 

corresponding to the fixed M increment of a KE spectrum to generate 

a theoretical spectral feature for comparison with experimental 

resul ts. Provided a good estimate of the total minimum and maximum 

ldnetic energy of the fragments associated with a given spectral 

feature is available and the minimum and maximum values of the FC 

region are chosen, then a and b are determined by the equations 

KE MAX = a - bRMIN 

KEMIN = a - bRMAX' 

where the monotonic decrease in U(R) with increase of R, characteristic 

of adiabatic curves in their repulsive regime, has been utilized. 

The algorithm outlined in the preceding discussion is 

illustrated in Fig. 4.2 for the case of the hydrogen flouride molecule 

and some reasonable choices for DP and minimum and maximum ldnetic 

energies. The input value of the EBE is also varied to illustrate the 
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Figure 4.2. ,Theoretical KE spectra energy features generated using 
formula (4.10) and hydrogen fluoride parameters. 

(a) DP = 25 eV, KE MAX = 7.00 eV, KE MIN = 3.50 eV, 
(b) DP = 30 eV, KE MAX = -3.50 eV, KE MIN = 1.00 eV .. 
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impact of the linear energy dependence of the cross section on the 

features. As expected, the EBE value nearer to thresholds of energy 

resulted in a slight bias in favor of production of slower ions. 

Typically, however, once the EBE energy is -5 eV over the energy 

threshold needed to produce the fastest ions of a given feature, there 

is small difference between the features generated with and without 

the cross section energy dependence explicitly included. This implies 

that the energy dependence of the cross section plays only a small 

role in determining the shape of the feature for the EBE values used 

in the computations on the spectral features in this thesis. Note 

that,no large shift in peak results from the introduction of the cross 

section energy dependence, which would imply that the primary cause of 

any appreciable shifts in a peak seen in KE spectral features at 

different EBE values is probably due to overlap of that spectral 

feature with other spectral features unless the feature's count rate 

is so low and smeared over so many channels that statistical 

fluctuations could come into play. 

Investigation of Adiabatic Curve in the Franck-Condon Region 

The other use of Eq. (lI.8) involves taking a given experimental 

kinetic energy spectral feature and finding the adiabatic curve 

corresonding to that feature. This can, be accomplished for a 

specified DP and FC region by subdividing the experimental feature into 

sections representing equal production of H+ fragments. The kinetic 

energy intervals llKE then represent regions for which the production 

of H+ ions from a dissociating diatomic system is equal. This infers 
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that the llRi corresponding to a given N{Ei must satisfy the constraint 

that the probability 

KE R 
p( Mi,Mi ) ex: J (Eo-DP-KE) d(KE) J l\J~ (R)dR 

KE+~ R-Mi 
( 11.11) 

of creating a H+ ion in the range llKEi and corroesponding l!.Ri interval 

must be a constant. Use has been made of the fact that E=DP+KE, 

where DP is a fixed constant, so dE=d(KE). Denoting the first integral 

by PEi and the second by PRi and using the fact that the product of 

PEi and PRi is a constant for all i implies 

so that 

which with the normalization convention 

yields 
N 
2: PRi = ( 1+ X2 + X~3 + ••• + X2 ••• XN)PR 1 = NR • 
i=1 

(11.12) 

Now the PEi's and, hence, also the ~'s can be found from the lKEi's 

determined from the experimental data for a specified DP by a trivial 

integration. This allows the values of lffii to be found, since 



combined with (4.12) gLves 

R 
I MAX ~(R)dR = NR ' 

RMIN 

NR 
= (1 + X2 + ••• ) , 
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where RMIN and RMAX are the limits of the Fe regLon. I With the PEi's 

calculated, the corresponding llRi's can be found. ~1 is found by 
RMIN+ M1 

iteratively integrating I i(R)dR until the ~i1 corresponding 
o 

RMm 
to PR 1 is obtained and repeating the procedure for oj~her PRi's with 

the integration limits appropriately incremented. The Mj,,'s and the 

corresponding llRi's can be used to reconstruct the adiabatic curve in 

the Fe region. 

The use of both algorithms involves specifying the Fe factor 

and the corresponding R limits, RMIN and RMAX" The hydrogen halides 

have vibrational spacing of -0.20 eV or greater in the ground-state 

vibra tional level. At temperatures corresponding to KT - 0.04 eV 

(estimated from the thermal TOF distribution of He+ ions) at thermal 

equilibrium the Maxwell-Boltzmann factors determining the relative 

populations of the vibrational levels of the ground electronic state 

are negligible except for the groUnd vibrational state, which justifies 

the use of l/Jo(R) in the Fe factor integral. The molecular 

spectroscopic constants needed to define l/Jo(R) were taken from Ref. 52 

and can be used to calculate the numerical constant Ct of equation 

(2.3) (see Ref. 6). The actual values for RMIN and RMAX specifying the 
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FC regton are open to question. The convention chosen in this thesis 

was to pick RMm and RMAX as symmetric limits about the R value 

corresponding to the minimum which gave -96 % of the area under the 

~(R) curve. Beyond the 96% limits, the remaining 4% of the area 

corresponded to such a low probability distribution density that there 

seemed little possibility of a detectable contribution of fragments 

from this range of R values. 

The two methods outlined in the preceding discussion represent 

algorithms based on the two-step model of molecular dissociation and 

the WS appr·oxLmation. Due to the number of approxLmations used, the 

model developed in this section cannot be regarded as offering 

quantitative results of precise accuracy. The two methods are also 

subject to shortcomings that limit their usefulness in other respects. 

The first method is too insensitive to the choice of DP to provide a 

useful auxiliary tool to the threshold analysis of the preceding 

section. The second method is sensitive to the choice of FC region and 

KE spectral feature limits which can lead to patholOgical behavior in 

the size of Mti's and tKEi's due to low probability density neal" the 

extremes of both the S.H.D. vibrational ground state Gaussian wave 

function and kinetic energy spectral features. Despite this, the 

concentration of probability density in a narrow range of R values 

characteristic of ground-state vibrational states ensures that the 

requirement of the lineal" behavior of the adiabatic curve should be 

fairly tested by the algorithm, since this narrow range of R values 

must be fit to the corresponding range of KE values in which the bulk 
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of the fragment counts occurs. The two methods do provide a 

reasonable criteria for checldng the effectiveness of the model and 

provides thereby a means for distinguishing KE spectral features that 

result by direct excitation (of either inner or outer valence 

electrons) from those resulting from indirect excitation. 

Error Analysis 

This section will discuss the quantitative and qualitative 

error analysis involved in estimating bounds on the accuracy of the 

resul ts from the data analysis of the preceding sections. The error 

analysis of the threshold energies corresponding to H+ production 

channels is of a qualitative nature for reasons outlined in the first 

section of this chapter. This error estimate will also fix the limits 

on the accuracy of the E(A) and E(N) values. The cross section 

calculation is only an order-of-magnitude estimate and, therefore, no 

error discussion will be given. The impact that the counting statistic 

fluctuations have on interpretation of the data and data analysis will 

then be discussed. The effect of the thermal motion of the molecules 

and the electron molecule momentum transfer is dealt with next. 

Finally, the quantitative error analysis of the effect of the ion 

flight path length and time measurement is given. 

EBE Threshold Energy Error Estimate 

The accuracy with which the electron gun EBE can be 

determined and the sensitivity of the methods used to detect threshold 

energy values determine the errors of the measurement of threshold 

values. The EBE calibration procedure described in Chapter 3 using 
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electron bombardment to determine the helium ionization threshold 

gave a correction of 1.2 eV with an estimated error of -iO.3 eV, which 

is added to all Er values cited in the text unless otherwise noted. 

For reasons outlined in the threshold analysis section, an estimate of 

the sensitivity of the methods employed is difficult to arrive at in a 

quantitative sense and may vary considerably from feature to feature. 

The values obtained are all considered to be upper bounds to the true 

threshold energles, as discussed previously. For this reason, the 

convention adapted was to select the lowest value of EA, EB, and EL 

and to add an additional 1.2 eV to the lower error limit. The lower 

error limit of 1.2 eV represents a correction that assumes, on the 

average, the Fe region corresponded to a spread of -2.5 eV in H+ 

fragment ldnetic energles. It is then cOnjectured that the channel 

does not yield a detectable number of H+ ions until the EBE value is 

of sufficient magnitude to produce H+ fragments with ldnetic energles 

near the average ldnetic energy value of the feature in question. The 

value of 1.2 eV was supported by the observed evolution of TOF 

features and the ET's arrived at from ion production curve methods, 

but it only represents a rough estimate of the average error. The 1.2 

eV added to the lower error bound is considered a systematic 

correction to the measurement giving error bounds for a given ET of 

ET + 0.3 eV, -1.5 eV • 

The limit of -1.5 eV should represent a reasonable estimate for a 

worst-case bound and, under the appropriate Circumstances, 

considerably better accuracy can be claimed, as will be seen in 

Chapter 6. 
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The error bounds for E(A) and E(N) are determined from the 

bounds on ET, just discussed, and the error bounds associated with the 

ldnetic energy values, which will be discussed at the end of the 

section. The +0.3 and -1.5 eV will be combined with the error limits 

±a(KE) using the standard propagation of error method gi. ving 

A aCKE» 2 + (0.3 eV)2 , 

In practice, the lower error bound represents the major limitation on 

the estimate of E(A) and E(N) just as it does for ET values. 

Count Statistics Fluctuations 

The process of counting events in the time channel of a TOF 

spectrum due to an electron-molecule scattering process is equivalent 

to a random sampling process. Such data is subject not only to 

instrumental errors but also statistical fluctuations due to the 

finiteness of the sampling procedure (see Ref. 53). Statistical 

fluctuations as are of the order of the vii, where N is the number of 

events. A TOF spectra, as described earlier, is modeled as two 

superimposed spectra: 

(1) the roughly uniform background spectrum, and 

(2) the actual a+ fragment spectrum. 

Denoting the number of counts in a channel due to the background 

spectra as NB and the number of counts due to H+ fragments as NH 
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gives 

when the two spectra are treated as independent samplings. Hence, a 

quantitative measure of merit with regard to such fluctuations for a 

given channel is 

where R »1 for channels in the TOF region of interest for good data. , 

In practice, statistical fluctuations had little impact on the analysis 

and interpretation of TOF data except for spectra subtraction, where 

the fluctuation is propagated through the subtraction process into a 

spectrum with greatly reduced NH resulting from the subtraction. The 

fluctuations could serve to obscure feature details in both raw TOF 

and KE spectrum at EBE values near threshold; but, generally, for some 

EBE value above threshold the features could be clearly resolved. The 

methods for locating threshold energies involving ion production rates 

involved changes in magnitude great enough that the effects of 

statistical fluctuations were not a major source of error. 

Effects of Thermal Motion and Momentum Transfer on Data Analysis 

In Appendix A, the center-of-mass (c.m.) motion is separated 

from the problem of motion of the nuclei when constructing the 

adiabatic electronic states of the diatomic system. The actual 

velocity of a fragment resulting from dissociation in the laboratory 

frame is, however, 

+ + + 
v = vD + v c.m. ' 

+ + 
where v is the fragment velocity, vD is the velocity of the fragment 
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from the dissociation process in the rest frame of the center-of-mass 

... 
of the molecule, and vc•m• is the center-of-mass motion of the 

molecule at the time of dissociation. 

The c.m. velocity has three basic components: 

(1) 

(2) 

(3) 

... 
thermal velocity vT' 

veloCity due to momentum transfer from the scattering 

... 
electron U, and 

... 
veloCity due to momentum transfer from ejected electron w. 

... ... 
The two components u and w can also have an impact on the angular 

distribution of fragments resulting from dissociation,39 since the 

electron beam and possibly the ejected electrons will have a well-

defined direction in the laboratory frame of reference. Due to· the 

large mass difference MHX»me, the contributions of (2) and (3) are 

treated as negligible since conservation of momentum demands that the 

magnitude of the velocity change due to both processes is proportional 

to me/MHX" Further references 17,39 show that the effect of recoil due 

to the scattered electron is minimized by detecting fragments 

perpendicular to the electron beam as in this experiment. The impact 

... ... 
of vT on v is determined by the distribution of the thermal velocities 

in the interaction region along the detector axis. In TOF experiments, 

the contribution of ~T is reduced by use of capillary arrays with 

diameter-to-length ratios that result in a velocity distribution with 

cooled transverse velocities. This was attempted in this experiment 

by use of the array described in Chapter 2, since the use of less 

robust commercially available arrays was precluded by the nature of 

the gases. The array gave an estimated KT of -0.04 eV for the 
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transverse Maxwellian distribution. An analytical correction for 

thermal velocity effects on TOF distributions is a formidable task 

necesitating numerous assumptions to achieve a tractable algorithm as 

Ref. 17 shows. The conclusion of the analysis using a Maxwellian 

+ 
velocity distribution indicated that the main impact of vT,on TOF data 

corresponding to energies much greater than kT is to broaden a feature 

slightly but not shift the peak. This and the "thermalization" of TOF 

features involving fragment energies just a few kT or less in 

magnitude, resul ting in low-energy features being smeared, are the 

primary effects of ~T" Fortunately, in this experiment most of the 

features had fragment energies of -2 eV or greater, so the neglect of 

explicit corrections due to ~T is justifiable. 

Measurement Uncertainty and Accuracy of Kinetic Energy Spectra 

Finally, a brief discussion of the error in the time and length 

measurements and its impact on the KE spectra will be given. The 

length of the flight path could not be defined to better than -0.50 cm 

for the standard short ion path length of 20.5 cm and -0.50 cm also 

for the standard, long path length of 38.5 cm, due primarily to the 

size of the interaction region and the variation in path length 

allowed by the apertures. Assuming the ions can be produced at any 

time during the gun pulse period of 0.125 ltJ,· that the time of ion 

arrival at the detector cannot be measured to any better resolution 

than one time channel length of 0.125 ltJ, and that the error in ion 

focus feature transit time of -0.10 ltJ gives a time measurement error 

of 
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6t = hX(0.125)2 + (0.10)2 ~ 0.20 J.S • 

The fractional error in fragment kinetic energy is given by 

and is listed for various values of t at 11.:20.5 cm and R.:38.5 cm in 

Table 4.1. and 4.2. 

As expected, the faster TOF time channels on both 20.5 and 

38.5 cm path lengths have much poorer energy resolution. Typically, 

however, such channels contain spectral features less prone to 

statistical fluctuations or pileup of background counts which can play 

a significant role in the conversion to kinetic energy. Figure 4.3 

illustrates the error bars for selected points on a HCl ICE spectrum. 

Such bars won't be included on the KE· spectra presented in Chapter 6 

so as not to obscure the spectra and because Tables 4.1 and 4.2 allow 

an easy estimate of the error associated with a particular KE feature. 
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Table 4.1. Kinetic energy resolution at PL = 20.5 cm. 

PL = 20.5 em 
t(in microseconds) E (in eV) bE/E (%) bE (in eV) 

4.0 13·71 11.13 1.53 

4.5 10.83 10.14 1.10 

5.0 8.77 9.37 0.82 

5.5 7.25 8.76 0.63 

6.0 6.09 8.25 0.50 

6.5 5.19 7.85 0.41 

7.0 4.48 7.51 0.34 

7.5 3.90 7.23 0.28 

8.0 3.43 6.99 0.24 

9.0 2.71 6.60 0.18 

10.0 2.19 6.31 0.14 

11.0 1.81 6.08 0.11 

12.0 1.52 5.91 0.09 

14.0 1.19 5.65 0.07 

16.0 0.86 5.48 0.05 

20.0 0.55 5.27 0.03 
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Table li.2. Kinetic energy resolution at PL = 38.5 cm. 

PL = 38.5 
t(in microseconds) E (in eV) AE/E (%) AE (in eV) 

8.0 12.09 5.00 0.60 

8.5 10.70 li.71 0.50 

9.0 9.55 li. lili 0.li2 

9.5 8.57 li.21 0.36 

10.0 7.73 li.OO 0.31 

10.5 7.02 3.81 0.27 

11.0 6.39 3.6li 0.23 

11.5 5.85 3.li8 0.19 

12.0 5.37 3.33 0.18 

13.0 li.58 3.08 0.14 

1 li.O 3·95 2.86 0.11 

15.0 3.44 2.67 0.09 

16.0 3.02 2.50 0.08 

18.0 2.39 2.22 0.05 

20.0 1.93 2.00 0.04 

24.0 1.34 1.67 0.02 

28.0 0.99 1.43 0.01 



CHAPTER 5 

GENERAL BACKGROUND ON THE HYDROGEN HALIDES 

The purpose of this chapter is to consolidate the pertinent 

experimental and theoretical studies of the hydrogen halides that are 

common to all four molecules. The first section assembles general 

information on the hydrogen halides and halogen atoms. The next 

section discusses photoelectron spectra (PES) and (e,2e) electron 

coincidence experiments performed on the hydrogen halides and Green's 

function calculations that were performed to analyze the (e,2e) data. 

The next section contains a brief outline of studies done on the noble 

gas atoms that provide indirect experimental results of interest on 

inner valence shell excitations. Finally, a short section sums up what 

the PES and (e,2e) experimental results and theoretical analysis on 

the hydrogen halides and noble gas atoms suggests for possible H+ 

production channels. 

General Background 

The hydrogen halides HF, HCR., HBr, and HI are closed-shell 

diatomic systems with the electronic configurations listed below: 

HF ( 1 0')2 (20')2 (30')2 (17f) 4 

HCR. (HF) (40')2 (50')2 (27f)4 

HBr (HCR.) (60')2 (37f)4 (10)4 (70')2 (80')2 (47f)4 

HI (HBr) (90')2 (57f)4 (20)4 (100')2 (110')2 (67f)4, 

where the (HX) denotes the closed-shell configurations of the 

105 
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preceding hydrogen halide molecule. The energi.es associated with the 

removal of the outermost two sigma orhttals and pi orbital from Table 

5.1 show that for the range of EBE values used in this experiment, 

these orbitals are energetically accessible for ionization processes. 

The outermost sigma and pi orhttals provide reasonable models for the 

single-particle electronic states, but the inner sigma orhttal is 

subject to significant electron correlation effects, as will be 

discussed in the next section. The orbital energy for the inner sigma 

orhttal nevertheless represents an estimate of the typical ionization 

energy needed to remove an electron from the inner sigma shell. 

The hydrogen halides become their isoelectronic atomic 

counterparts in the united atom limit (R+O), which are the noble gas 

atoms neon, argon, krypton, and xeon. This relationship, and the fact 

that much more theoretical and experimental work is available on the 

noble gas atoms, encourages that attempts be made to draw analogi.es 

between the electronic spectra of the hydrogen halides and their 

atomic counterparts. The correlation diagram typical of the hydrogen 

halides in the united atom limit is glven in Fig. 5.1 for the single

particle electronic states of interest. As can be seen, the two sigma 

and one pi shell correlate to the valence (ns)2 (np)6 closed shells of 

the noble gas atoms so that studies involving ioniza'cion processes in 

these atomic valence shells might be useful in interpreting the 

experimental results of this thesis particularly with regard to the 

innermost sigma shell, which correlates to the (ns)2 valence shell. 

Discussion of threshold energi.es for the production of ~ from 

a gi.ven production channel correlating to a specified halogen atom/ion 
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Table 5.1. Theoretical valence orbital energies of hydrogen halides 
relative to ground vibrational state (in eV).l 

HF2 HCR.3 HBrlt HIlt 

MO e:MO MO e:MO MO e:MO MO e:MO 

11T- 17.5 21T - 12.8 41T - 11.8 61T - 10.6 

30 - 20.8 50 - 16.9 80 - 15.8 110 - 14.5 

20 - 43.4 40 - 30.3 7" - 28.3 100 - 23.9 

IThe values cited are regarded as accurate to within 1 eV of the true 
vertical ionization potentials, except for the values of the inner 
sigma orbitals due to many-body effects. 

2Values for HF are from Ref. 54 
3Values for HeR. are from Ref. 55 
"Values for HBr and HI are computational results from Ref. 56. 

Noble gas atom 

6 . 
(np) 

2 (ns) 

HX (X-F,CR.,Br,I) 

9 

o 

Figure 5.1. United atom correlation diagram for valence 

orbitals of hydrogen halides. 
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in the R-l<lO limit is the purpose of the data in Tables 5.2, 5.3, and 5.4. 

The first table contains the dissociation energy Do(11:+) from the 

ground Vibrational state, the mass scaling factor (1 + mH/mX) (used to 

convert the H+ fragment kinetic energy to total kinetic energy in the 

rest frame of the dissociating me molecule), the internuclear· 

separation value of the minima of the electronic state (which is of 

use in estimating if a given adiabatic curve correlating to H+ as ~ 

has a repulsive portion in the F-C region) and Eo' I the zero point 

energy of the ground vibrational state. The data for Table 5.2 was 

taken from Ref. 52. Table 5.3 contains important eneri~y values of the 

halogen atoms. The electron affinity which corresponf:S to the ground 

electronic state of the negative ions X- measured relative to the 

neutral atoms ground electronic state is negative (or the halogen 

atoms. Since no stable excited states of halogenic negative ions have 

been found to exist, the electron affinity of a given halogen atom 

(corresponding to the only value for the energy of a negative ion E(N» 

is used to calculate H+ thresholds for the H+ + X- dissociation 

process. The electron affinities were taken from Ref. 57. The other 

table entries are the energy of the lowest lying excited doublet state 

(ignoring L-S coupling) of the halogen atom and the first ionization 

potential of the halogen atom taken from Refs. 58-60. The lowest 

lying doublet state is chosen because, assuming ionization out of the 

sigma shells dominates the H+ production channels, the Wigner-Witmer 

rules demand a doublet fragment to couple with the 'S of the H+ 

fragment to form the 2E+ or 2E- HX+ state resulting from the (ncr)-' 

hole· in the closed shell structure of the hydrogen halides. The final 
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Table 5.2. Constants of the hydrogen halide molecules. 

Do(1E+) (in eV) 1 + mH/mX Re (in a.u.) Eo (in eV) 

HF 5.87 1.053048 1.7325 0.2566 

HC~ 4.43 1.028821 2.4085 0.1854 

HBr 3076 1.012455 2.6730 0.1642 

HI 3.05 1.007942 3.1615 0.1431 

Table 5.3. Halogen atom data (all in eV) 

Electron Lowest excited 
affinity doublet (all 2p) First IP 

F -3.40 12.99 17.42 

C~ -3.62 9.20 12.97 

Br -3.37 8.33 11.84 

I -3.07 6.95 10.54 

Table 5.4. Energies of dissociation asymptotes yielding a+ and 
designated halogen fragment (all in eV) 

x-

HF 16.1 

HCi 14.4 

HBr 14.0 

HI 13.6 

Ground state Lowest excited 
halogen(all 2p) doublet(all 2p) 

19.5 

18.0 

17.4 

16.7 

32.5 

27.2 

25.7 

23.7 

Ground state 
ion(all 3p) 

36.9 

31.0 

29.2 

27.2 
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table uses the energy values of Tables 5.2 and 5.3 with the 13.6 eV 

ionization potential of a ground state hydrogen atom to calculate the 

threshold energies corresponding to the R+co asymptotes of the H+ 

production channels: 

(,) HX + H+ + X-('S) 

(2) HX+ + ~ + X(2p) 

(3) HX+ + ~ + X*(2p) 

(4) HX++ + ~ + X+(3P) 

where X('S) is the halogen negative ion, X(2P) is the ground state 

halogen atom, X*(2P) is the first excited halogen doublet, and X+(3p) 

is the ground state halogen ion. 

There are three final points to be noted about Tables 5.2-5.4. 

The threshold energies are rounded off to the nearest tenth of an 

electron volt, since the experimental errors described in Chapter IV 

are of at least this order of magnitude or larger for the 

determination of H+ production thresholds. The halogen atoms require 

considerable excitation energy to reach their lowest lying excited 

states, which infers the existence of a large energy gap between H+ 

production channels that correlate to the ground state halogen atom 

on dissociation and those that correlate to excited states of the 

halogen atom when the direct excitation process is described in terms 

of excited electronic states adiabatic curves in the two-step model. 

Finally, note that the ionization potential of fluoride is greater than 

that of hydrogen, but all of the other halogen atoms have an 

ionization potential below that of hydrogen. This fact could have an 

appreciable impact on correlating to dissociation products in the R+CXl 
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limit for the low-lying Hx+ molecular ion states and on the position 

of adiabatic curves relative to each other in indirect excitation 

processes, such as autoionization and curve crossing interactions. 

Experimental and Theoretical Hydrogen Halide Results 

The hydrogen halides have been the subject of several 

photoelectron spectra studies and a recent (e,2e) experimental 

treatment with Green's function calculations used in the data analysis. 

The results from both types of experimental data allow certain 

general conclusions to be drawn regarding possible H+ production 

channels of the hydrogen halides that will prove valuable in 

interpreting the data in the next chapter. 

The hydrogen halides have been the subject of several PES 

studies (see Refs. 61-63) that are in good general agreement. The 

photoelectron spectra observed were attributed to the low-lying 

molecular ion states 2rr resulting from a (n7T)-1 hole in the (n7T)lJ 

valence shell and 21:+ resulting from a (m'a)-1 hole in 'the outermost 

(m'a)2 shell. At this pOint, note that the fact the IP(F) > IP(H) and 

the opposite is true for the other halogen atoms means that the HF+ 

molecular ion ground state 2rr will correlate to H+ and a ground state 

fluorine atom in the R+co limit, while the 2rr Hx+ ground state will 

correlate to the ground state hydrogen atom and the ground state 

halogen ion X+ on dissociation for X = CR., Br, and I. The excited ion 

state 21:+ will always correlate to H+ and a ground state halogen 

atom. The basic results of interest from these studies, with regard 

to H+ fragment production, are summarized below. 
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(1) The HF+ 2rr state is characterized by a discrete band 

spectrum at photoexcitation energies too low to yield H+. 

(2) The HF+ 21:+ is characterized by a broad structureless 

feature that overlaps into the energy range sufficient for a+ 

production. 

(3) The 21:+ states of HCt+, HBr+, and HI+ all exhibit features 

in an energy range too low for the production of H+. 

These results agree with those expected from a comparison of 

the MO energies of the pi and outer sigma valence shells in Table 5.1 

with the threshold energies in the "Ground state halogen" column of 

Table 5.4. 

The (e,2e) studies of the hydrogen halides done by Brion and 

his co-workers with the accompanying theoretical computations are of 

particular importance and will be discussed in considerable detail. 

The main point of interest is the detailed experimental and 

theoretical examination done on the inner sigma valence shell. The 

(e,2e) experimental technique allows one to investigate direc,tly the 

momentum distributions and binding-energy spectra of the valence 

orbitals and is discussed in detail in references Cited earlier in 

Chapter 2. Figure 5.2(a-d) shows the binding energy spectra results 

taken from Refs. 28 and 29. Note that the range and structure of the 

inner sigma shell is much more spread out and complex than the outer 

sigma and pi shell in the binding energy spectra. This is attributed 

primarily to the electron correlation and shell relaxation effects 

which can have a significant impact on a localized orbital of nearly 

atomic character such as the inner sigma shell. The diffusely 
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and 29. The spectra chosen emphasize the inner sigma orbital hole 
state structure. 
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distributed orbitals such as the outer sigma and pi shell orbitals 

also have significant many-body contributions, but the various 

components tend to cancel giving reasonable agreement with Hartree

Fock orbital energLes (see Ref. 56). A comparison of the experimental 

structure peak values with the results of Green's function 

calculations for the corresponding hole states of the hydrogen halide 

ions is gLven in Table 5.5. The numbers in parentheses gLve the pole 

strengths for a hole state split among several peaks in the binding 

energy spectra with the total pole strength normalized to one. The 

first column of Green's function poles GF 1 is from calculations 

performed by Brion et al.,2S,29 and the second column of Green's 

function poles GF 2 is from calculations performed by Von Niessen et 

al. 56 Error estimates for the experimental and computational results 

is on the order of - 1 eV and error estimates for the pole strengths 

are not gL ven. 

The experimental data and the analysis performed on it in 

Refs. 28 and 29 is summarized below. 

(1) The outer sigma shell and pi shell hole states had 

binding energy structure consisting of a single peak with near-unity 

pole strength, with the peak energy value being in good agreement with 

PES data and MO orbital energies. The Green's function calculations 

and experimental results are in good agreement. 

(2) The 20 hole state of hydrogen fluoride corresponds to a 

single broad feature with a peak at -40 eV in agreement with the PES 

data of Banna and Shirley.64 The Green's function calculations GF 1 

are in good agreement but the GF 2 calculations show a split between 



Table 5.5. 
halides. 

Molecule 

HF 

HeR, 

HBr 

HI 
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Peak energies in binding energy spectra of hydrogen 

Hole (e,2e) Experiment 
(in eV) 

1'111 16.1 

19.9 

39.7 

12.8 

16.5 

25.8( 0.51) 
32.8(0.37) 
37.8(0.12) 

11.9 

15.6 

24.3(0.42) 
30.3( 0.58) 

10.8 

14.2 

21.2(0.37) 

GF 1 (in eV) 

14.4 

18.4 

39.7 

12.1 

16.3 

26.1(0.70) 
32.2(0.02) 
34.4(0.06) 
35.0(0.02) 
38.9(0.03) 
42.2(0.06) 

10.9 

15.1 

25.5(0.70) 
26.5(0.05) 
27.9(0.05) 
28.3(0.03) 
31.6(0.01 ) 
31.8(0.03) 
32.0(0.01 ) 

GF 2 (in eV) 

16.3 

20.1 

38(0.52) 
41(0.35) 
43(0.05) 

12.3 

16.4 

25.7( 0.13) 
28.3(0.57) 
32.4(0.22) 

10.9 

15.0 

22.4(0.08) 
25.7(0.60) 
29.9(0.25) 

10.1 

14.1 

18.9(0.12) 
21.7(0.61) 
26.8( 0.18) 
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two poles. This disagreement is attributed to shortcomings of the 

computational procedure or the possible inabLlity of the experiment to 

resolve the splitting. 

(3) The inner sigma shell hole states bLnding energy spectra 

of HCR., HBr, and HI exhibit strong similarities. The features 

attributed to these hole states are very diffuse over an appreciable 

energy range (-20 to 40 eV for HCR. and HBr and -18 to 32 eV for HI) 

with a well-defined peak structure in the lower energy range followed 

by a broad peak in the intermediate energy range that gradually 

diminishes in intensity to the pOint of not allowing structure to be 

resolved clearly in the higher energy range. These complex spectra 

are attributed primarUy to electron correlation effects discussed 

earlier. Unfortunately, the Green's function calculations of both GF 1 

and GF 2 give a poor quantitative agreement with the experimental data 

except to confirm a breakdown in the MO description of binding energy 

spectra and confirm the fact that the bLnding energy spectra of each 

mOlecule's inner sigma hole state probably consists of several 

overlapping molecular ion states. The references cited earlier felt 

the computational methods employed were of inadequate quality to 

fairly test the agreement between theory and experiment except in a 

rough qualitative fashion, due to the complexity of the inner sigma 

hole states. 

The main point of interest with regard to the (e,2e) data and 

analysis is the bLnding energy structure of the inner valence sigma 

orbital. In the case of HF, the (20)-1 hole state has a single pole of 

near unity strength indicating correlation to a single HF+ ion state. 
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The more complex bindtng energy structure of HCt, HBr, and HI indicate 

that a similar inner sigma shell hole state is split among several 

poles and, hence, several possible HX+ (X=ct, Br, I) ion states. 

Studies of the Noble Gas Atoms Ne, Ar, Kr, and Xe 

Since theoretical and experimental studies of electronic 

excitation processes resulting in ionization of the hydrogen halides 

are not available in sufficient quantity or quality in the literature, 

frequently the isoelectronic noble gas atoms extensive literature is 

consul ted. The noble gas atoms have been the subject of numerous PES 

and (e,2e) experimental studies and also extensive theoretical studies. 

A summary of the results from PES studies on the (ns)2 shell 

correlating to the inner sigma shell of the corresponding hydrogen 

halides is given below. 

(1) The PES associated with the neon (28)2 shell in Ref. 65 

shows no major splitting of the (2s)-1 ion hole state, indicating 

little in the way of electron correlation effects. 

(2) The PES of the argon (3s)2 shell, krypton (4s)2 shell and 

xeon (5s)2 shell in Refs. 66 and 67 all indicate major splitting in the 

(ns)-1 ion hole states indicating electron correlation effects play a 

significant role. 

(3) The assignme':lt of configurations based on both experiment 

and theoretical calculations using the configuration interaction model 

to describe electron correlation in the ion (ns)-1 hole state resulted 

in the peak assignments given in Table 5.6. There were still an 

appreciable number of peaks left unidentified or attributed to other 
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electron correlations on which further theoretical and experimental 

analysis was necessary, but agreement was general that ns~p4(n's or 

n'd n'>n) configurations coupled to form 2S states accounted for 

several major correlation satellite peaks in the Ar, Kr, and Xe PES 

spectra. 

Table 5.6. Electron cor~llation states 2S configurations for noble gas 
ions resulting from (ns) holes. 

Atom PES (e,2e) 

Ne 2s2p6 2s2p6 

Ar 3s3p6 3s~p6 
3s23P44s 3s 3p43d 
3s23P43d 3s23P44d 
3s23P44d 
3s23p45d 

Kr 4s4p6 4s4p6 
4s 24p 44d 4s 24p 44d 
4s24p46s 4s 24p45d 

4s24p45s 

Xe 5S~p6 5s~p6 
5s 5P 46s 5s 5P 45d 
5s25P45d 

The noble gases have also been the subject of numerous (e,2e) 

experiments and theoretical analysis in Refs. 69-71, with the results 

s umm arized below. 

(1) Neon has no electron correlation structure evident in the ' 

tanding energy spectra of the (2s)-1 ion hole state. 

(2) The (ns)-1 ion hole states of Ar, Kr, and Xe all show 

strong evidence of electron correlation structure in the binding 
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energy spectra in agreement with PES. Additional experimental 

information available through the (e,2e) technique indicated that in 

contrast to PES results, it could be established that almost all of 

the additional structure was due to electron correlation effects 

invol ving the (ns )-1 ion hole states .. 

(3) The use of configuration interaction model of electron 

correlations in the ion hole state lead to general agreement with PES 

that the 2S configurations of the form ns~p4(n's or nd' n'>n) 

accounted for a good part of the observed structure, as shown in Table 

5.6. 

Electronic Excitation and H+ Production 

This section is a short summarization of electronic excitation 

processes pertinent to H+ production in the hydrogen halides based on 

the preceding PES and (e,2e) work. 

The excitation of the outer sigma or pi orbital to the 

continuum provides insufficient energy to produce H+ directly from 

dissociation of an HX+ ion with the exception of the 30' orbital of 

hydrogen fluoride. The only other possible channels of H+ production 

must arise from electronic excitation processes modeled as either a 

mutl1ple electron excitation of the outer valence sigma and pi shells 

or an excitation of the inner valence sigma orbital. Direct studies of 

the hydrogen halides themselves and of their isoelectronic 

counterparts, the noble gas atoms, indicate definite electron 

correlation effects present in the inner sigma orbital ion hole state 

for He£., HBr, and HI, but none for HF. The work done on the noble gas 
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atoms would suggest (since the halogen fragment is isoelectromc to 

the corresponding noble gas ion) that electronic excitations involving 

electron correlations of the inner sigma orbital hole state of the HX+ 

ion for X = CR., Br, and I might have H+ production thresholds 

corresponding to ns~p4(n's or n'd) configurations of 2S states for the 

halogen fragments. 



CHAPTER 6 

DATA AND DATA ANALYSIS RESULTS 

The purpose of this chapter is to present, in a concise 

fashion, a sampling of the TOF data and KE spectra and the results of 

the data analysis methods outlined in Chapter 4. Space considerations 

precluded the inclusion of all TOF spectra (there were over 100 

spectra for HCR. alone!) and KE spectra. Instead, the TOF spectra and 

KE spectra that serve to best illustrate the evolution of the features 

in the EBE range of 20 to 51 eV and complement the discussion are 

given. It should be born in mind, however, that the conclusions 

reached result from an examination of all the data, and not just the 

spectra reproduced in the thesis. The chapter is diyided into four 

sections with one section dedicated to each molecule. Additional 

background information available in the literature that wasn't cited in 

Chapter 5 is gLven when available. The 1.2 eV EBE correction discussed 

in Chapter 3 is added to all cited EBE values except on the EBE axis 

of the H+ ion production curves. All energy values and associated 

errors are rounded off to the nearest tenth of an eV (except errors 

of 0.05 eV or less, which will be rounded off to 0.1 eV), in conformity 

with the convention adopted in Chapter 5. 
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Hydrogen Fluoride (HF) 

Additional Background 

The hydrogen fluoride (HF) molecule has been extensively 

studied in both experiment and theory as one of the simplest 

molecules with a closed-shell structure. The most recent theoretical 

studies of HF that give results of interest, in addition to those of 

Chapter 5, are shown in the adiabatic curves. for the B'L+ state of HF 

and 2rr and 2L+ of HF+ in Fig. 6.1. The B'L+ curve of HF correlates to 

H+('S) + F-('S) in the dissociation limit and is generally modeled as 

the excitation of a 30 orbital to a higher sigma orbital. The broad 

range of R values for which the state is bound and the deep minimum 

is characteristic of the so-called "ionic states," due to the Coulombic 

attraction between ~ and X- which dominates the bonding character of 

B'L+ state over a wide range of R values. The x2n and A2L+ of HF+ 

are typically represented fairly well by the configurations of the 

closed-shell ground state with a hole in the (1'IT)4 shell and (30")2 

shell, respectively. No reasonably accurate or experimentally verified 

adiabatic curves of HF above the first two ion states are known to the 

author at present. The general conclusions reached by use of the 

adiabatic curves of Fig. 6.1 and the Franck-Condon region of the ground 

state wave function are 

(1) No H+ production from direct excitation to 2rr of HF+ or 

B2L+ of HF should contribute to the spectra. 

(2) H+ production from direct excitation to 2L+ of HF+ 
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dominated by low-energy H+-ions. 

It is interesting to note that the 2E+ state of HF+ has a slight hump 

in the 4 to 5 a.u. range that might have an appreciable impact on the 

H+ contribution near the dissociation threshold. Unfortunately, this 

corresponds to the fragment kinetic energy range where "thermal 

smearing" effects will dominate the TOF spectrum structure. 

In addition to the PES and (e,2e) work, numerous other types of 

experimental work done on HF yields results that are pertinent to the 

attempts to analyze the data in this thesis. The most significant 

work is that of Berkowitz et al.13 in which a photoionization threshold 

study was coupled with a mass spectra analysis of the ion fragments 

to yield the experimental data that lead to the adiabatic curves for 

A2E+ and x2rr of HF+ given in Refs.73 and 74. The study of Berkowitz 

et ale also noted the lack of fragments from the H+ + F- through 

direct excitation in the Franck-Condon region, but did notice a weak 

contribution attributed to predissociation. Banna and Shirley61t used 

PES to study HF and observed a simple single peak structure assigned 

to the (20')-' hole state in agreement with the (e,2e) results on HF 

and the PES and (e,2e) studies of neon's (2s)-' hole state. An 

extensive study75 of the emission and absorption spectra of HF on the 

vibrational-rotational band structure associated with the B'E+ _ X'E+ 

electronic transition yielded experimental data in good agreement with 

the B 1 E+ curve shown in Fig. 6.1. The experimental work done on HF 

that relates most closely to TOF is that of Ohno et al.,76 which 

utilized the measured Doppler profiles of the Balmer-ex emission 

emitted from excited hydrogen atoms H*(n:3) resulting from electron 
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bombardment of HF to calculate an average translational energy for 

the fragments. Unfortunately, since excited H atoms and not ions are 

measured, and because the method used only allowed for a rough 

distinction to be made between fragments with large differences in 

velocity, the results are not directly useful for comparison. 

Nevertheless, on the assumption that the excited HF molecule might be 

roughly approximated as a Rydberg MO with an HF+ ion core 

configuration, some useful information might be obtained from such 

data. The results of Ohno e~ al. are summarized below. 

(1) A slow-velocity group with an average kinetic energy KE 

of -0.3 eV with an appearance threshold of _18 eV was seen and 

attributed to the dissociation of HF* to H*(n=3) + F(2p). 

(2) A fast-velocity group with a KE of -5.2 eV and an 

appearance threshold of -30 eV was associated with H* (n=3) + F(2p) 

obtained through an indirect excitation channel. 

(3) A fast-velocity group with a KE of -5.2 eV and an 

appearance threshold of -40 eV was associated with excitation leading 

to a (20)-1 hole ion core. 

As will be seen shortly, these results match qualitatively those 

obtained in the TOF study. 

TOF Data and Production Thresholds of Hydrogen Fluoride 

A sampling of raw TOF spectra is presented in Figs. 6.2(a)-(f), 

6.3, and 6.4. Figures 6.2(a)-(f) trace the evolution of the HF spectra 

for the EBE range of 22 to 41 eVe Figure 6.3 gives the TOF spectra 

for EBE = 51.2 eV from two different path lengths for comparison. 
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Unfortunately, the reduced count rate due to smaller solid angle of 

the detector limited the usefulness of the 38.5 cm path length 

spectra. The spectra of Figs. 6.2 and 6.3 show that the HF TOF 

spectrum segregates itself into a dominant "slow peak" feature in the 

range of 10 to 54 micreseconds and a "fast peak" in the range of 4 to 

9 microseconds. Figure 6.4 shows the evolution of the fast peak 

energy using TOF spectra from the one run that appeared to yield 

reasonably well-normalized spectra with respect to pressure, despite 

the pressure fluctuations of HF that were discussed in Chapter 3. 

Unfort ..:nately, these pressure fluctuations did preclude the use of 

ionization efficiency curves in determining EBE threshold values for 

the H+ production channels contributing to the TOF spectra. 

Kinetic Energy Spectra of Hydrogen Fluoride 

Due to the dominance of the "slow peak" feature in the TOF 

spectra, the energy conversion must be split into separate regions for 

the faster ion and slower ion features or the relative intensity of 

the fast features will be negligible. Figures 6.5 and 6.6 show the 

resul ting ldnetic energy spectra which subdivides into the low KE 

spectra group in the 0.1 to 3 eV range of the slow feature in the 9 to 

50 microsecond range and the higher KE spectra from the 4.5 to 9 

microsecond features. Two qualitative points to note are the low

energy pile-up exhibited by the low-energy spectra and the broadness 

in energy with a lack of any dominant structure that might be 

reasonably Gaussian in appearance for the higher KE fragment spectra 

at 32.2 and 37.2 eVe These spectra also exhibit a considerable amount 
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of random fluctuations in the 3 to 5 eV range which probably indicates 

that an appreciable number of the counts are background counts not 

successfully subtracted from the TOF spectra prior to the energy 

conversion. 

Data Analysis 

The data represented by the TOF spectra and KE spectra 

presented in the prior two subsections is illustrative of the HF data 

in general. The resul ts presented in this section resul t from a 

review of all the TOF data collected, so that on occasion it may be 

necessary to cite conclusions based on data not presented in the two 

preceding sections. 

The HF data breaks down into slow and fast groups of H+ ions. 

The slow feature appears to have little evidence of substructure in 

both the TOF and KE spectra, indicating that a single production 

channel capable of producing an appreciable fraction of its H+ ions at 

kinetic energies 10\-1 enough that thermal smearing plays a major role 

is responsible. The fast H+ ion feature appears to correspond to at 

least two H+ production channels resulting in the two-peak structure 

that is evident in the data for EBE values above 40 eVe The 

corresponding KE spectra of the fast feature indicate that the first 

peak of the TOF fast feature is a broad KE feature with H+ production 

in the range of 11 to 4.5 eV with small peaks and bumps that indicate 

more than one H+ production channel might be present, but the poor H+ 

statistics and KE resolution preclude a definite decision. The second 

peak with a higher threshold EBE corresponds to an H+ production 



133 

channel with H+ fragment production in the KE range of 3.5 to 7 eVe 

No further evidence for substructures appeared in data runs using the 

38.5 cm path length, despite the greater KE resolution. For this 

reason, and the fact that the greater solid angle of the 20.5 cm 

yielded a higher H+ count rate to reduce the impact of the background 

spectrum count and count statistics on the data, all analysis 

performed on HF was done on 20.5-cm path length data. A final note 

regarding the 38.5 cm data is that, provided the spectra had 

reasonable statistics (as is the case for the EBE = 51.2 eV spectrum 

shown in Fig. 6.3(b», then the agreement between the converted KE 

spectrum and the corresponding KE spectrum from 20.5 cm data was 

quite good, as is shown in Figs. 6.5(d) and 6.6(d). 

For the purposes of further discussion, the HF H+ ion features 

will be referred to as (1), (2), and (3), following the labeling in Fig. 

6.3(a) which corresponds to the order of their appearance as the EBE 

is increased, as is shown by Table 6.1. Table 6.1 assembles the key 

energy values useful in the energy analysis outlined in Chapter 4. 

The threshold values in this case are just the EBE values at which the 

designated feature first appears (i.e., ET = EA). The error bounds are 

all rounded off to the nearest tenth of an eV just as ET, KEMIN and 

KEMAX values are. The error on the kinetic energy values is 

determined from Tables 4.1 or 4.2, as is appropriate. If a feature has 

no definite peak, the centroid of the kinetic energy distribution is 

used. If the value cited for ET, KEMIN or KEMAX is at best a rough 

estimate, the value will be contained in parentheses to denote that 

additional error is present. 
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Table 6.2 presents the results of analysis for values of E(A) 

that are of use in assigning possible fluorine-fragment electronic 

states. The method of determining E(A), outlined in Chapter 4, using 

KE spectra peak values was intended primarily for use with ~ values 

obtained from the H+ ion production curve and heavily overlapped ICE 

spectra. For this reason, this form of analysis for E(A) is excluded 

in this section and the alternate method utilizing the maximum KE 

va~ue of a feature at minimum EBE value was substituted. Due to the 

experimental and theoretical studies that indicate only one stable 

negative ion state exists for the halogen atoms, no values for E(N) 

will be calculated. Instead, the threshold value at which the 

dissociation of H+ + F- could occur for the production of H+ fragments 

with energy KEMAX for comparison with the minimum EBE value at which 

fragments with kinetic energy KEMAX occur is calculated. The minimum 

EBE value in question is given in the "EBE" column of the table. The 

calculated threshold is presented in the column "E(N)T" and is given 

for EBE values and (1 + (mH/mX»KEMAX values for which the H+ + F

dissociation channel is a reasonable process. The quantity (1 + 

(mH/mX»KEMAX is the total fragment kinetic energy for the 

corresponding H+ fragment KEMAX value. The error bounds on the EBE 

values cited in ·the first column adhere to the convention adopted in 

the error analysis section of Chapter 4 for EBE threshold values. 

The adiabatic curve analysis methods were not applicable to 

features (1) and (2). Feature (1) had too large a fraction of its H+ 

fragments in the KE region where thermal smearing can be expected to 

dominate. This precludes the use of a Gaussian peak fitting· procedure 
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TABLE 6.1. Characteristic energies of HF H+ features (in eV). 

Feature ET KEPeak KEMIN KEMAX 

(1) 21.2+0.3,-1.5 0.2±0.1 o. 1±0. 1 2.4±0.2 

(2) 26.2+0.3,- 1.5 8.0±0.7 4.5±0.3 12.0±1.3 

(3) 38.2+0.3,- 1.5 5.0±0.4 3.5±0.2 7.0±0.6 

TABLE 6.2. Internal electronic energies of HF H+ features (in eV). 

Feature 

(1) 

(2) 

(3) 

EBE 

22.2+0.3,- 1.5 

31.2+0.3,-1.5 

42.2 +0.3,-1.5 

( 1+(mH/mX»KEMAX 

2. 5±0. 1 

12.6±1.3 

7.4±0.6 

E(A) E(N)T 

0.2+0.3,- 1.5 18.6±0.1 

-0.9+1.2,-1.9 28.7±1.3 

15.3+0.7,-1.6 

for an adiabatic curve. This would indicate for a direct excitation 

process that the internuclear separation values for the F-C region 

must include a range of R values for which the adiabatic curve goes 

below the dissociation asymptote (i.e., a portion of the adiabatic curve 

in the F-C region must correspond to bound nuclear motion) as R 

increases from the RMIN to RMAX boundaries of the region if a single 

adiabatic curve is used to model the excited state. Feature (2) lacks 

any definitive peak structure to apply the Gaussian model to, which 

indicates that H+ production channel or channels resulting from 
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indirect excitation processes, such as autoionization, are quite 

possibly the primary contributors to the feature. Feature (3) exhibits 

a definite peak structure in the KE spectra that is in reasonable 

agreement with a Gaussian. Further, the small overlap with the other 

fast peak allows the subtraction of a scaled spectrum taken at an EBE 

of 37.2 eV from a spectrum taken at an EBE of 51.2 eV in the 4 to 9 

microsecond range, resulting in the spectrum shown in Fig. 6.7. The 

energy conversion of the TOF spectrum in Fig. 6.7 over the range of 6 

to 8 microseconds is shown in Fig. 6.8. Figure 6.9 gives the result of 

an attempt to generate the adiabatic curve in the F-C reglon and the 

resul ts of a lineal" least-squares fit on all but the data points at 

the extreme R values. The lineal" fit adiabatic curve is then used to 

generate a theoretical KE spectra feature for the H+ fragments in the 

KE range of 3.8 to 7.2 eV shown in Fig. 6.8 for comparison with the 

original. 

Summary and Conclusions 

The appearance threshold value of 21.2 eV and the range of 

kinetic energles, coupled with the adiabatic curve for the HF+ 21:+ 

state, almost certainly identify the dominant slow peak feature as 

resul ting from the 21:+ state of HF+. This result is in qualitative 

agreement with the experimental resul ts of Berkowitz and Ohno cited 

earlier. Unfortunately, the H+ count rate from this channel makes 

difficult the detection of additional H+ production channels in the 10 

to 50 microsecond range with considerably lower H+ production rates, 

if such channels exist. No evidence of significant substructures due 
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to other H+ production channels was ever observed in either the TOF 

spectra or KE spectra for the slow feature. 

Feature (2) lacks definite peak structure in the KE spectra, 

despite the negligible effect of thermal smearing as an explanation. 

The broadness of the KE range of almost 9 eV is unusually large to 

model as a direct excitation process. Also, as was noted in Chapter 5, 

the first excited electronic configurations of fluorine are -13 eV 

above the ground state configuration, giving a threshold of -32.5 eV as 

the dissociation asymptote energy of an H+ fragment and an excited 

fluorine atom in its lowest energy configurations. The H+ ion 

production from direct excitation to H+ and a ground-state fluorine 

atom has been accounted for by the HF+ 21:+ state. The previously 

stated facts lead to the conclusion that feature (2) is almost 

certainly due to indirect excitation channels, in agreement with Ohno's 

resul ts for H*(n=3). The KE range of the feature indicates that 

autoionization leading to dissociation via the 21:+ and/or the 2rr states 

of HF+ is probably a major contributor to the feature. Features with 

narrow KE spread such as might be expected from a curve-crossing type 

configuration interaction are in evidence in the KE spectra, but the 

low H+ production rate gives poor statistics, so that definitive 

identification of such features isn't possible. The low H+ production 

rate also means that the threshold estimates are very probably worse 

than those indicated by the conventional -1.5 eV error bound, implying 

that H+ + F-(1 S) curve-crossing processes could possibly be 

contributors to feature (2). The most obvious candidates for 

involvement in the indirect excitation processes are the adiabatic 
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electronic states correlating to H* (n:2,3, ••• ) + F* (2p) as R+co converging 

to the HF+ ion state correlating to H+ + F*(2p) at 32.5 eV. 

Feature (3) corresponds to no known adiabatic curve of HF+, 

but its shape and the relatively successful attempt to model it to a 

Gaussian peak by use of a linear adiabatic curve in the F-C region 

indicates a direct excitation process to an exCited state of HF+ is the 

best choice. The close agreement between the threshold of 38.2 eV and 

the vertical ionization potential of 39.7 eV for the 20' MO of HF 

certainly suggests an HF+ ion corresponding to a (20')-1 hole 

configuration, in agreement with Ohno's results, is a reasonable 

candidate. The discrepancy between the threshold value and the 

vertical ionization potential can be accounted for by realizing that 

the ET's for hydrogen fluoride were defined by visual inspection of 

the TOF spectra. Since both feature (3) and the (20')-1 hole state 

have a finite range of excitation energies, a comparison of the mean 

values of the excitation energy ranges might be more informative and 

meaningful. The (20')-1 hole state of HF+ is an almost symmetric peak 

(see Fig. 5.1) so that the peak value of 39.7 eV does represent a mean 

excitation energy. The examination of TOF spectra shows that feature 

(3) H+ ions first become evident at 38.2 eV and is not fully developed 

as a feature until 42.2 eV. This suggests a value of -40.2 eV would be 

more appropriate for comparison with the 39.7 eV MO peak. The 

remaining difference can be more than accounted for by error due to 

kinetic energy resolution and EBE threshold estimate error. The value 

of the internal electronic excitation energy E(A) for feature (3) is 

15.3+0.7, -1.6 eV from Table 6.2. This rules out correlation to the 
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ground state fluorine ion F+(3p) which has an IP of 17.4 eVe Assuming 

no shell rearrangement resul ting in photon emission prior to 

dissociation of the excited HF+ state takes place, the F* fragment can 

be reasonably represented by a 2p4(3P or 4s} configuration coupled to 

a 2S or 2P·state. 

Hydrogen Chloride (HCt) 

Additional Background 

Hydrogen chloride (HCt) has had numerous theoretical studies 

done on its adiabatic electronic states up to the lowest lying HCt+ 

states. The results of the calculations for states of interest are 

illustrated in Fig. 6.10. Note that the fact that IP(H) > IP(ct) 

resul ts in the x2rr ground state of HCt+ dissociating to H(2S) + 

ct+(3p), while the A2E+ lowest excited state of HCt+ still correlates 

to H+ + Ct(2p) in the R-joQ) limit. The F-C reglon and the adiabatic 

curves indicate no H+ production through direct excitation from the 

B1E+ state of HCt or the A2E+ state of HCt+ and fast H+ ions from the 

2rr excited HCt+ state correlating to H+. 

Other than the previously cited PES and (e,2e) studies of HCt, 

the only experimental work of interest is that of Higo and Ogawa81 

who use the method of Doppler linewidth measurement to estimate the 

it translational velocity of H (n=4) fragments. The resul ts of this 

study were: 

(1) a slow group of H*(n=4) fragments with a mean kinetic 

energy KE of -2.5 eV with a production threshold of _20.1±0.6 eV 

attributed to excited HCt states, modeled as a Rydberg MO with a 2E+ 
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HC~ + ion core; and 

(2) it 
a fast group of H (n=4) fragments with a mean Idnetic 

energy KE of -5. eV at a production threshold of -25 eV attributed to 

excited HCR. states modeled as a Rydberg MO with a repulsive 2rr HCR.+ 

ion core. 

Unfortunately, result (1) is not useful, since the 2Z+ HCR.+ 

state is bound in the F-C region, as shown in Fig. 6.10. Resul t (2) 

might very well have another interpretation, as will be discussed 

later. 

TOF Data and Production Thresholds of HCR. 

Figures 6.11(a)-(d) show HCR. TOF spectra for the EBE range of 

25.2 to 51.2 eVe One immediately sees that HCR. is a more complex 

spectra than HF, and that there is no single dominant feature 

contributing the bulk of the H+ ions. Another major difference with 

HCR. was the ability to normalize the spectra, since gas source 

fluctuations of short duration and large magnitude were not present. 

Thus, spectra from the same data run could be normalized with respect 

to each other and plotted together for comparison, as was done in 

Figs. 6.11(a)-(d). Figure 6.11(a) shows that the TOF H+ feature is a 

weak broad feature in the range from 5.5 to 15 microseconds with 

little discernable structure for EBE values below 25 eVe Abruptly at 

26 eV, a peak structure begi.ns to appear in the 6 to 9 microsecond 

range, which evolves into the middle feature of the three fast peaks 

evident in the 51.2 eV spectra. Also note the sharp feature (2) that 

is present in the fast edge of all the TOF spectra up to 41 eVe The 
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narrowness of this feature makes it a probable curve-crossing feature, 

and it is present in the TOF spectra for EBE from 25 to 41 eV until 

obscured by an evolving broader fast peak at -42 eVe In the 30 to 35 

eV range, the slower H+ ion part of the TOF spectrum is reinforced by 

contributions that appear to come from two heavily overlapped peak 

features (4) and (5) in the 9 to 20 microsecond range. Features (6) 

and (7) of the three fast ion peaks in the 5 to 9 microsecond range 

both evolve into definite features by 44 eVe Hence, the HeQ, spectrum 

at 51.2 eV appears to be made up of a fast H+ group made up primarily 

of H+ associated with three broader peaks and a sharp probable curve

crossing feature, while the slower H+ ion portion of the spectra is 

dominated by contributions from two overlapping peaks. 

The ability to normalize the TOF spectra and to scale various 

spectra data group, with respect to each other by comparing their H+ 

count rate in EBE ranges where the groups overlap, allows the 

construction of H+ ionization production curves, as shown in Figs. 

6.12(a)-(c). Figure 6.12(a) gives the H+ ion production in the range 

from 4.5 to 20 microseconds over EBE values ranging from 25.2 to 45.2 

eV (remember the 1.2 eV offset is not added to the graph EBE axis), 

which represented the TOF time range of total H+ production. Figures 

6.12(b) and (c) divide the H+ production into a fast group (4.5 to 8 

microseconds) and a slow group (8 to 20 microseconds) to enhance the 

sensitivity of detecting thresholds. 

The results of the threshold analysis methods are presented 

in Table 6.3. The features designated as (1) and (2) refer to the 

broad H+ feature with very low H+ production and the sharp, fast edge 
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feature, respectively, as labeled in Fig. 6.11(a). 
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The TOF regions 

associated with the other features are labeled in 6.11(d). The 

convention for HF of labeling the features in order of appearance as 

EBE increases is adhered to; but in contrast to HF, the H+ ion 

production curve threshold methods are available. 

TABLE 6.3. HCR. threshold analysis resul ts (in eV) 

Feature EA EB EL ET(lowest of three) 

(1) 2307 23.7+0.3,-1.5 

(2) 24.7 24.7+0.3,-1.5 

(3) 26.2 25.7 26.3 25.7+0.3,-1.5 

(4) 30.2 30.2 31.0 30.2+0.3,-1.5 

(5) 33.7 35.7 34.1 33.7+0.3,-1.5 

(6) 39.2 36.7 36.2 36.2+0.3,-1.5 

(7) 44.2 40.2 40.1 40.1 +0.3,-1.5 

Kinetic Energy Spectra of Hydrogen Chloride 

Figures 6.13(a)-(h) show the evolution of the HCR. KE spectra in 

the EBE range from 26 to 51 eVe The 0.5 to 3.5 eV KE range in Figs. 

6.13(a) and (b) is probably primarily low-energy pile-up which 

dominates due to the low H+ count rate, relative to background counts. 

Noteworthy, however, is the appearance of a repetitive "bump" at -9.3 

eV, which corresponds to the single-channel, fast Wedge feature 
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noted earlier in the TOF spectra. The KE width of feature (2) roughly 

matches the energy resolution of the TOF time channel involved. No 

other definite peak features appear in the two spectra, but the KE 

range fl"om 5.5 to 7.5 eV is l"einfol"ced in the 27.2 eV spectra, pl"obably 

primarily due to H+ ions from feature (3) of the TOF spectl"a. The 

spectra in 6.13(c) thl"ough (g) shows the evolution of the slow ~ 

features labeled (4) and (5) and a pl"onounced shift in the spectl"a 

towards lower energy H+ pl"oductio~ that l"epresents tlrue H+ counts and 

not low-energy pile-up, as is shown by the TOF spe:ctra of the same 

EBE range. Finally, in the last two KE spectra of 6~13(f) and (g), the 

fast H+ peak features labeled (6) and (7) in the T F spectra become 

evident along with featul"e (3). 

Data Analysis 

Tables 6.4 and 6.5 use t~e ET's of Table 6.3 and the values for 

the KE peaks in the 51.2 eV KE spectrum to calculate E(A)'s. The 

notation conventions of Tables 6.1 and 6.2 are followed, but fol" HCQ" 

the heavy ovel"lap of features makes the use of the method equating ET 

to the avel"age excitation energy of a given feature more applicable, 

so EBE and (1 + (mH/mX»KEMAX are replaced with ET and (1 + 

(mH/mX»KEpeak' respectively. Only the entl"Y undel" E(N)T fol" feature 

( 1) uses the KEMAX value method. 

The KE spectrum of HCL at 51.2 eV has numerous peaks that would 

appear to approximate Gaussians quite well. TOF features (3), (4), (6), 

and (7) all have KE spectral shapes suggestive of the Gaussian 
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TABLE 6.4. Characteristic energies of HCQ, H+ features (all in eV). 

Feature ET KEPeak KEMIN KEMAX 

(1) 23.7+0.3,-1.5 4.5±0.4 (2.0±0.1) (B.5±0.8) 

(2) 24.7+0.3,-1.5 9.3±0.8 

(3) 25.7+0.3,-1.5 6.2±0.5 

(4) 30.2+0.3,-1.5 1.6±0. , 0.6±0. , 

( 5) 33.7+0.3,-1.5 2.3±0.2 

(6) 36.2+0.3,-1.5 4.8±0.4 

(7) 40.1 +0.3,-1.5 8.1±0.8 9.5±0.9 

TABLE 6.5. Internal electronic energLes of HC.!l. H+ features (all in 
eV). 

Feature ET (1 +(mH/mX) )KEP'eak E(A) E(N)T 

(1) 23.7+0.3,-1.5 4.6±0.4 1.1+0.,5 .-J.. 6 (24.0±0.8) 

(2) 24.7+0.3,-1.5 9.6±0.8 -2.9+0.9,-1·7 23.8±0.8 

(3) 25.7+0.3,-1.5 6.4±0.5 1.3+0.6,-1.6 

(4) 30.2+0.3,-1.5 1.6±0.1 10.6+0.3,-1.5 

( 5) 33.7+0.3,-1.5 2.4±0.2 13.3+0.4,-1.5 

( 6) 36.2+0.3,-1.5 4.9±0.4 13.3+0.5,-1.6 

(7) 40.1+0.3,-1.5 8.3±0.8 13.8+0.9,-1.7 
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model. To facilitate the investigation of the higher energy spectral 

peaks (3), (6), and (7), a spectrum subtraction is performed. Noting 

that the H+ slow ion production curve reaches a plateau for the EBE 

range of 45 to 51 eV (Fig. 6.12(c», while the H+ fast ion production 

curve continues to increase in the same EBE range, suggests that a 

straight subtraction (no scaling involved!) of spectra taken at 45 and 

51 eV should result in only H+ fast ions in the resulting spectrum, 

thus isolating primarily on contributions from features (3), (6), and 

(7). Figure 6.14 shows the resulting spectrum of the fast peaks after 

the subtraction. The parameters needed to specify a linear adiabatic 

curve can be found from the KE value of the peak and the KE width at 

half the maximum intensity if a Gaussian peak is assumed. Table 6.6 

gives the parameters used to define the straight-line adiabatic curves 

which generate the model Gaussian peaks, shown in Figs. 6.15(b) and (e), 

for comparison with the kinetiC energy spectral features shown in 

Figs. 6.15(a) and (d). Figures 6.15(c) and (f) show the resulting 

comparison when the peak intensities of the model Gaussians are scaled 

to match the peak intensities of the spectral features and in the case 

of 6.15(c), the three scaled model peaks are added together. 

Before proceeding to summarize the results, it should be 

commented that the reason 38.5 em HeR, TOF data was not included in 

the data and data analysis section was that the smaller solid angle 

of detection resul ted in spectra with a poor background to H+ count 

ratio. The resulting TOF spectra smeared the slower H+ ion features 

(4) and (5) over enough channels so that the resulting KE spectra 

(even for EBE's of up to 51 eV) distorted the low-energy peaks 
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TABLE 6.6. Constants a and b used in linear adiabatic curves of form 
KE(R)=a-b*R over HCQ. F-C regions bounded by RL and RH (RLs.Rs.RH) to 
generate model Gaussians centered at the KEPeak for Figs. 6.15(b) and 
(e). 

Feature a (in eV) b(in eV la.u.) RL (in a.u.) RH (in a.u.) KEPeak 
(in eV) 

(3) 11.91 2.371 2.049 2.770 6.2 

(4) 5.89 1.780 2.045 2.788 1.6 

(6) 11.32 2.667 2.047 2.758 4.9 

(7) 21.15 5.334 2.053 2.764 8.3 

associated with (4) and (5) with low-energy pile-up. The prominant 

three peaks in the higher energy portion of the KE spectra were 

present and shifted energies -0.5 eV lower. While this difference is 

allowed for by the error due to the KE resolution of the measurement 

process, the systematic and identical shift leads to the suspicion that 

the greater difficulty in subtraction of the background spectrum for 

38.5-cm data might play a part. There was no direct evidence of any 

contact potential during the 20.5 cm or 38.5 cm runs in He+ spectra, so 

this cannot be used to explain the difference. 

Summary and Conclusion 

Features (1) and (2), as noted earlier, ha ve the 

characteristics of H+ produced by indirect excitation processes. 

Feature (2) is almost certainly a,ttributable to H+ + CQ.-(1 S), since 

E(A) < 0 and the values of ET and E(N)T are in close enough agreement 
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for the difference to be allowed for by the error estimates. Due to 

the poor estimate of KEMAX for feature (1), it cannot be regarded as 

definite that H+ + CR.-(1 S) contributes, but it would seem probable 

that since one such channel is definitely present as feature (2), other 

. features might exist but go undetected due to insufficient H+ 

production. The bulk of feature (1) is probably due to autoionization, 

as was conjectured also for the HF indirect excitation feature because 

of the broad range of KE values. Due to the EBE threshold values, it 

"bl th t th Hcn* seems poss~ e a e ~ electronic states correlating to 

H*(n=2,3, ••• ) + CR.*(2p) in the dissociation limit, which converge to the 

HCR.+ ion state correlating to H+ + CR.*(2p) with an asymptote at 27.2 

eV, playa role in the indirect excitation features (1) and (2). 

The remaining features (3)-(7) dominate the HCR. spectrum for 

EBE from 26 to 51 eVe The adiabatic curve analysis of the previous 

section showed that Figs. (3), (4), (6), and (7) are represented quite 

well by the F-C factor analysis which yields Gaussian peak KE spectral 

features. Feature (5) is never clearly resolved, due to heavy overlap 

with feature (3) and the lack of sufficient H+ production. The 

apparent KE width of the feature of over 1 eV and its definite peak 

structure reveal that it is also probably the result of direct 

excitation to an excited HCR.+ ion state as were peaks (3), (4), (6), and 

(7). Thus, peaks (3)-(7) are all treated as H+ production channels, 

resulting from direct excitation to HCR.+ excited states. 

Examining the PES and (e,2e) results of Chapter 5 for HCR. and 

the isoelectronic atom Ar reveals that electron correlation states 

will very probably play a major role in electronic excitation 
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involving the creation of a (40)-1 hole state. Examination of Table 

5.5 gives (e,2e) binding energy peaks at 25.8, 32.8, and 37.8 eVe The 

first peak energy is in good agreement with the ET for feature (3). 

The experimental error also allows for the (e,2e) peak energies of 

32.8 and 37.8 eV to agree with the ET's for features (5) and (7) to ~ 

lesser degree. However, it is of interest to note that the 32.8 and 

37.8 eV peak values also represent even better an average excitation 

energy for the feature pairs of (4) and (5), and (6) and (7), 

respectively. This would suggest that possible closely spaced 

correlation states of the HeR. (40)-1 hole s tate were not resolved in 

the (e,2e) spectra, which is plausible since the data points of the 

binding spectra had an energy resolution of - 2 eVe Further 

explanations, such as initial-state correlation states in the HeR. 

ground electronic state or different shell relaxation processes 

yielding distinct TOF spectral features from the same electron 

correlation state, are possible models that could account for this 

also. Unfortunately, there is no definitive theoretical or 

experimental work that could be used to choose among the various 

possibilities. However the process is modeled, it seems that the 

(e,2e) and TOF experimental results for HeR. are in close enough 

agreement to give strong evidence that the dominant H+ production 

channels in HeR. result from correlation states of the (40)-1 hole 

state. 

The possible electronic states of the halogen fragment for 

features (3)-(7) reveal the following: 
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(1) Feature (3) must correlate to the ground state chlorine 

atom CR,(2p) since E(A) !:: 1.3 eVe 

(2) Feature (4)'s internal electronic energy of E(A) !:: 10.6 eV 

is in good agreement with 2S chlorine state corresponding to a 3s 3p6 

configurathm from Ref. 59. 

(3). Features (5)-(7) all have E(A)'s over the chlorine 

ionization threshold, and in quite close agreement. While the 

production of H+ + CR,+(3p) cannot therefore be ruled out, it seems 

unlikely that all three channels correspond to this. For example, 

both of the 2S states corresponding to the configurations 3s23p43d and 

3s23P44s are _0.5 eV 01" closer to the ground state CR,+(3p) ionization 

thresholds, according to Ref. 59, so that the lower errol" bound allows 

for the possibility of H+ production, giving these CR, *(2S) fragments. 

Of the three features, the fastest H+ feature (7) with its broad 

KE width of -4 eV seems the most probable feature to attribute to the 

dissociation of a ground state HCR,++ ion. The fact that HCR,++ could 

be produced by an HC.!l,+ (40)-' hole state can possibly be treated as a 

shell rearrangement process of the excited HCR,+ that "shakes out" an 

additional electron. For this reason, the existence of possible HCR,++ 

channel 01" channels does not preclude their excitation via a (40)-1 

hole state. 

Besides serving as a way of finding ET values, the H+ 

production curves reveal an interesting contrast between the H+ 

production from the fast H+ ion features (3), (6), and (7) and the slow 

ion features of (4) and (5). As was noted earlier, the slow ion H+ 

production curve reaches a plateau as EBE is increased within _15 eV 
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of threshold in contrast to the fast ion H+ production curve (although 

the ET = 40.1 eV threshold cannot strictly be checked against this 

criteria, since EBE ~ 51 eV), which shows a steady increase that is 

evident in all three features. The behavior of the slow peaks H+ 

production could be attributable to electron exchange effects 

invol ving the inelastically scattered electron. Such effects are 

frequently very pronounced at near threshold electron bombardment 

energies (see Refs. 14 and 15.). 

Finally, the total H+ production cross section at 900 to the 

electron beam for HC2 was calculated to be 

at EBE ~ 51.2 eVe The result seems to be a reasonable value, but 

represents a crude estimate· of the true total H+ production cross 

section due to the number of approximations made in both the 

calculations and the experimental measurements. 

Hydrogen Bromide (HBr) 

TOF Data and Production Thresholds of Hydrogen Bromide 

Unlike HF and HC2, the hydrogen halide molecules, hydrogen 

bromide (HBr) and hydrogen iodide (HI) have been the subject of few 

theoretical or experimental investigations pertinent to this thesis, 

except for those cited earlier in Chapter 5. Therefore, the sections 

on HBr and HI will present only data and the results of the data 

analysis. 
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The HBr TOF spectra are shown in Figs. 6.16(a)-(d) and 

6.17(a)-(d). In contrast to HF and HCR., there is a sufficient H+ 

production rate in features of interest to provide clear evidence of 

additional substructure in the 38.5 cm path length spectra. Figure 

6.16(a)-(d) shows the HBr TOF spectra taken at 20.5 cm. Figure 6.16(a) 

shows that a fast ion feature is barely discernable at 22 eV, but by 

24 eV the fast ion feature between 5.5 and 7 microseconds is clearly 

evident and that a slower H+ ion group between 7 and 11 microseconds 

also contributes significantly to the H+ count. There is some evidence 

of substructure, but the poor H+ count rate, relative to the 

background count rate, precludes definite identification of such 

structure due to possible statistical fluctuations. By 27 eV, the 

spectrum of Fig. 6.16(b) shows little change in the general shape of 

the features; however, a glance at the channel tron event scale and 

noting the contribution of the fast ~+ ion group, relative to the slow 

H+ ion group, leads to the conclusion that the fast ion peak has a 

much higher H+ production than at lower EBE valueso (The three 

different EBE-value TOF spectra, shown in Figs. 6.16(a) and (b), were 

all taken from the same data run and, hence, are normalized with 

respect to gas pressure, run time, etc.) Finally, Figs. 6.16(c) and (d) 

show the evolution of the TOF spectra in the 33 to 51 eV EBE range. 

The two major points of interest are the continuing dominance of the 

W ion fast group in the 5 to 7 microsecond range and the additional 

H+ production in the 7 to 22 microsecond range, resulting in a slow 

ion tail that first becomes evident at EBE values of -31 eVe Figures 

6.17(a)-(d) show the corresponding TOF spectra on a 38.5 cm path length 
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for EBE values, matching those of the TOF spectra in 6.16(a)-(d) as 

closely as possible. The same evolution of the fast and slow H+ ion 

groups is repeated, but the additional resolution of the longer path 

length clearly reveals the substructure present in the TOF fast ion 

group for all EBE values from 22 eV to 51 eVe 

Figures 6. 18(a)- (c) gi ve the H+ ion production curves as a 

function of EBE that were used to find EB and EL in Table 6.7, which 

lists the results of the threshold analysis. The labeling of HBr 

features presents a problem since, aside from the sharp features 

referred to collectively as feature (1) and the broad peak structure 

evident for EEE values between 22 and 30 eV labeled (2) (see Fig. 

6.17(a», no other definite peak structures are evident. Despite this, 

the threshold analysis clearly indicates that there are probably three 

other H+ production channels present. One H+ production channel 

overlapping the fast ion features of (1), which will be referred to as 

feature (3), is evident from the abrupt increase of fast H+ production 

at -26 eVe The other two H+ production channels mainly contribute to 

the slower H+ ion region, giving the slow tail ancl overlapping with 

feature (2). These features are labeled (3)-(5) in Fig. 6.17(d), but the 

position denoted by the label denotes an estimate of the average TOF 

time associated with the H+ fragments from the H+ channel in question. 

As before, the ordering of labels denotes the order in which the 

features become evident as EBE increases. The values for ET found for 

features (1) (a)-(d) came from visual examination of 38.5 cm path 

length data. Features (2) and (3) have thresholds corresponding to the 

first two breaks in the total H+ production curve 6.18(a), but the 
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third break at -29 eV was considered too weak to justify a definite 

new H+ production channel without firmer visual evidence in the TOF 

spectra itself. To enhance sensitivity, the TOF spectrum is divided 

into a fast H+ group. (4.5-7.2 microseconds) and a slow H+ group (7.2 

to 23.5 microseconds) in the same fashion as HCR.. Figures 6.18(b) and 

(c) give the resulting ion production curves. The fast ion curve gives 

no significant breaks in the EBE range of 26 to 46 eV, but the slow 

ion curve has two distinct breaks at -30 and 33 eV, which correspond 

to the features labeled (4) and (5). The H+ production from these 

features almost certainly accounted for the increase in slope for EBE 

> 29 eV that was evident in the total H+ ion curve. 

TABLE 6.7. HBr threshold analysis (all in eV). 

Feature 

(1)a (a) 
(b) 
(c) 
(d) 

(2) 

(3) 

(4) 

(5) 

EA 

21.5 
20.8 
21.5 
21.5 

23.2 

26.2 

31.2 

35.0 

23.5 

25.7 

31.2 

33.5 

22.8 

25.6 

30.4 

33.0 

21.5+0.3,-1.5 
20.8+0.3,-1.5 
21.5+0.3,-1.5 
21.5+0.3,-1.5 

22.8+0.3,-1.5 

25.6+0.3,-1.5 

30.4+0.3,-1.5 

aFeature (1) has four sharp peaks which are labeled (a), (b), (c), and 
(d), in seqence, with (a) corresponding to the fastest peak and (d) to 
the slowest peak. 
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Kinetic Energy Spectra of Hydrogen Bromide 

Figures 6.19(a)-(f) show the KE spectra of HBr H+ fragments 

for various EBE values from conversions of both 20.5 cm and 3B.5 cm 

data. As can be seen, the agreement between the KE spectra from the 

two different path lengths. is more than allowed for by the 

experimental error in time and length measurements shown in Tables 

4.2 and 4.3. The only difference is that the 38.5 cm path length 

allows the resolution of the individual sharp spectral features in (1) 

(a)-(d) that contribute to the fast ion group. Figure 6.19(a) shows the 

four sharp energy peaks of feature (1) in the 3B.5-cm spectrum and the 

peak corresponding to feature (2), which is roughly Gaussian in 

appearance. Figure 6.19(b) shows the definite increase in H+ 

production in the 6 to B eV range associated with feature (3) and its 

overlap with feature (1), obscuring the sharp peaks. Figures 6.19(c) 

and (d) show the re-emergence of the sharp peaks of feature (1) and 

the additional H+ production in the 1 to 3 eV range, corresponding to 

feature (4). Figure 6.19(e) shows the additional H+ production in the 

3.5 to 6.5 eV range assoicated with feature (5). The final figure 

6.19(f), taken at an EBE of 51.2 eV, shows the continuing gain in H+ 

counts in the 1 to 6 eV range due to features (4) and (5). Figures 

6.19(d)-(f) also show additional evidence of a curve-crossing-type 

feature at -B.7 eV, but due to the high appearance threshold of -36 eV, 

it is probable that this feature arises from predissociation between 

two molecular ion states and not H* + Br-( 1 S). This feature is not 

labeled due to the lack of confirmatory evidence of the feature's 

existence in an adequate number of TOF data files. It was only 
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evident in a small number of 385 cm path length files for EBE> 36 eVe 

While the HBr KE spectra is complex as was HCR., very little in 

the way of Gaussian peak structures are seen in contrast to HCR.. The 

sharp peaks of feature' (1) almost certainly result from indirect 

excitation processes, due to a curve crossing, because of their narrow 

ranges of kinetic energy which are characteristically of the order of 

0.3 to 0.5 eV if one accounts for the broadening at the base of the 

peaks as overlapping H+ from other production channels. Feature (2) 

is definitely Gaussian in appearance, and the localization of the H+ 

production to 6 to 8 eV in KE range and the general evolution of the 

H+ KE spectra in this range indicate feature (3) might very well be 

Gaussian as well. Features (4) and (5) might be approximated as broad 

Gaussians of -3 eV width in the KE ranges of 0.5 to 3.5 eV and 3.5 to 

6.5 eV, respectively, which mix with the H+ fr'om feature (2) to 

determine the KE spectrum in the 0.5 to 6 eV range at EBE values of 34 

eV or greater. No definite conclusion is possible though for features 

(3), (4), or (5), due to the lack of definite structure, and the number 

of parameters that must be determined before checking the validity of 

the Gaussian model. 

Da ta Analysis 

Table 6.8 gives the characteristic energy values of HBr 

features with the energy values characteristic of features (3), (4), 

and (5) enclosed in parentheses to denote the greater uncertainty of 

the value besides the error bounds associated with the lack of energy 

resolution inherent in the measurement. Indeed, the "KEPeak" values of 
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features (3) and (5) represent an estimate of the centroid of the 

kinetic energy of the H+ ions associated with the H+ production 

channels rather than the kinetic energy of an actual KE spectral 

feature peak. Table 6.9 gives the internal electronic energy values 

E(A) (and E(N)T for feature (,) peaks) calculated froin Table 6.8, with 

the values of features (4) and (5) enclosed in parentheses, again to 

denote greater uncertainty. 

Table 6.9 clearly shows that the sharp featured peaks of 

feature (1) almost certainly result from curve-crossing configuration 

interaction between the B' E+ electronic state of HBr* (which 

correlates to H+ + Br-('S) as ~) and excited neutral states of HBr, 

since E(A)<O for all four peaks and the E(N)T's and ET's are in fair 

agreement. There is some evidence for a similar peak at -8.7 eV in 

the KE spectra with EBE's greater than -30 eV, but its H+ production is 

so weak and occurs at such high EBE values that no well-defined 

bounds can be put on the ET, which precludes further analysis. 

Feature (2)'s E(A) indicates that the bromine fragment from· the 

dissociation process is certainly in its ground electronic state. 

Further, its near-Gaussian shape indicates a probable direct excitation 

process involving an HBr+ excited state. Feature (3) is a probable 

Gaussian peak that also correlates to the ground state Br atom and H+ 

as R-t-<:O, as indicated by the E(A). This is also probably the result of 

direct excitation to an excited HBr+ state. Ft:atUt'e (4) is possibly a 

broad Gaussian with a width of -3 eV, but nothing certain can be 

established beyond the presence of a broad peak at -2 eVe Finally, 

little can be said about feature (5) except to note that there is a 
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TABLE 6.8. Characteristic energies of HBr H+ features (all in eV) 

Feature 

(1)a (a) 

(2) 

( 3) 

(4) 

(5) 

(b) 
(c) 
(d) 

21.5+0.3,-1.5 
20.8+0.3,-1.5 
21.5+0.3,-1.5 
21.5+0.3,-1.5 

22.8+0.3,-1.5 

7.8±0.3 
7.0±0.3 
6.4±0.2 
5.7±0.2 

3.5±0.1 

(6.5±0.3) 

2.0±0.1 

(5.0±0.2) 

KEMIN 

2.0±0.1 

(5.0±0.3) 

(0.5±0.1 ) 

(3.5±0.1) 

KEMAX 

5.0±0.2 

(8.0±0.2) 

O.5±O.1) 

(6.5±0.2) 

aThe feature (1) KEPeak values were taken from the 38.5 cm KE 
spectrum taken at an EBE of 24.2 eV to minimize the effects of H+ 
overlap from other H+ production channels. 

TABLE 6.9. Internal electronic energies of HBr H+ features (all in eV) 

Feature ET (1 +(mH/mX) )KEpeak E(A) E(N)T 

(1) (a) 21.5+0.3,-1.5 7.9±0.3 -3.8+0.4,-1.5 21.8±0.3 
(b) 20.8+0.3,-1.5 7.1±0.3 -3.7+0.4,-1.5 21.0±0.3 
(c) 21.5+0.3,-1.5 6.5±0.2 -2.4+0.4,-1.5 20.4±0.3 
(d) 21.5+0.3,-1.5 5.8±0.2 -1.7+0.4,-1.5 19.7±0.2 

(2) 22.8+0.3,-1-5 3.5±0.1 1.9+0.3,-1.5 

(3) 25.6+0.3,-1.5 (6.6±0.3) ( 1.6+0.3,-1.5) 

(4) 30.4+0.3,-1.5 2.0±0.1 11.0+0.3,-1.5 

(5) 33.0+0.3,-1.5 (5.0±0.1) (10.6+0.3,-1.5) 
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definite increase in H+ production in the 3 to 6 eV range that 

overlaps heavily with feature (3)'s H+ production for EBE values 

greater than 35 eVe Indeed, the H+ production increase could be 

attributed to more than one feature with EBE thresholds in close 

agreement, but only one ET of 33.0 eV is available, so (5) is treated 

as a single H+ production channel. The E(A)'s of 11.0 or 10.6 eV are in 

rough agreement with an excited bromine fragment corresponding to the 

2S state of a 4s4p6 configuration with an E(A) of -10.1 eV, from Ref. 

83. According to Ref. 83, there also exist 2S state configurations of 

4P45S and 4p 44d at 10.9 eV and 11.2 eV, respectively; however, in this 

case, experimental conditions are not favorable for detecting features 

(4) and (5) at EBE values in close agreement with the possible E(A). 

The ionization potential of Br is 11.6 eV, so production of Br+ appears 

unlikely. The electronic state of the bromine fragments of features 

(4) and (5) remains an open issue, though the 2S states cited are 

reasonable candidates. 

The only spectral feature in the HBr KE spectra capable of 

analysis by use of the F-C factor and Winans-Stueckelberg is feature 

{2}, shown in the 24 eV KE spectra. Due to the EBE value being so near 

threshold, and the resulting poor g+ count statistics, no spectra 

subtraction is possible to isolate the feature. For this reason, the 

KE spectrum of 24 eV for 38.5 cm data is chosen for use without 

further attempts to eradicate the additional H+ production that 

overlaps in the high energy range from feature (1). Taldng KEMIN and 

KEMAX as 1.6 eV and 5.2 eV, respectively, and assuming an F-C region of 

2.3230 to 3.0230 a.u., which is symmetric about the R value of the 
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ground electronic state minimum at 2.6730, yields the adiabatic curve 

of Fig. 6.20(b). The resulting least-squares fit of the curve omitting 

the data points at the extremes gLves 

KE(R) = 16.83 - 4.91 R , 

where R is the internuclear separation in atomic units and KE(R) is the 

kinetic energy in eVe The theoretical curve generated using this KE(R) 

is shown in Fig. 6.20(a) by the dotted curve. The dashed curve 

represents a theoretical curve generated using the expression 

KE(R) = 16.60 - 4.94 R , 

which was derived from the measured width of the spectral feature at 

half-of-peak intensity and equated to the range of R values of the HBr 

SHO ground vibrational state wave function as was done with HCJl,. The 

slopes are in good agreement, but the adiabatic curve KE(R) is shifted 

over by -0.2 eVe This can be accounted for by the method of 

generating the adiabatic curve, which would bias the fit due to the 

excess H+ in the high energy portion of the feature because of overlap 

with feature (1). The effect on the slope of the adiabatic curve 

would be less pronounced as long as the actual percentage of H+ in 

the spectral feature due to the overlap is a relatively small amount 

of the total, as in this case. 

A final point to address is the possible existence of 

autoionization H+ production channels. Prior analysis of HF and HCJl, at 

low EBE values indicated a small but discernable H+ production from 

possible autoionization channels. The dominance of the sharp, fast 

peaks of feature (1) and the slower peak of feature (2) at low ESE 

values makes difficult the detection of H+ ions from channels with 
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low production rates. The presence of possible H+ production from 

autoionizing states in HBr cannot be totally discounted, but it almost 

certainly represents a very small part of the total H+ production, as 

was the case with HF and HC.Q,. 

Summary and Conclusions 

Feature (1) consists of the sharp, narrow, fast peaks that are 

present to some degree in all of the TOF and KE spectra taken on a 

38.5-cni path length. For reasons cited earlier, the features are 

attributed to the curve-crossing configuration interaction of the ionic 

B1 E+ state with excited neutral HBr molecules. The range of ET's 

would indicate that adiabatic curves correlating to Hif (n=2,3, ••• ) and 

the lowest excited bromine doublet state Br*(2p), converg1ng to the 

HBr+ ion state that dissociates to H+ + Br*(2p) with an asymptote at 

23.7 eV, would be one possible choice for such neutral excited states. 

Feature (2) appears to fit quite well the criteria for an H+ 

channel, resulting from direct excitation to an excited HBr+ state 

yielding W and a ground state bromine atom ion dissociation. Feature 

(3) also correlates to a ground state bromine atom and has an ET of 

25.6 eVe The (e,2e) binding energy spectrum of HBr has a peak at 24.3 

eV that is identified as a (70')-1 hole electron correlation state. 

Once again, the (e,2e) electron correlation state energy is seen to 

possibly represent an average excitation energy for two distinct TOF 

states. 

Features (4) and (5) remain ambiguous as to shape, but their KE 

spreads and general evolution as features would seem to favor 
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treating them as H+ production channels due to direct excitation of 

excited HBr+ states. Features (4) and (5) possibly represent 

excitation to a HBr* state correlating to H+ and Br*(2S) with 4s4p6, 

4p45s, or 4p 44d configurations. The (e,2e) binding energy has a broad 

peak at -30.3 eV, which could again represent the average excitation 

energy of features (4) and (5). However, the agreement between the ET 

of feature (4) and the (e,2e) peak at 30.3 eV is more impressive. 

Feature (5) may remain unresolved in the (e,2e) bindirltg energy spectra 

due to the energy resolution. 

The preceding discussion establishes once again the trend 

noted in HF and HCR. that models the inner valence sigma shell hole 

states as dominating the HBr H+ production. Once again, it must be 

noted that the possibility of initial-state electron clOrrelatiOn states 

or shell relaxation of a hole state might also provide a reasonable 

model of the TOF results rather than treating the TOF states of 

features (2)-(5) as final-state electron correlation states. 

Regardless of the actual mechanism, however, electron correlation 

effects in the inner sigma shell would seem to provide a possible 

mechanism for interpreting the H+ TOF spectra of HCR. and HBr. 

As a final note, the total H+ production cross section for HBr 

for an EBE of 51.2 eV was calculated to be 
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Hydrogen Iodide (HI) 

TOF Data and Production Thresholds of HI 

The hydrogen iodide (HI) molecule presented the least 

consistent data of the four molecules due to persistent contamination 

from H2 and fluctuation from one set of data runs to the next in gas 

purity. As a result of this fluctuation and another problem, to be 

discussed later, no reliable threshold law analysis could be used on 

the HI data effectively. The presence of H2 also precluded using data 

runs with EBE's much over 35 eV in most of the data runs due to the 

possible H+ contribution from H2• For this reason, the discussion of 

HI will be less quantitative than that of the preceding molecules. 

Figures 6.21(a)-(d) show the HI TOF spectra from the series of 

data runs that best typify the TOF spectra and gave indication of 

little H2 contamination even in the EBE range of 35 to 51 eVe The 

lowest EBE spectra in 6.21(a) shows evidence of at least one fairly 

broad feature in the 7.5 to 9.5 microsecond range with two sharper 

features superimposed on the fast edge in the 6.5 to 7.5 microsecond 

range. Figure 6.21(b) shows evidence of additional H+ production in 

the 6.0 to 7.0 microsecond range with part of it coming from a sharp 

feature at -6.3 microseconds. The broad feature continues to evolve 

with a superimposition of sharp features at 7.5 and 8 microseconds. 

Figures 6.21(c) and (d) indicate little evidence of change in the fast 

W ion features, but the slowly evolving tail that first came into 

evidence in 6.21(b) begins to represent a significant amount of the 

total W production. The abundance of sharp features suggests that 

HI, like HBr, has H+ ion production channels that are attributable to 
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curve crossing interactions. Figure 6.21(d), however, must be viewed 

with caution due to the presence of H2 in all HI runs. H+ from H2 

could account for some of the reinforcement of the fast H+ edge and 

an appreciable amount of the slow tail, although the ion features 

between 6 and 12 microseconds are in good general agreement with the 

previous trends at lower EBE values. 

Figure 6.22 gives the H+ production curve for HI in the 17 to 

28 eV EBE range. The curve is not readily modeled as a 

superimposition of near-linearly increasing H+ production channels. 

The two main reasons are believed to be the fluctuation of HI purity, 

which reduces the reliability of data points acquired during one run 

being normalizable to data points from another run, and the fact that 

all of the H+ production channels have thresholds in the 18 to 26 eV 

EBE rang~. Remember, for all prior molecules, the ET's typically were 

separated by at least 2 eV and at times 7 eV over an EBE range of 15 

to 20 eV in size. The only quantitative information obtained from the 

examination of such H+ productions plotted from different series of 

runs was that an abrupt increase in H+ production occurs at -19.5±1 eV 

and a lesser increase in H+ production rate at 23.S±1 eVe Coupled with 

the difficulty of identifying individual features in HI and what EBE 

value they appear at due to the heavy overlapping of features, means 

that no detailed threshold analysis is possible. Table 6.10 gives the 

resul ting threshold analysis based only on appearance potentials, as 

was done for HF. Unlike HF, however, the heavy overlapping 

complicates greatly identification of the true number and character of 

the H+ production channels. A model will be developed in the next 
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section which adds a feature due to evidence in the KE spectra. For 

the present, it should be noted that the peaks, or possible peaks, in 

the TOF spectra up to EBE's of 35 eV are labeled in 6.21(c). There are 

three broad TOF features - (1), (4), and (5) - that cover a range of 

TOF times of -1 microsecond or more and three sharp features - (2), 

(3), and (6) that appear to be much more localized in their range of 

TOF values. 

Table 6.10. HI feature thresholds (in eV). 

Feature EA ET 

(1) 19.4 19.4+0.3,-1.5 

(2) 19.4 19.4+0.3,-1.5 

(3) 19.4 1 9.4+0.3,- 1.5 

(4) 21.2 21.2+0.3,-1.5 

(5) 23.2 23.2+0.3,-1.5 

(6) 26.2 26.2+0.3,-1.5 

Kinetic Energy Spectra of Hydrogen Iodide 

Figures 6.23(a)-(d) show the KE spectra resulting from 

conversion of the previously discussed TOF spectra in the range from 5 

to 20 microseconds. The low EBE values, KE spectra in Fig. 6.23(a) 

show mainly the contribution of features (1)-(3), with (1) contributing 

the dominant peak structure centered at -3.4 eV and (2) and (3) the 

sharp overlapping features at -4.2 eV and 4.9 eV, respectively. There 
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is also evidence of the slow H+ tail of feature (4) contributing to 

the 1 to 2 eV range in the 21.2 eV spectrum. Figure 6.22(b) shows the 

addition of higher energy ions from features (5) and (6) in the 5 to 7 

eV range at higher EBE's. For the first time, also, there appears 

evidence of substructure in feature (1).' The higher EBE spectra of 

Figs. 6.23(c) and (d) confirm the continuing evolution of features (1) 

through (6) and gLve further evidence of the substructure of feature 

(1). This additional substructure will be labeled feature (7) and due 

to evidence of an abrupt increase in H+ production in feature (1) in 

the TOF spectra will be assigned the threshold value of 23.7 eVe The 

feature appears to be a broad feature in character that overlaps with 

feature (1) to a considerable extent. The spectrum of 6.23(d) shows 

little evidence of significant H+ contamination in the KE spectra, 

indicating that for this series of data runs, H2 contamination was a 

relatively minor problem. 

Data Analysis 

The TOF spectra and their corresponding KE spectra of the 

prior two sections represent one set of HI data files acquired 

consecutively that were chosen due to lack of H+ from H2' even for 

EBE values above 35 eVe There exist two other fairly complete HI data 

sets, acquired consecutively - one set on a 20.5 cm path length and 

one set on a 38.5 cm path length. An examination and comparison of 

the KE spectra of all three data sets leads to the following 

concl usio ns: 

(1) The general shape and width of the ldnetic energy 

features in all three runs are in excellent agreement. 
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(2) The order in which the features (1) thru (7) appear as EBE 

is increased remains in agreement, but the thresholds of the two runs 

not shown systematically place the EA's -1 eV higher. This is attri

buted to the lower HI content of the gas in the interaction region due 

to H2 contamination, which was evident in both the mass analyzer 

spectra during the data acquisition periods and in the TOF spectra 

itself at EBE's of .-40 eV and greater. This weaker HI concentration 

could decrease the sensitivity of threshold detection from EAs. 

(3) The three spectra are shifted relative to each other on 

the KE scale. For example, the higher energy H+ fragment features 

(i.e., all of the features except (4» of the spectra shown occupy the 

range from 3 to 7 eV in the KE spectrum at 31.2 eV for the data used 

in the prior sections. The other 20.5-cm runs place the features in 

the 2 to 6 eV range and the 38.5-cm runs in the 2.4 to 6.4 eV range. 

This shift suggests the presence of an accelerating or decelerating 

field of fairly uniform character is acting on the H+ ions in at least 

two, if not three, of the runs. The reasons for this are not clear, 

since the shielded interaction region was the same as that used in the 

other hydrogen halide data runs, which were quite consistent with each 

other. Indeed, doing a series of data runs involving first one 

molecule and then another· after the system had been purged of the 

previous gas without opening the chamber was a frequent occurrence. 

Helium ion checks for potentials both prior to and after the runs 

never gave an indication of stray fields of the magnitude necessary to 

account for the discrepancy. Possibly the presence of I2 

contamination had a transient effect on the metal surfaces surrounding 
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the interaction region. 

In view of (1) and (2), the results cited in the TOF data 

section and the KE spectra section are regarded as establishing a 

reasonable model of the number and general character of H+ production 

channels present and the EBE values for their visual appearance 

thresholds. Resul t (3), however, suggests that the actual kinetic 

energy values of the features such as KEMAX, KEMm, or KEPeak be 

regarded as upper bounds to the true KE values. Therefore, an 

additional error of -0.5 eV was added as a systematic correction to 

the error estimate fixing the lower limit in addition to the error 

resulting from time and length measurements. 

Table 6.11 gives the characteristic energies of the HI features 

and Table 6.12 the internal energies of the iodine fragment. The 

KEPeak values of features (4) and (5) represent estimates of mean 

ldnetic energy rather than an actual peak structure's location. The 

locations of the sharp peaks (2), (3), and (6) is determined from the 

lowest possible EBE value KE spectrum, since possible overlap with ~ 

from other production channels can lead to shifts in such sharp KE 

features. As before, figures enclosed in parentheses are to be 

regarded as rough estimates of the quantity in question. 

The heavy overlap of the HI spectral features makes the 

uncertainty of the ET values almost certainly greater than the -1.5 eV 

error estimate used to fix the lower bound on ET except for features 

(1)-(3), which occur at low EBE values in which H+ production is 

relatively low or nonexistent from the other features. Features (1), 

(5), and (7) all seem reasonable candidates for direct excitation, and 
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Table 6.11. Characteristic energies of HI a+ features (all in eV). 

Feature ET KEPeak KEMIN KEMAX 

(1) 19.4+0.3,-1.5 3.3+0.2,-0.7 2.7 +0.2,-0. 7 4.0+0.3,-0.8 

(2) 19.4+0.3,-1.5 4.5+0.3,-0.8 

(3) 19.4+0.3,-1.5 5.0+0.4,-0.8 

(4) 21.2+0.3,-1.5 ( 1.5+0.1,-0.6) 

(5) 23.2+0.3,-1.5 ( 5.5+0.4,-0.9) 

(6) 26.2+0.3,-1.5 6.4+0.5,-1.0 

(7) 23.7+0.3,-1.5 ( 3.8+0.3,-0.8) 

Table 6.12. Internal electronic energies of HI ~ features (all in eV). 

Feature ET E(A) E(N)T 

(1) 19.4+0.3,-1.5 -0.6+0.4,-1.7 16.9+0.2,-0.7 

(2) 19.4+0.3,-1.5 -1.8+0.4,-1.7 18.1 +0.3,-0.8 

(3) 19.4+0.3,-1.5 -2.3+0.5,-1.7 18.6+0.4,-0.8 

(4) 21.2+0.3,-1.5 (+3.0+0.3,-1.6) 

(5) 23.2+0.3,-1.5 (+1.0+0.5,-1.8) 

(6) 26.2+0.3,-1.5 3.1+0.6,-1.8 20.0+0.5,-1.0 

(7) 23.7+0.3,-1.5 ( 3.2+0.4,-1.7) 
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the E(A) values indicate that the bromine fragment is almost certainly 

in the ground state. Feature (1) also might be considered a possible 

candidate for H+ + r ('S) dissociation since E(A) < 0, but remembering 

that the value for KEPeak subtracted from ET has a considerable bias 

in error towards lower values, and the fact that E(A) is oniy -0.6 eV 

while the ET value should be relatively accurate for feature (1), 

reduces this possibility considerably. Features (1) and (7) exhibit 

occasional structure in all three runs that show both might 

reasonably be modeled as two narrow Gaussians of less than 2 eV width 

that heavily overlap with each other. Feature (5) is never well 

enough defined in any of the runs to say definitely whether or not a 

Gaussian peak would serve as a reasonable model. Feature (4) might 

also be due to direct excitation, but the failure of any real 

structure to appear indicates that autoionization is also a possible 

mechanism. The E(A) value for feature (4) indicates correlation to a 

ground state iodine atom. Finally, features (2), (3), and (6) all 

exhibit the characteristics of a curve-crossing-type configuration 

interaction. Features (2) and (3) with E(A) < 0 and rough agreement 

between ET and E(N) seem likely candidates for H+ + r('S) dissociation 

despite the lower bound bias in the KE quantities error estimates. 

Feature (6), however, has E(A) > 0 by 3.' eV, so even allowing for 

greater error in ET due to overlap does not appear to allow for H+ + 

I-(' S) as a possible dissociation channel. This would imply that 

feature (6) arises as a result of curve-crossing between two excited 

HI+ ion states with the dissociation yielding H+ and a ground state 

iodine atom. 
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Summary and Conclusions 

Three of the features - (1), (5), and (7) - are treated as 

direct excitation with a fourth feature (4) possibly direct also. The 

ET's for features (5) and (7) are difficult to arrive at through visual 

thresholds EA due 'to the heavy overlapping of H+ production channels 

which give a bias toward higher ET's. To investigate the possible 

reason, Cited earlier, for failure of the H+ production curve analysis 

due to the proxi.mity of the ET's to each other, assume all four 

possible direct excitation channels dissociate to wand a ground 

state iodine atom is in agreement with the values for E(A). Adding the 

16.7 eV of the dissociation asymptote to the KEPeak values of the four 

features gives thresholds of 18.2, 20.0, 20.5, and 22.2 eVe The close 

proxi.mity of the ET's for HI's possible direct excitation H+ channels 

in contrast to the ET's of HF, HCQ., and HBr can be directly attributed 

to the lack of excited iodine states. If the experimental thresholds 

are reasonably accurate at 19.4, 21.2, 23.2, and 23.7 eV, and the excess 

energy of E(A) can be accounted for by a shell relaxation process of a 

(100')-1 hole state leading to photon emission, the ET's are still in 

too close proximity to each other to allow effective H+ production 

curve analysis that would distinguish between the ET's at 19.4 and 21.2 

eV, and between the ET's at 23.2 and 23.7 eVe 

The (e,2e) binding energy spectra of HI has a peak at 21.2 eV 

with a long low-energy tail terminating at -18 eV and a high energy 

lump in the 23 to 30 eV range for the (100')-1 state. The one definite 

peak is in excellent agreement with feature (4)'s ET, which should be 
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relatively accurate due to lack of overlap with ions from other H+ 

channels. This would favor treating feature (4) as resulting from a 

direct excitation process and accounting for the E(A) through shell 

relaxation. The thresholds of the other three features allow them to 

represent possible unresolved electron correlation states in the 

binding energy spectra. Once again, the (e,2e) binding energy spectra's 

energy resolution of 2 eV presents a problem to resolving possible 
I 

substructures in the hole state. Indeed, for HI witll its close ET's, 

the 2 eV resolution is quite inadequate. The lack !of Gaussian peak 

structure of feature (4) could be accounted for by a Ibreakdown in the 

F-C factor analysis due to the lifetime of the, hole state, as 

discussed in Chapter 5. The remaining three direct expitation features 

appear to be reasonable candidates to model as Ga4ssian peaks, but 

feature (5)'s structure remains ambiguous. The most noteworthy 

experimental result of the analysis of the H+ channels of HI 

attributed to direct excitation processes is the fact that the 

channels all correlate to the ground state of the iodine atom in sharp 

contrast to the results of HF, HCR., and HBr for their hole state's ion 

correlation states. 

The features (2), (3), and (6) exhibit the characteristics to be 

expected of indirect excitation processes due to curve-crossing-type 

interactions between adiabatic electronic states. Features (2) and (3) 

with E(A) < 0 and ET's in rough agreement with their E(N)'s seem best 

assigned to the H+ + r(' S) dissociation channel of the excited HI 

state B' E+. Even allowing that the KEPeak values might be too high by 

-0.5 eV due to contact potential still leaves E(A) < 0 by a 



199 

considerable amount in both cases and the ET's error bias towards 

lower values brings the ET's- and E(N)'s close enough for rough 

agreement. Feature (6) is intriguing because its high ET precludes 

assignment to the H+ + r-('S) channel and thereby forces consideration 

of possible predissociation between two ~ ion curves with the 

dissociation channel correlating to H+ and the ground state iodine 

atom. The ET is still too high, but not unreasonably so, since the 

feature overlaps heavily with feature (5) which could result in an ET 

considerably too high. The states correlating to H*(n:2, ••• ) + I*(2p) 

converging to the HI+ ion states correlating to H+ + I*(2p) with an 

asymptote at 23.7 eV are possible candidates to account for features 

(2) an (3). The ion states correlating to H+ + F(2p) and H+ + F*(2p) 

represent reasonable candidates to account for feature (6). 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

The chapter's purpose is to serve as a summary of the results 

and conclusions reached from the discussion and data presented in the 

preceding chapters. The first two sections discuss and contrast the 

modeling of H+ production via excitation of the outer and inner 

valence shells. The third section summarizes the effectiveness of the 

various models proposed for H+ fragment KE distributions when 

compared with the actual ~ features of the KE spectra in Chapter 6. 

The final section gLves a brief overview of some other issues raised 

by the thesis. 

Before proceeding, a point of terminology must be clarified. 

The expression "direct excitation" was introduced in Chapter 2 to 

describe electronic excitations that obey the Franck-Condon principle 

and extend over a range of R values corresponding to the ground 

electronic state's ground vibrational state Franck-Condon region. This 

assumption is applicable to electronic exci.tations described by either 

the two-step model or the inner valence shell model, provided that 

the electronic state deSCribing the molecule during the dissociation 

process can be modeled as an adiabatic electronic state. This 

conforms to the usage of the term in Chapter 6 in which features most 

with a broad range of H+ fragment ldnetic energLes were typically 

classified as due to "direct excitation" H+ production channels, since 

200 
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the R value range of the F -C reglon demands such a broad range of 

fragment kinetic energles. 

Outer Valence Shell Excitation 

The outermost n and a shells of the hydrogen halide molecules 

are reasonably well modeled as independent particle model MO's with 

negliglble electron correlations effects. Only the 3a orbital of 

hydrogen fluoride has a r.ange of R values over which the adiabatic 

ionization potential results in dissociation. This results in the 

dOminating slow feature of the HF TOF spectra attributed to the A2r+ 

HF+ molecular ion state with a range of fragment energtes in good 

agreement with that expected from the A2r+ adiabatic curve and the 

two-step model of dissociation. This feature also has ~he largest 

electronic transition moment of any single H+ production channel which 

is reasonable, since it represents the only direct excitation H+ 

channel attributed to a single electron transition involVing an outer 

valence electron. All other H+ production channels observed had ET's 

that could energetically only be treated as multiple-electron 

transitions if the outer a and n valence orbitals were used to 

describe the possible H+ production channels. 

For H+ features that are probable direct excitation H+ 

production channels, there is nothing wrong, in principle, with 

attempting a description using the two-step model and multiple

eXCitation of outer valence shell electrons. Numerous problems arise, 

however, that limit the practicality of USing the model. 
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(1) The number of possible excited halogen states that can 

yield H+ for some of the ET's in this experiment involving mul tiple

electron excitation yielding an H+ fragment and an excited halogen 

fragment makes assignments difficult. 

(2) The lack of predictive power without expli¢t calcu-

lations of electron transition moments and adiabatic curves of the 

excited adiabatic electronic states of interest. 

(3) The implicit assumption 1.s that the energy unaccounted 

for by the fragment's kinetic energy and H+ production must be 

accounted for by the electronic excitation of the halogen fragments. 

This can lead to unreasonable adiabatic curve assignments for highly 

excited states in the Franck-Condon region. (For example, feature (6) 

of HC~, which corresponds to an adiabatic curve of low slope value for 

such an excited HC~+ state.) 

Problem (3) can be dealt with by introducing the possibility 

of electronic relaxation of the excited states prior to dissociation. 

This raises the question of typical lifetimes of excited HX+ cores 

with an excited outer valence electron which could possibly be shorter 

or comparable to the time characteristic of nuclear motion leading to 

dissociation. The two-step model is then complicated further with 

regard to problem (2), since the need for explicit consideration of the 

lifetime of the Hx+ excited state suggests that the adiabatic 

electronic state determining the dissociation process is not 

necessarily the same as that of the initial excited state. 

Indirect excitation channels of H+ production due to excitation 

to states modeled as multiple electron transitions of outer valence 
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shell electrons is also in evidence. The production of H+ from curve-

crossing resulting in dissociation yielding H++X- is strongly suggested 

by sharp TOF and KE spectral features in HCR" HBr, and HI with 

internal electronic energies for the halogen fragment that were 

negative when' measured relative to the ground electronics states of 

the halogen atoms. In all three molecules, the series of electronic 

states with outer valence shell excitations correlating to 

* * 2 2p) i th f1 t ddt H (n=2,3, ••• )+X ( p) (where xC s e rs excite ouble state of 

the halogen atom in question) were conjectured to be reasonable 

candidates, although no definite assignment was possible. There was 

weaker evidence of possible curve crossing between ion states in HBr 

and HI with no accurate assignment of reasonable candidates for the 

excited ion states invol vade There were also H+ features possibly 

corresponding to autoionizing neutral excited states in the HF and HCR, 

data that could be reasonably modeled as multiple excitation of outer 

valence electrons. Unfortunately, any attempt to guess at which 

neutral excited states were reasonable candidates was defeated by the 

weakness and lack of structure of the features in question resulting 

in ET's of poor accuracy. 

Inner Valence Shell Excitations 

This section concerns itself with the production of H+ 

fragments by excitation of the inner valence (J shell of the hydrogen 

halides. The possibility of indirect excitation H+ production channels 

involving excitation of the inner sigma shell will not be addressed 

due to a lack of experimental or theoretical information about such a 
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Only direct excitation to hydrogen halide ion states 

resul ting from the removal of an inner (J valence electron will be 

considered. 

As mentioned previously in Chapters 2 and 5, the inner sigma 

valence shell is subject to electron correlation effects. For 

hydrogen fluoride, the cumulative impact of electron correlation 

effects is small, and the 2(J orbitals are stUI reasonably well 

modeled using independen~ particle MO's. In HCQ" HBr, and HI, however, 

the inner valence sigma orbital develops a complex structure due to 

the electron correlation effects, as evidenced in the experiments of 

Brion et al. using the (e,2e) technique which was presented in Chapter 

5. Before preceding to gi. ve a comparison of the TOF resul ts and the 

(e,2e) results, certain observations are in order. The (e,2e) technique 

makes use of high energy electrons so that the first Born 

approxlmation is operative, which results in: 

(1) a problem in comparing the relative transition strengths 

of the (e,2e) binding energy spectra inner sigma hole state features 

with the relative strengths of H+ production associated with TOF 

features, 

(2) the dipole selection rules being reasonably accurate for 

the (e,2e) transitions but not for the TOF work, due to the near 

threshold EBE values. 

Also, the computational work mentioned in Chapter 5 did not 

agree quantita ti vely very well with the (e,2e) or TOF resul ts. This 

was attributed primarily to the quality of the calculations, which did 

not allow for initial state electron correlation effects adequately 

\ 



205 

and had to use several approximations to achieve tractable algorithms. 

Table 7.1 compares the ET's of the H+ features that are 

reasonable candidates to attribute to inner sigma shell hole states 

with observed peaks in the corresponding (e,2e) binding energy spectra. 

It should be emphasized that the (e,2e) binding energy peaks do not 

represent the only structure attributed to the inner sigma hole state, 

as Fig. 5.2 attests, but represent features that can be classified as 

definite, well-defined peaks. The resulting comparison leads to the 

following observations: 

(1) The qualitative agreement between the TOF results and the 

(e,2e) results shows HF having a reasonably simple spectrum to 

describe the (20')-1 hole state, but a much more complex spectrum for 

the inner valence shell hole states of HCR., HBr, and HI. 

(2) There is good agreement hetween the ET's of HF at 40.2 eV, 

HCR. at 25.7 eV, HBr at 30.4 eV, and HI at 21.2 eV and corresponding 

(e,2e) peaks. 

(3) The rough agreement between the remaining (e,2e) and TOF 

ET's allows the difference to be attributed to either unresolved 

structure in the (e,2e) results or additional transitions in the TOF 

resul ts, possibly due to breakdown of the dipole selection rule for 

low EBE's. 

These results would seem to indicate that there is considerable 

evidence that the modeling of direct excitation H+ production channels 

in HCR., HBr, and HI as being due to transitions between initial and 

final state electron correlation states has merit. 
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Table 7.1. TOF thresholds and (e,2e) hole state structure comparison. 

(e,2e) 
Binding ener gy 

Molecule Hole peak (in eV) Feature ET (in eV) 

HF (3cr)-1 39.7 (3) 40.2+0.3,-1.5 

HCR, ( 4cr)-1 25.8 (3) 25.7+0.3,-1.5 

(4) 30.2+0.3,-1.5 
32.8 

(5) 33.7+0.3,-1.5 

( 6) 36.2+0.3,-1.5 
37.8 

(7) 40.1+0.3,-1.5 

HBr (7cr)-1 (2) 22.8+0.3,-1.5 
24.3 

(3) 25.6+0.3,-1.5 

30.3 (4) 30.4+0.3,-1.5 

(5) 33.0+0.3,-1.5 

HI (10cr)-1 (1) 19.4+0.3,-1.5 

21.2 (4) 21.2+0.3,-1.5 

(5) 23.2+0.3,-1.5 

(7) 24.2+0.3,-1.5 

TOF Feature Structure 

In Chapter 2 models of KE spectra features were developed in 

an attempt to provide a method for assigning probable H+ production 

channels to the features of the KE spectra. The two definite features 

predicted were: 

(1) a sharp peak with narrow width for ICE features 

attributable to curve-crossing mechanisms, and 
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(2) a peak structure of roughly Gaussian shape with a broader 

range of kinetic energies on the order of -1.5 eV or greater for 

direct excitations in which the F-C factor of 

llJ!o(R)12 

(where lJ!o(R) is the ground electronic state's ground state vibrational 

wave function) is applicable in describing the distribution of R values 

at dissociation. 

The type of feature described by (2) should be of use when the 

lifetime of the electronic state initially excited l' and the time 

characteristic of the nuclear motion during the dissociation process 

1'n satisfied one of two criteria: 

(1) 1'» 1'n 

(2) 1'n» l' • 

In these two cases, an adiabatic electronic state should provide a 

reasonable model of the molecule at the time of dissociation for 

either the two-step model utilizing the adiabatic electronic states of 

multiply excited outer valence electrons or the inner sigma hole state 

excitation model. For the cases of autoionization and cases of direct 

excitation where l' -1'n' no definite prediction can be made, although it 

seems reasonable to conjecture a fairly broad range of KE's for the 

fragments from such H+ channels but probably no pronounced Gaussian 

peak structure. 

KE features in all of the molecules examined, for the most 

part, could be reasonably categorized as belonging to the sharp peak 

or broader Gaussian peak model. The most interesting exception was 

feature (4) of the HI KE spectra which had an ET in good agreement 
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with a (e,2e) peak, indicating that an inner sigma hole state excitation 

is a good candidate. The lack of a Gaussian peak structure indicates 

that possibly T-Tn for this case. Unfortunately, the fact that it is a 

relatively slow a+ feature argues that this could also be due to the 

H+ counts being smeared out over a large number of data channels and 

that the T-Tn interpretation is open to question. In HF and HC~, the 

H+ features not clearly representative of either model were 

attributed mainly to autoionization due to their ET's, weak H+ 

production, and lack of definite structure. In HBr, heavy overlapping 

of the features precluded any definite decision about the character of 

features (4) and (5). 

Final Notes 

The preceding sections have discussed the data and data 

analysis results of this thesis in the context of relatively simple 

models used to describe the dissociation process. This approach was 

necessitated by the lack of detailed electronic structure knowledge of 

the hydrogen halides and accompanying low energy electron-molecule 

scattering computations due to the complexLty of the computations 

involved. Insofar as the error estimates of data analysis resul ts 

allowed, the inner sigma shell direct excitation mechanism emerged as 

a viable model for the majority of the H+ features. The 

characterizations of KE spectral features as Gaussian in character for 

direct excitations to excited molecular ion states of appropriate 

lifetimes and as sharp, narrow peaks for curve-crossing-type indirect 

excitation mechanisms also proved to be useful. The remainder of this 
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section will devote itself to addressing other points of interest and 

questions of interest that resulted from examination of the data. 

The possibility that electron correlation effects of inner 

valence shells might play a signficant role in determining the 

character of electron excitations raises several questions. First, the 

adequacy of the independent particle model MO single configuration 

basiS functions to describe the adiabatic electronic states involved is 

in question. The formalism of coupling the MO's of such configurations 

together to yield the appropriate adiabatic states is certainly 

inadequate to describe the possible adiabatic electronic states 

involved in the actual dissociation process due to the distinct 

possibility of shell relaxation processes (if Tn» T) for inner valence 

shell excitations. For example, dissociation of a molecular ion 

disSOciating to H+(1Sg)+X( 2pu) (where X( 2pu) is the ground state of the 

halogen atom in question) can only form a 2E+ and a 2IT Hx+ state. The 

HI molecule, however, had at least three, and quite possibly four, 

direct excitation features that probably correlate to H+( 1Sg)+I(2p). 

The com bLned mechanisms of electron correlation effects and shell 

relaxation necessary in describing inner valence shell excitations cast 

doubt on the adequacy of the existing independent particle MO standard 

model of excited adiabatic electronic states to explain such complex 

dissociation processes. 

Another point of interest that arises from examination of the 

data is the contrast in HC~, HBr, and HI excited states. For HC~, a 

single, direct excitation H+ channel corresponded to an excited state 

correlating to a ground state chlorine atom while the other direct 
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excitation H+ features had enough excess electronic energy to be 

reasonably modeled as correlating to chlorine atoms with excited' 2S 

states or a ground state chlorine ion. For HBr, two out of four 

possible, direct excitation H+ channels correlated to a ground state 

bromine atom, and the other two channels could be reasonably modeled 

as correlating to bromine atoms with excited 2S states. For HI, all 

four possible direct excitation channels correlate to a ground state 

iodine atom. Clearly, despite the possibility of a similar excitation 

mechanism involving the inner sigma valence orbital for all three 

molecules, there exist significant differences between the three 

molecules excitation' processes. This could be attributed to 

relativistic effects which would be more pronounced as the mOlecule's 

number of electrons increases. Another possibility is that the change 

in permanent dipole moment from one molecule to another could account 

for some of the difference. In any event, intriguing differences 

appear to exist between the moleCule's excited states excess 

electronic energies. 

In bringi.ng this thesis to a close, it is perhaps best to 

emphasize the single most significant result. This can be simply 

stated as "there is sufficient evidence to indicate that in attempting 

to understand the electronic excitation processes of many-electron 

diatomic systems of considerably greater complexity than H2, the 

effects of electron correlation can play a significant role." 

Certainly this statement is not a new or radical one with regard to 

investigations of atomic and molecular electronic structure in 

general. It is, however, to the best of the author's knowledge, the 
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first time that TOF data of dissociative electronic states of 

molecular ions has been interpreted in the context of inner valence 

shell electron correlation states at low EBE's. 



APPENDIX A 

ADIABATIC ELECTRONIC STATES OF DIATOMIC SYSTEMS 

The nonrelativistic Hamiltonian for diatomic molecular systems 

with N electrons of mass m and two nuclei of mass MA and MB in a 

space fixed coordinate system is: 

(A 1) 

where PrJ r\ are the momentum and position of the ith electron; PAJ RA 

and 'PaJ RB the momenta and positions of the two nuclei; and V(r\, RA, 
... 
RB) represents the electron-electron, electron-nucleus and nucleus-

nucleus electrostatic potentials of the system. 

only depends on the distance between two particles, it is independent 

of the center-of-mass (c.m.) motion and position of the system. To 

take advantage of this fact, the Hamiltonian is transformed to a 

coordinate system that allows the c.m. motion to be separated from 

the degrees of freedom involved in the electrostatic interactions of 

the potential term. The choice of a new space fixed coordinate system 

is dictated by computational convenience; however, no actual numerical 

work involving the Hamil tonian will be performed in this thesis. The 

concern of this thesis with electronic states at their dissociative 

limits dictates that the logl..cal choice of coordinate system in which 
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to discuss the concepts and approximations leading to adiabatic 

electronic states of diatomic systems is the separated atom (SA) 

coordinate system. 

Following the conventions of Hirschfelder and Pack in Ref. 1, 

the SA coordinate system is defined by the following basis set (see 

Fig. A-1): 

C = M-1 (MARA + MBRB + m 

it = HB - RA 

N 

L 
i=1 

... ... '± 
riA = ri - HA i = 1, ••• , NA 

i = NA + 1, ••• , N , 

,~ 

c.m. position of the system, IR the position of 

... ... 
where C represents the 

the nuclei relative to each other, and riA' riB the postions of the 

electrons relative to either nucleus A or nucleus B. Using the 

quantum mechanical operator definition for momenta, Po. = - ih ~o. 

(where the subscript denotes the choice of basis vector), and the chain 

rule of differentiation gives: 

~ 
N ... ... ... - f!" PiA PA = Pc -~ M i=1 

~ 
N ... ... ... L ... 

PB = Pc +~- PiB M 'i=NA+1 

... m... ... 
Pi = M Pc + PiA 

Substituting into the Hamiltonian of Eq. (A 1) for the old pOSition 
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SPACE-FIXED COORDINATE SYSTEM 

B 

SEPARATED ATOM COORDINATE SYSTEM 

FIG. A:-1. 
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vectors and momenta redefined in the SA coordinate system gives: 

where 

= - 1: (~+ 
i=1 l~iAl 

iA 
j>i i=1 

The Hamiltonian is now in a form appropriate for discussion of the 
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approximations necessary to achieve an understanding of the electronic 

states of diatomic molecular systems. 

The ldnetic energy of the system is glven as four separate 

terms. The Tc term contains the c.m. dependence of the Hamiltonian, 

including cross terms coupling the electronic and nuclear momenta to 

the c.m. momentum of the system. Under the assumptions that no 

signi.ficant external perturbation aside from the electron beam ex:l..sts 

in the interaction region, and that the thermal velocity range of the 

molecules in the gas source is incapable of yielding collisions with 

sufficient excess energy to excite the vibrational or electronic 

degrees of freedom of the system, the cross terms can be dropped from 

further discussion. The c.m. motion of the HX molecules can affect 

the TOF dissociation fragment spectra, but this point will be discussed 

in Chapter 4, since neglecting the cross terms allows c.m. motion of 

the system to be addressed independently of the degrees of freedom 

describLng the electrons and nuclei motions relative to each other. 

The Te and Tpo~ terms involve only the electron momenta. Due to the 

mass difference between electrons and nuclei, the Tpo~ can be treated 

as a perturbation of the system when compared to the magnitude of Te 

and thus will be neglected. Even the simplified Hamil taman 

(A2) 

is intractable to exact analytical solution for many electron systems 

but provides the starting point for further approx:l..mations and 

computations that yield quantitative and qualitative knowledge of 



diatomic molecular systems. 

Progress towards an understanding of the electronic states of 

diatomic molecular systems requires that the problem of the time 

dependence of the electrostatic terms involving R due to the nuclear 

motion be resolved in some fashion. The mass difference of the 

electrons and nuclei accounts for the fact that the time-periods 

characteristic of electron motion are typically two or more orders of 

magnitude smaller than the time periods characteristic of vibrational 

and rotational motion of the nuclei. This time difference suggests 

that the nuclei at a given R value be modeled as moving in a potential 

resulting from the electrostatic interactions of the nuclei themselves 

and the electron distribution that is associated with that R value, 

where the electrons will be treated as reacting instantly to any 

change in R'. This model implies the sum of the electron's kinetic 

energy and electrostatic potentials of the system can be 

parameterized as a function of R. This function, call it U(R), will be 

found by solving the time-independent electronic Schrodinger equation: 

for fixed values of 'R, where $e(~:La,R) represents the electronic wave 

function defining the electron distribution for that value of 'R. The 

+ + 
nuclear kinetic energy operator contains terms of the form Pia-I'R; 

however, in the treatment discussed above the electron motion is 

assumed solvable, independent of the nuclear motion. ThIs assumption 

+ + means that Pia and I'R represent two independent momenta with such 
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-+ -+ 
different time scales of variation that the P!.Cl 8 11t terms must be 

assumed negligible to be consistent with the above method of solution 

which involves solving a stationary state problem at each R value. 

The validity and limitations of the approach outlined in the 

preceding discussion can be investigated by introducing nuclear motion 

as a time-dependent perturbation, denoted by R(t) in the time-

dependent Schrodinger equation 

(A4) 

To examine the conditions for which stationary state solutions of He 

denoted by Wn(tiCl,'R) satisfying the equation 

for fixed it are a valid description of the system assume there exists 

a complete orthonormal set of such eigenfunctions {Wn(tiCl,an for the 

fixed value a = R(t=O) and that for t>O the wave function to the time-

dependent Schrodinger equation can be defined as 

where Cn(t) represents a time-dependent expansion coefficient and T a 

dummy variable of integration. Following the treatment of Ref. 2 with 
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+ + 
the substitution of <p(riCl,R(t» into the time-dependent Schrodinger 

equation, using the Hermitian property of the Hamiltonian and the 

orthonormality of the eigenfunctions, one arrives at 

where 

with dVe denoting integration over the electron coordinate space. 

Finally, assuming that the system is in a well-defined state at t=O 

(i.e., Cn(O)=1; Cm(O)=O m~n) and that U(R(t» varies little during the 

time period associated with electronic motion so 

and 

yields upon solution by iteration and truncating the series at the 

first term: 

(
3H) 2 
1; mn 

1 1(3He ) 12 (~ At)2 
u2(Un(a)-um<a»2 I 3R mn 

(AS) 

At = h 
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2 
where ICmnl represents the probability of transition from state n to 

• state m and RLlt the displacement the nuclei will wldergo during the 

time period characteristic of the electronic transition. For normal 

electronic transition parameters in diatomic molecules ICmnI2+0. The 

two cases for which transitions could occur according to Eq. (A5) are: 

a) Un(e) - Um(a) ~ 0 

or b) 

(a:e) 12 (LlR)2 : (Um(S) - Un<e»2 
R mnl 

Case a) represents a perturbation of the Hamiltonian by the nuclear 

motion that is comparable in magnitude to the energy involved in 

electronic transitions. This effect is of negligible importance for 

the range of R and Un<R) values typical of electronic transitions in 

diatomic molecular systems. Case b) results when a degeneracy or 

near degeneracy of two electronic states occurs at a given R value. 

This phenomena is of importance in discussing electronic transitions 

and is called curve crossing (for reasons that will become evident). 

For the remaining discussion in this section we will assume that 

ICnm 12+0 so the electronic motion may be treated separately from the 

nuclear motion. This treatment represents a special case of the 

quantum mechanical adiabatic theorem which Ref. 3 states as "a system 
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which is in a stationary state will remain in a stationary state 

during an adiabatic process," where an adiabatic process is defined as 

one in which the time-dependent parameter of the system perturbs the 

system over a period of time much greater than the time periods 

associated with other system parameters. 

The adiabatic theorem in conjunction with the assumption of a 

solution to the stationary state problem for the total Hamiltonian: 

(A6) 

of the form 

(A7) 

+ + 
where We(ria,R) represents the electronic wave function that is a 

function of R found by solving He for U(R) and Wn(R) is the wave 

function descrihlng the nuclear motion allows an approximate solution 

for quantum states of diatomic systems to be constructed. Following 

Ref. 4, substitution of We(t:ia,'R)Wn(R) into the Hamiltonian glves 

where 
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= 

localized in the molecular system and the electrons are distributed 

throughout the molecule, allowing the last two terms involving 

This leads to the Born-

Oppenheimer treatment of quantum states of diatomic molecules where 

-+- -+- -+-
first the electronic wave function 'iJe(ri<l,R) and associated U(R) values 

-+-
are found by solving Eq. (A3) for the range of R values of interest 

and then the nuclear wave function problem 

is defined over that range of R values. EBO is called the Born-

Oppenheimer energy. The Born-Oppenheimer approximation completes the 

discussion of solving for the quantum states of diatomic molecules and 

.molecular ions by a method that allows the electronic states to be 

characterized by U(R), independently of the nuclear motion. 

The function U(R), characterizing the electronic state, defines 

what are called adiabatic CUI'ves of diatomic molecules and molecular 

ions. Neglecting the coupling between the electronic orbital angular 

momentum of the electrons and angular momentum associated with spin 
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and nuclear motion allows the dependence of U(R) on R to be treated as 

~ 

an R = IRI dependence, so that U(R) now represents the electron kinetic 

energy and electrostatic potential ene~gy of the system as a function 

of the magnitude of internuclear separation only. Plots of typical 

adiabatic curves for a molecule and corresponding singly ionized 

molecular ion are shown in Fig. A-2. The terminology "United A tom 

Limit" and "Separate Atom Limit" refer to the extremes in R value of 

R~ and R+oo, respectively. Note that each atom-atom or atom-ion pair 

in the R+oo limit can correlate to more than one molecular state and 

that the zero of the energy state is referenced to the ground 

electronic state in its lowest-energy nuclear vibration state. Curves 

with a minimum below the separate atom limit of that curve for a 

range of R values represent electronic states in which the nuclear 

motion is localized in that range of R values, resulting in a stable 

bound state. Curves or portions of curves above the separate atom 

limit of that curve represent regions of R value in which the nuclei 

are not bound and the diatomic molecular system is in a continuum 

state that will dissociate into its constitue~t atom-atom or atom-ion 

pair. Such curves or portions of curves are often referred to as 

repulsive in character. 
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FIG. A-2. Adiabatic curves of diatomic molecule AB and molecular 
ion AB+. -- * Denotes excited atomic and molecular electronic states 
defined relative to ground electronic states energy. 
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