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ABSTRACT 

The dissociative ionization by electron impact of 

H2' H20, and H2S was investigated between the electron 

impact energies of 20 and 45 eVe Protons were the detected 

fragments, and a time-of-f1ight method was used to measure 

the proton kinetic energies. By also measuring the 

thresholds for the production of discrete energy groups of 

protons, it was possible to determine the dissociation 

limits and kinetic energy distributions for individual 

electronic states. It was found that autoionizing states 

that lead to dissociation were the major contributors of 

proton fragments for all of the molecules investigated. 

Some of the measurements are tabulated below. 

Molecule Threshold Dissociation Probable Probable 
(eV) 1imi t (eV) state fragments 

24. S±l. 0 18. O±l. 0 01 11:+ H+ H (lS) g , 
30.S±1.0 18. O±l. 0 01 In u H+ , H (IS) 

36. S±l. 0 2n u H+ , H (2P) 

24. S±I. 0 19. S±I. 0 H+, OH (X 2n) 

29.S±I.0 230 O±l. 0 H+,O (3p),H (IS) 

2S.S±1.0 18.0±1.0 H+, HS (x 2n) 

32. O±l. 0 H+, 

42. 0±1. 0 H+, 

viii 



CHAPTER 1 

INTRODUCTION 

This work investigated the electron impact 

dissociative ionization of H2' H20 and H2S with the 

ul timate goal of providing a simple picture of what is 

perceived by most to be a very complicated phenomenon. 

The basis of the experimental method used in this 

dissertation is time-of-flight spectroscopy in which 

dissociation fragments moving at constant veloci ties are 

timed through a field-free region to obtain a time-of

flight distribution and ultimately a kinetic energy 

distribution. Further, by measuring appearance potentials 

(electron bombardment energi.es at which a given kinetic 

energy fragment appears), one determines thresholds and 

dissociation limits of molecular E:: ~ctronic states. 

The study of protons from electron impact 

dissociation of H2 began in the 1930's. One of the 

pioneers in the field was Lozier,l who studied the velocity 

distribution of protons from H2. In the 1960's and 1970's 

more detailed studies were done by such researchers as Dunn 

and Kieffer,2 Van Brunt and Kieffer,! and Crowe and 

McConkey,~ to mention a few. 

1 
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The earlier works of significance for this 

dissertation took place almost simultaneously in 1973 and 

1974, when notice was taken of autoionizing states of H2 

that lead to dissociation into proton fragments. 

Fundamental experimental work was done by Crowe and 

MCConkey,S and relevant theoretical work was published by 

Hazi,6 and Bottcher and Docken. 7 In 1978, Ko11mann 8 

measured the kinetic energies vs. appearance potentials for 

protons from H2 and his results will be discussed later. 

In 1980, M. D. Burrows et a1. 9 compared calculations 

of proton kinetic energy distributions from autoionizing 

states of H2 with measurements by adding the predicted 

distributions for several states and comparing them to the 

observed total kinetic energy distributions of protons 

taken at various electron impact energies. In this 

dissertation kinetic energy distr ibutions were measured 

individually for each of the autoionizing states. 

Proton kinetic energies from the electron impact 

dissociative ionization of H20 were measured by Ehrhardt 

and Kres1ing, 10 and Appell and Durupll in 1967 and 1972, 

respectively. The identification of individual states was 

speculative and the kinetic energy distributions of the 

protons were not measured. This dissertation may simplify 

the interpretation of the dissociating electronic states of 

water that produce protons and measure the kinetic energy 

distributions for individual states. 
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No previous experimental results for the measurement 

of proton kinetic energies from electron impact on H2S were 

found. 

A word about the nomenclature of electronic states 

of molecules is in order. Diatomic molecular electronic 

states 12 are labeled using the component of electronic 

orbital angular momentum along the internuclear axis, spin 

multiplicity, and symmetry properties of the states. The 

form of designation for a homonuc1ear diatomic molecule 

such as H2 is given by 

2S+A or -

g or u Example: , 

where S is the spin (2S+1 is the multiplicity), A is the 

electronic orbital angular momentum component along the 

internuclear axis (E for zero units of angular momentum, IT 

for one, etc.), + or - is symmetry of reflection in a plane 

containing the internuclear axis, and 9 or u stands for the 

German words gerade and ungerade fo= even or odd inversion 

symmetry. The designation for heteronuc1ear diatomic 

molecules is the same, excep~ that g or u symmetry does not 

apply. 

For the triatomic molecules, 13 the symmetry of the 

electronic state and the spin are used for the designation. 

For the C2v symmetry of H20 and H2S (C2 means there exists a 
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two-fold rotation axis of symmetry, and v means reflection 

symmetry in a plane containing the rotation axis), a 

typical state may be 

where 2 is the spin mul tiplici ty, A is even two-fold 

rotation symmetry (B is odd), and 1 is even reflection in 

the mirror plane containing the rotation axis (2 is odd) • 



CHAPTER 2 

THEORETICAL DISCUSSION 

a. Direct Dissociative Ionization 

Figure 

dissociative 

2.1 schematically 

ionization of the 

depicts 

diatomic 

the direct 

hydrogen-

containing molecule HX. Initially the molecule is in its 

ground electronic state (VG), with the nuclear separation 

RHX between atoms H and X having a Gaussian distr ibution 

characteristic of the ground vibrational state. Electronic 

exci tation occurs from the ground electronic state to a 

repulsive ionic state (VI) with a probability proportional 

to the square of the overlap integral between the ground 

vibrational state wave function and the continuum ionic 

state wave function. This is the Franck-Condon 

Principle, 14 with the restriction that the electronic 

transition moment between states has only a small R 

variation and can be considered constant. Mathematically, 

one can write for the probability of excitation to the 

unbound ionic state 

, (2.1) 

5 
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where ~G and ~I are the vibrational wave functions for the 

ground and ionic vibrational states, respectively. 

Invoking the Winans-Stueckelberg approximation lS for 

~I' one can write 

where R~ is the nuclear separation for which VI(R~)=Eo. Eo 

is the total amount of energy absorbed by the molecule. 

Therefore, the probability of excitation P can be 

written as 

(2.2) 

In other words, the probability of excitation at a 

given R=R~ is just proportional to the square of the 

ground-state vibrational wave function evaluated at R~. 

As shown in the figure, the threshold for excitation 

Eth is given by the high R boundary of the Franck-Condon 

region. The Franck-Condon (FC) region is defined by the 

classical turning points of the ground vibrational state. 

The kinetic energy of the dissociation fragments H+ 

and X at infinity, Km, is just given by 

(2.3) 

where DL is the dissociation limit of H+ and X. One can use 
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conservation of momentum to determine the fraction of Koo 

possessed by each fragment, which will be designated K 

(fragment). For H+ we have 

KaM (X) 
K (H+) = -----

M (X) +M (H+) 
(2.4) 

where M (X) and M (H+) stand for the masses of X and H+, 

respectively. 

Although the Franck-Condon Principle is strictly 

valid only well above threshold, it holds quite well to 

within a few electron volts of threshold, because an 

exciting electron with only one electron volt of excess 

energy still gets to a large distance from the molecule 

before the nuclei move appreciably. 

The distribution of kinetic energy of the fragments 

f (Koo) amounts to just the reflection of the ground-state 

probability distribution I~G(R~) 12 in the potential energy 

curve of VI' or mathematically 

f (Koo) dKoo = P (R~) dR'" (2.5) 

f (Koo) = 
P (R '" ) P (R ~ ) 1 ~G (R "') 1 2 

--~~~- = --~~~- = 
(dKoo/dR~) (dVI/dR"') (dVI/dR~) 

(2.6) 



b. Dissociative Autoionization 

As shown in Figure 2.2, dissociative autoionization 

presents a somewhat different situation than a direct 

dissociative ionization. The repulsive upper electronic 

state, VA of the neutral molecule is embedded in the 

vibrational continuum of the VI state of the molecular ion. 

As discussed by Hazi, 6 a molecule excited to VA 

begins to dissociate along the repulsive potential curve, 

but after a certain lifetime T (R), the excited molecule 

autoionizes to the state VI at RHX=Ri. 

ejected with an" energy 

An electron is 

One assumes 

internuclear 

that during 

separation R' ~ 

energy of the molecule is 

hence, 

(2.7) 

the autoionization, the 

holds constant. The final 

(2.8) 

(2.9) 

To calculate the kinetic energy distribution of the 

fragments after autoionization, one must know not only the 

VI and VA curves, but also the lifetime T as a function of 

R. 

9 
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As given by Hazi,6 the probability that the molecule 

autoionizes at Ri is given by 

ex {fRi dR } 
P - T(R)v(R) (2.10) 

where vCR) is the relative velocity of the nuclei. 

When one excites a molecule to an autoionizing 

state, all kinetic energies of fragments between zero and 

Eth-DL appear at once, giving a special signature to such 

states. In the direct dissociation, kinetic energies of 

fragments do not start necessarily at zero, but at Eth-DL. 

It is instructive to find the conditions for Pi(Ri)' 

as given by Eq. (2.10), to have a maximum. Differentiating 

PieRi) with respect to Ri and setting the derivative equal 

to zero, one obtains 

dv dT 
1 + T + v-- = 0 

dRi dRi 

The term T(dv/dRi) is always positive, because the lifetime 

is positive and dv/dRi is positive due to the autoionizing 

state having a repulsive potential energy causing the 

nuclei of the molecule to gain in relative velocity of 

separation with increasing Ri. The sign of the term 
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v (d1"/dRi) depends on whether the lifetime 1" increases or 

decreases with increasing Ri. Most of the theoretical 

results so far for autoionizing resonances 11,18 indicate 

that the lifetime decreases wtih increasing Ri' making 

(d1"/dRi) negative. The relative velocity v is positive 

because the nuclei only move away from each other. The 

conclusion is that Pi(Ri) possibly has a maximum at some 

One can now make the following predictions: For a 

dissociative resonance state of the neutral molecule that 

autoionizes to a bound state of the molecular ion, two 

possibilities exist. First, if the peak of Pi (Ri) lies 

over the deepest part of the molecular ion bound-state 

potential well, the kinetic energy distribution of 

fragments will have a maximum only at zero kinetic energy. 

Second, if the peak of Pi(Ri) lies toward the high R side of 

the molecular ion bound-state potential well, then the 

kinetic energy distribution of fragments will show a peak 

at kinetic energies greater than zero. This effect will be 

seen for H2 and possibly for H20 and H2S later in this 

dissertation when specific results are discussed. 

c. Polyatomic Molecules 

In order to apply the above considerations to 

polyatomic molecules, one must assume that all but one of 

the internuclear distances in the molecule remain constant 
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when the molecule undergoes a dissociative ionization. 

Consider, for example, the triatomic molecule H2X 

containing two hydrogen atoms and one other atom, which 

will be called X. If a dissociative ionization takes place 

that breaks the molecule into a proton fragment and a 

diatomic molecular fragment HX, we can use the internuclear 

distance between the proton that breaks off and the atom to 

which it was bonded prior to dissociation as the abscissa 

for potential curves describing the dissociation. The 

following assumptions deduced by this author after reading 

in a number of sources, most notably Herzberg, 13 must be 

made: 

1) Any large fluctuations in the Coulomb field, as 

seen by the departing proton and caused by the excitation 

of the remaining fragment HX, take place on a time scale 

that is long compared to the dissociation time. For 

example, an electronic excitation of HX would be followed 

by a decay after about 10-8 s for a dipole-allowed 

transition. Since dissociation takes place in about 

10-1~ S, the proton will be far away from the HX fragment by 

the time such an electronic transition takes place. 

2) Vibrationally excited HX causes only small 

variations in the Coulomb field seen by the departing 

proton. One way this can be realized is when the X atom is 

large and is the main bonding partner of the departing 

proton. It will be assumed that the above two assumptions 
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hold for the molecules H20 and H2S, studied in this 

dissertation. 

If the molecule H2X undergoes a direct dissociative 

ionization or dissociative autoionization in which it 

breaks into three fragments such as H+, H, and X, the 

internuclear distance between H+ and X or H and X can still 

be used in an adiabatic potential curve description if the 

H+ and H fragments leave the X fragment simultaneously. 



CHAPTER 3 

APPARATUS 

Figure 3.1 illustrates the parts of the apparatus 

kept under a base pressure of 5 x 10-8 torr. It will be 

these parts that will be discussed first. 

a. The Electron Gun and Faraday CuP. 

The electron gun is a simple one consisting of a 

hairpin filament, shield, pulse grid, and collimator. The 

filament was heated with an alternating sinusoidal voltage 

of approximately 2 vrms • Because the electron energy 

spread of the gun is determined mainly by the voltage drop 

across the filament, the use of an ac filament voltage 

enables one to pulse the electron gun at the time the ac 

voltage crosses its zero point. 

off, as the method is called, 

By doing this zero pick

the voltage across the 

filament (and therefore the energy spread of the electron 

beam) is considerably reduced from the 2 eV that would be 

obtained if a dc voltage were used to heat the filament. 

The voltages applied to the electron gun elements 

are shown in Fig. 3.2(a). The shield was made negative 

with respect to the filament to prevent electrons from any 

p~rt of the filament, except the tip, from being drawn into 

the electron beam. This further helps reduce the electron 

15 
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beam energy spread. The pulse grid was biased 9 V negative 

with respect to the filament, and a 50 V positive pulse of 

125 ns width was applied to the pulse grid to allow a pulse 

of electrons out of the gun. The collimator is a series of 

grounded plates used simply to reduce the angular spread of 

the electron beam. 

The Faraday cup consisted of a metal tube, insulated 

from ground, surrounded by a grounded shield, and filled 

with wrinkled aluminum foil to form a honeycomb of long 

tubes to collect the electron gun current. 

Midway between the gun and the Faraday cup is a gas 

inlet, and this region (called the interaction region) 

marks the beginning of a field-free path (called the time

of-flight (TOF) path) leading to the detector. 

b. The Detector 

The detector consists of a movable grounded 

container holding a channel electron multiplier 

(channe1tron) and a special grid, indicated by the label 

"mass filter." 

Figure 3.2 (b) illustrates the voltages applied to 

the channe1tron and surrounding grids. In order to 

understand the function of the mass filter grid and 

detector, consider the following to be a typical event 

occurring within the vacuum-contained apparatus: 



__ 50V n _LO~f 
--1 L--.:r 

___ J.5K 

_9.0V-
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_PULSE GRID 
_S.HIELD 
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CHANNELTRON 
,......-r"' ~><:"""--->r-/~, 

i----4 I '~J G_N A L 
vet) 

4.T~ 

_L3KV 

_ 1.4KV 

Fig. 3.2. (a) Electron gun power supply connections, (b) detector electrical 
connections. 
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A pulse of electrons emanates from the gun and 

crosses the interaction region near the gas inlet. A gas 

molecule undergoes a dissociative ionization that ejects a 

positively charged molecular fragment. The fragment drifts 

along the field-free TOF path toward the detector. It 

enters the grounded grid entrance of the detector enclosure 

and, with the mass-filter grid grounded, the proton drifts 

unimpeded toward the channeltron where it is accelerated to 

1.4 kV and str ikes the detector, causing a signal pulse, 

which is monitored outside the vacuum chamber. The 

important measurement to be made is the time of flight (t) 

of the fragment, which is the time between the electron gun 

pulse and the detector'" s signal pulse. Using this time 

(t), the kinetic energy K of the fragment may be computed 

from 

K = 1 (m12) 
27' 

where m is the mass of the fragment and 1 is the length of 

the TOF path. A form of the above equation with more 

convenient units is 

m12 
K = 0.518 7 

where K is in eV, m in proton masses, 1 in cm, and t in ~s. 
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The measurement errors in K are associated with uncertainty 

in the TOP path length 1 and the time resolution for 

measuring t, which will be explained shortly. More details 

on the conversion of time of flight to kinetic energy will 

be given in Chapter 4. The TOP path length used in this 

dissertation for reported measurements on H2' H20 , and H2S 

was 14.S±O.S cm. 

The mass filter was or igina11y designed 19 to allow 

only fragments above a given mass to be transmitted to the 

detector. To see how this can be accomplished, consider a 

time-varying voltage Vet) of such a sign as to retard the 

charged fragments coming toward the detector, applied to 

the mass filter grid such that 

q vet) 
1 m12 

= 
2 tr 

where q is the charge of the fragment. Since the right

hand expression is just the kinetic energy of a particle of 

mass m and velocity lit, only those fragments above mass m 

have kinetic energy greater than the potential barrier and 

can pass through to the channe1tron and be detected. Such 

a time-varying voltage can be generated by a waveform 

synthesizer or an analog electrical circuit using 

operational amplifiers. 
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This author has found that over limited time ranges, 

the V(t) can be approximated quite well by an exponential 

formula of the form 

-Bt V(t) = Ae 

Since this is just a simple capacitor-discharge time

varying voltage, the circuitry to produce V(t) becomes 

quite simple. This circuitry is shown in Fig. 3.3 

Since only protons were detected in the experiment 

of this dissertation, the mass filter took on a different 

purpose from that for which it was designed. It was found 

that even with the electron gun collimator, some electrons 

from the gun strayed from the interaction region and 

produced ions near the detector by ionizing gas molecules 

there. By setting the mass-filter voltage formula to a 

value for m = 1/2, the ions produced close to the detector 

could be eliminated. These ions, which interferred most 

with the ions coming from the interaction region, could be 

viewed as very low-mass ions (m=O.l) that had traveled the 

full TOF path. Therefore, an m value of 1/2 in the mass

filter formula was sufficient to block them from the 

detector. 
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c. The Electronics 

As shown in Fig. 3.4, the average electron current 

collected by the Faraday cup is fed into an emission 

control unit. The purpose of this unit is to check the 

Faraday cup current against a preset value and, if there is 

a variation, send a corrected ac filament voltage through 

the audio amplifier to the filament of the electron gun. 

It was important for the experiment in this dissertation 

that the electron beam current remain constant so that 

results from various experimental runs stay normalized with 

respect to each other. More will be said about the 

specific form of the results later in this section. 

As can also be seen in Fig. 3.4, the zero pick-off 

unit senses the zero crossing of the audio oscillator ac 

signal and sends a trigger pulse to the electron-gun pulse 

generator (labeled PULSER). This trigger causes two events 

to occur: a 125 ns pulse output to the electron gun to 

allow the electron beam to pass into the interaction 

region, and a sync pulse that goes to the START of the ND660 

analyzer. The START signal at the ND660 activates an 

internal clock that continues accumulating time until a 

STOP pulse is received. 

The origin of the stop signal is a molecular ion 

fragment striking the channeltron. The channeltron 

produces a charge pulse that is changed to a voltage pulse, 
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amplified and fed into the STOP port of the ND660. The stop 

signal causes the aforementioned clock to stop timing, and 

the time between the START and STOP signals is stored in 

the LSI-II computer and displayed on the ND660"'s cathode 

ray tube (CRT) display. It appears as a single count in one 

of 256 horizontally displayed time bins (channels). Each 

subsequent electron impact event is displayed in the same 

way, i. e., as a count in a time bin. The time bins span 

start-stop times ranging from 0 to 32 ~s in steps of 

o .125 ~s. The accumulation of counts in the time bins is 

called a TOF spectrum or TOF distr ibution. Wi thin a 

normalization constant, the TOF spectrum gives the 

probability than an ion produced in the interaction region 

by an electron pulse will traverse the TOF path in a time 

between t and t+~t, where t is the time in time channel 

units and ~t is a time channel width. The time resolution 

is limited by the time channel width, in this case 0.125 ~. 

The LSI-ll computer not only stores TOF data within 

itself and on diskette, but also runs a program by which 

the electron beam energy can be adjusted. This is done by 

using digital-to-analog converters (DACS) connected to the 

computer to change the voltage of a power supply that 

determines the anode- (ground) to-filament voltage, which 

in turn determines the elp.ctron beam energy. using this 

system, the electron beam energy can. be adjusted by a 

computer-controlled program from 20 to 45 eV in steps of 
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0.5 eVe At each electron energy, a proton TOF spectrum can 

be acquired. 20 

At one time, it was attempted to regulate the gas 

pressure wi thin the vacuum chamber by electronic means. 

The attempt did not work, and, therefore, the gas pressure 

was held constant by the constant pumping speed of the 

vacuum system~s diffusion pump. 

d. Detector Mobility Feature 

As can be seen in Fig. 3.1, the detector housing has 

a drive screw that can vary the length of the TOF path. The 

mobility of the detector was used to test the apparatus for 

discrimination against low-energy proton fragments. It was 

thought that due to stray fields in the TOF path, the lower 

energy protons would be deflected more than the higher 

energy ones and, therefore, the apparatus would give 

unequal proton counting rates for initially equal-intensity 

low- and high-energy proton fluxes. As will be explained 

in the next chapter, it is essential that the apparatus not 

be biased in such a manner. The distribution of proton 

kinetic energies from electron impact on H2 was measured at 

several path lengths; and it was found by comparing the 

shapes of the distributions that no preferential 

attenuation of lower energy protons occurred in the proton 

energy range from 12 eV down to 1.5 eVe Therefore, 1.5 eV 

was the lowest proton kinetic energy measured for this 

dissertation. 
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e. Electron Gun Energy Calibration 

The absolute value of the electron-beam energy was 

found by compar ing the measured threshold for the 

production of helium metastables with the accepted value of 

19.8 eVe The reason that the He metastables threshold was 

used instead of the He ionization threshold at 24.6 eV was 

that the detector, being as sensi ti ve to He metastable 

atoms as it is to He+ ions, gave a He metastable signal at 

24.6 eV that completely overshadowed the He+ threshold 

giving, in effect, a large background. The electron energy 

correction applied to the gun was O. 2±0. 5 eV. The main 

reason that the correction was positive is that the 

temperature of the filament contributed to the electron 

beam energy, making it higher than that which was supplied 

by the external power supplies. 

f. Vacuum System 

A few words should be said about the vacuum system 

that kept the apparatus of Fig. 3.1 under a 5 x 10-8 torr 

pressure in the absence of target gas and at about 5 x 10-6 

torr with target gas. The pumping system was a 9" mercury 

diffusion pump, liquid nitrogen trap, and freon

refrigerated trap backed by a rotary mechanical pump. 

Gases were introduced into the vacuum chamber through a 

needle valve. H2 was introduced to the needle valve as a 
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gas under about 10 psig on the low side of a gas regulator. 

H2S gas was taken from a lecture bottle in which it was in 

equilibrium with its liquid at room temperature and at a 

pressure of 250 psig. The H2S gas pressure was lowered 

through a corrosive-gas regulator to about 5 psig, and then 

introduced to the needle valve. H20 was delivered to the 

needle valve as a vapor in equilibrium with its liquid 

phase at room temperature. H2S caused pressure 

fluctuations in the vacuum chamber, sometimes in excess of 

the preferred limit of ±5% of the preset target gas 

pressure. This was probably caused by sporadic evaporation 

from the liquid nitrogen trap on the vacuum system. 



CHAPTER 4 

METHOD OF DATA ANALYSIS 

a. TOF Spectra and Probability 

Given the TOF spectrum {Nil, where {Nil represents 

the set of all time channels i containing counts Ni' one 

can take Ni 6ti to be proportional to the probability that a 

fragment has a time of flight between ti and ti + 6ti' where 

ti represents the time for channel i and 6ti is a time 

channel width. One normalizes the probability by noting 

that 

A LN. 6t. = 1 (4.1) . ~ ~ 
~ 

where A is the normalization constant. For time channels 

of equal width 6t, one has 

A No 6t = 1 

or 

A = 
No 6t 

1 (4.2) 

where No = the total number of counts in the TOF spectrum. 

29 
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The probability of a fragment having a time of 

flight between ti and ti + ~t is now 

N· 
_=.1._ • ~t = f (t) ~t 
No ~t 

b. Kinetic Energy Conversion 

(4.3) 

One method of analysis that can be used on the TOF 

distribution is its conversion to a distribution of kinetic 

energy g (K) using the previously mentioned formula for 

kinetic energy K 

K = 
0.518 m12 

t 2 , (4.4) 

where m is the fragment mass in proton masses, 1 is the 

length of the TOF path in em, and t is the time of flight in 

J,LS. 

The conversion begins wtih the equating of the two 

probabilities 

f (t) ~t = g (K) l$. (4.5) 

or, in words, the probability of a fragment having a time 

of flight between t and t + ~t is equal to the probability 

of a fragment having an initial kinetic energy between K(t) 

and K(t) + AK. Solving for g(K), one has 
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g(K) ~f(t) 1:1 , (4.6) 

where the absolute value sign is used because g (K) is 

defined as a positive function. Working out I~t/AKI from 

(4.4) and inserting into (4.6), one obtains 

g(K) 
m 1/2 

= f(t) • 1 • <i{3') • (0.360) (4.7) 

where t=(0.518 m1 2/K) 1/2 and the units ofK are eVe 

Kinetic energy conversion of complete TOF spectra 

are shown in the next chapter for H2' H20, and H2S. 

However, the main method of analysis used in this 

dissertation is somewhat different and will be described 

next. 

c. Kinetic Energy vs. Appearance Potential 

The results of a typical experimental run studying 

the electron impact dissociative ionization of a molecule 

would be about 50 TOF spectra for protons, each spectrum 

taken at an electron impact energy differing from the next 

one by 0.5 eVe This beginning point in the data analysis is 

depicted in Fig. 4.1(a). 

The next step, shown in Fig. 4.1(b), is the division 

of each TOF spectrum into pre-selected kinetic energy 

windows or cuts. Most cuts were 0.5 eV in width, although 



Fig. 4.1. Illustration of data analysis. 

(a) The starting point for data analysis is 
50 proton TOF spectra each taken at electron 
impact energies differing by 0.5 eV. 

(b) All TOF spectra are divided into proton 
kinetic energy windows of about 0.5 eV width. 

(c) For a given kinetic energy window, the 
total counts in the window are plotted vs. 
each electron energy used. Points of dis
continuiti in slope are noted, as well as 
the change in slope. The electron energy 
coordinate of discontinuity is called the 
appearance potential. 

Cd) The appearance potentials for all kinetic 
energies are plotted on the KE vs. AP graph. 

(e) The change in slope divided by the width 
of the kinetic energy window is plotted for 
each KE vs. AP point belonging to a particu
lar electronic state. 



DATA ANALYSIS 
(a) 

~I E~~~O' 
U . '. 

+ .. ' ". 
X .' . 

TIME 

(b) 

~1'I'iT~J5 eV 
8 .... /.. 
+ " '. X .. ' .... 

TIME 

(c) 

I
Z 
:::> 
o 
U 
+ x .. 

KE=2.0eV .. 

....... ~ 

E·~·~~·I .. ~ ,0' " . . . ' . 

~....... liiLL····· ,of '" .. ' '., 

.' ", " ", 

ELECTRON ENERGY 

Cd) 

~~. 
AP 

Fig. 4.1. 

L1J 
~ 

~~(e)+ 
3 ++ 
VI + t 
~ + + 

KE 

Illustration of data analysis. 

32 



33 

at the shorter times (higher kinetic energies) cuts could 

be as wide as 2 eVe Making a cut simply means using Eq. 

(4.4) to compute the time boundaries required for a given 

kinetic energy span and then letting the computer total the 

number of proton counts between the boundaries. 

The third step in the analysis is to plot, for each 

kinetic energy window, the total H+ counts in the window 

vs. the electron impact energy. It has been found 

experimentally that for the molecules investigated for this 

dissertation, the graph consists of points that occur in 

straight line segments (within the statistical error of the 

data) with relatively sharp discontinuities in the slopes 

of adjacent line segments. A graph of this type is 

depicted in Fig. 4.I(c). It will be assumed in this 

dissertation that such discontinuities of slopes as m2>ml' 

m2 being the slope at higher electron energy, signal the 

emergence of new electronic states and, hence, the increase 

in proton production. The point of discontinuity, as given 

by its electron bombardment energy (Electron Energy) 

coordinate, is called an appearance potential. The center 

of an energy window will simply be called the kinetic 

energy of the window. For all the kinetic energy windows, 

all discovered appearance potentials are plotted on a 

Kinetic Energy vs. Appearance Potential graph (KE vs. AP), 

depicted in Fig. 4.I(d). From the theoretical discussions 
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of Chapter 2, on direct dissociative ionizations and 

dissociative autoionizations, the following character-

istics of the KE vs. AP graph can be predicted: 

1) Points for direct dissociative ionizations 

resulting in two-body final states (e.g., H2+H++H) form 

straight lines with slopes equal to (l-m/M), where m is the 

proton mass and M is the total molecular mass. To see where 

the quantity (l-m/M) comes from, consider the conservation 

of momentum p in the dissociation of the hydrogen-

containing molecule HX into Hand X. One has 

, (4.8) 

where PH and Px are the momenta of H and X in the laboratory 

reference frame. 

Let the total kinetic energy released in the 

dissociation be KT such that 

, (4.9) 

where KH and Kx are the kinetic energies of the fragments. 

One can write 

p2 
=..1!. 

2m 

p2 
= --1L 

2mX 
, 

where m and mx are the masses of H and X, respectively. 
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Then 

p2 p2 p2 
= -1!. + ...:2L = -1!. (1 + ...!!!...) 

2m 2mx 2m mX 

or 

(4.10) 

Labeling the total molecular mass by M, and solving 

for KH' one has 

= K (1 _ m) 
T M 

, (4.11) 

so, for an additional 1 eV of electron impact energy, 

(l-m/M)eV of additional H kinetic energy, at most, can be 

obtained. 

Electron masses and momenta will be considered small 

compared to the same quantities for the nuclei, and 

therefore ignored. 

2) Dissociative autoionizations with two-body final 

states, in general, will form vertical lines with upper 

connecting lines of slope (l-m/M). The vertical portion 

occurs when the electron impact energy reaches the 

threshold (first appearance potential) of the auto ionizing 

state. At this point, protons with a range of kinetic 

energies from zero to (l-m/M) (Eth-DL) (see Fig. 2.2) 

appear. As the electron impact energy increases, one 

obtains (l-m/M)eV of proton kinetic energy for each eV of 
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additional electron energy. This accounts for the non-

vertical portion of the KE vs. AP graph for electronic 

states that undergo dissociative autoionization. 

3) For dissociative autoionizations or direct 

dissociative ionizations resulting 

states and in which the three 

simultaneously and symmetrically 

characteristics 1) and 2) still 

in three-body final 

bodies come apart 

(e.g. , H20+H+ +H+O) , 

apply, but with the 

exception that non-vertical slopes will now lie between 0.5 

and O.S(M-m)!(M+m). The reason for the 0.5 is that the H+ 

and H share equal amounts of the total kinetic energy. 

The non-vertical lines on the KE vs. AP graphs for 

characteristics 1), 2), and 3) can be extended to 

horizontal intercepts, which are the dissociation limits of 

the states involved. This is because the dissociation 

limit is the theoretical minimum amount of energy required 

to break apart the molecule into the appropriate fragments 

at infinite separation for the state involved, with zero 

relative kinetic energy among the fragments. 

Appearance potential error bars are formed from 

fluctuations in the electron beam energy calibration and 

statistical errors in the data. Kinetic energy error bars 

on the KE vs. AP graph are formed from the width of the 

energy window with allowance for a ±O.S time channel 

uncertainty in the width of the window. 
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d. Kinetic Energy Distributions for Individual States 

For a given kinetic energy window, a discontinuity 

in the H+ count vs. electron-energy graph signals the 

emergence of a new state if Am>O, where ~ is the change in 

the slope of the graph at the point of discontinuity. 

The H+ yield N of the new state can be written, for 

H+ kinetic energy window Ki' as 

where E is the electron impact energy, 

appearance potential for the new state. 

(4.12) 

and EK. is the 
l. 

The dependence on the quantity (E-EK')' known as the 
l. 

excess energy and, as discussed by Wigner 21 and wannier,22 

resu1 ts from the interaction of the escaping electron, 

which excited or ionized the atom or molecule, with the 

long-range Coulomb field of the ion or neutral atom or 

molecule. The excess energy has nothing to do with the 

"reaction zone" where molecular dissociations take place. 

This being the case, one can divide out the excess energy 

to obtain 

(4.13) 

The quantity nK' is the H+ yield per unit excess energy and 
]. 
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belonging to the 
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t"lhat is the relationship among the nK' 
l. 

same electronic state but different 

kinetic energy windows? Since it is a relationship 

determined only by the dissociation process (reaction 

zone), it is the kinetic energy distr ibution of the H+ 

fragments. This is why the change in slope ~ (divided by 

the width of the window for normalization) is plotted vs. 

the kinetic energy to obtain the kinetic energy 

distribution for an individual state, as illustrated in 

Fig. 4.1(e). 

Particular electronic states are found first by 

applying the characteristics 1), 2), or 3), stated in 

Section 3 of this chapter, then looking for simply shaped, 

complete, kinetic energy distr ibutions. One assumption 

that must be made in order to apply the ~ method of finding 

a kinetic energy distribution for an individual state is 

that, over the kinetic energy range (5-10 eV) that it takes 

to develop a state~s kinetic energy distribution through 

the FC region, the lower energy part of the distribution 

has not changed significantly. This assumption appears to 

be justified for the work on H2 done for this dissertation~ 

and since the kinetic energy distributions of protons from 

H20 and H2S do not appear to be severely distorted, it is 

probably justified for these molecules also, within the 

experimental uncertainties. 
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electron energy graph 

electron impact on H20. 

an example of an H+ count 

for 3.5 to 4.5 eV protons 
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CHAPTER 5 

RESULTS AND DISCUSSION 

a. Hydrogen 

Figure 5.1 shows the kinetic energy distributions of 

protons from electron impact on H2 at electron impact 

energies of 30 and 45 eV. These results show how the weight 

of the distribution at 30 eV shifts to higher proton 

kinetic energies at 45 eV electron energy. One uses these 

results to see if the individual state kinetic energy 

distributions to be discussed later can account for the 

total kinetic energy distribution~s weight shift. 

Figure 5.2 shows the KE vs. AP diagram for protons 

from electron impact on H2. The crosses are the 

experimental points taken from the points of slope 

discontinuity on the H+ count vs. electron energy plots, as 

discussed in Chapter 4, Section c. 

Boxes drawn around the points group them according 

to individual electronic states as can best be determined 

by the pattern of the points and the shapes of the kinetic 

energy distributions to be shown next. 

The two boxes labeled Q1 11::+ and Q1 lrru have shapes g 

consistent with those that would be produced by 

autoionizing states of H2 that dissociate. That is, the 
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points show both a vertical section and an upper connecting 

section of slope = 1/2. The box labeled 2nu is a portion of 

a state that is not completely resolved, but is believed to 

be a state that undergoes direct dissociative ionization. 

The measured properties of these states, as determined by 

the KE vs. AP graph, are summarized in Table 5.1. The lines 

marked A-A, B-B are guidelines of slope 1/2 with horizontal 

intercepts at lB.l and 2B.3 eVe The energies lB.l and 2B.3 
+ eV are the dissociation limits of H2 corresponding to 

separated H+ and H(lS), and H+ and H(2p}, respectively. 

Table 5.1. Properties of measured H2 states. 

Probable Threshold Dissociation Fragments 
state (ev) Limit (eV) 

01 11:+ 
g 24. S±l. 0 lB.O±l.O H+, H(lS) 

01 In u 30.5±1.O IB. O±l. 0 H+, H (15) 

2n u 36. S±l. 0 

The reason that the states have been given the 

and is that the measured 

properties are consistent with what is known about these 

previously investigated electronic states of H2 and 

The potential curves for these states are shown 

in Fig. 5.3. The designation 01 used wi th the first two 
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states signifies that these are excited states of the 

neutral molecule H2 , which autoionize to the ground 

molecular ion state ·of H2 (the X 2L; state). A designation 

of 02 would be used if the states autoionized to the 

repulsive 2L~ state of H;. 

The measured kinetic energy distributions of the 01 

11:+ and 01 1rru states are shown in Fig. 5.4. For comparison g 

with the measured data, calculations of these kinetic 

energy distr ibutions done by M. D. Burrows et a1. 9 are 

presented as solid curves in the same figure. The numbers 

30, 35, and 40 next to the curves are the assumed electron 

impact energies (in eV) used in the calculations. In spite 

of much difficulty in acquiring the experimental H2 data, 

the agreement between the measured and the calculated 

kinetic energy distr ibutions is quite good. The major 

experimental diffciulty with hydrogen was the close 

proximity in the TOF spectrum of the H+ and fast thermal 

+ H2 • This problem was considerably less with H20 and H2S 

because of the large mass and, therefore, slow velocity of 

the H20+ and H2S+ ions. 

Note that the kinetic energy distribution of the 01 

1rru state is peaked at about 5.5 eV, while the 01 1E; 
distribution peaks at zero kinetic energy. This explains 

the reason that the total kinetic energy distribution shown 

in Fig. 5.1 for 45 eV electron impact is peaked near 5 eV. 

The 01 lrru state is mainly responsible for this. 
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At this point, it will be useful to explain the use 

of Dunn's selection rules,2~ as they can be applied to this 

dissertation. Dunn's selection rules (summarized in the 

Appendix) are symmetry constraints on the final electronic 

state of a diatomic molecule following electron impact. As 

Dunn states, because the electron-molecule interaction is 

composed of scalar coulomb terms, any symmetries existing 

prior to electron impact must be preserved. In the 

exper iment of this dissertation, the detector is at 90 0 

with respect to the electron beam. Since the H2 molecule 

that undergoes dissociative ionization does so in a small 

fraction of a rotational period, the internuclear axis is 

perpendicular to the electron beam and aligned toward the 

detector. Threshold excitation, used in this dissertation, 

means that the post collision momentum of the exciting 

electron is nearly zero and the electron beam axis becomes 

a symmetry axis perpendicular to the internuclear axis. 

Under these conditions, the initial X lL+ ground state of H2 g 
+ can only go to Lg' JIu ' or 6.g, according to Dunn's rules. 

Higher angular momentum states are possible, but will not 

be considered here. 

Note that the experimental results of this 

dissertation on H2' namely that the 01 lL;, 01 lJIU ' and 2rru 

states of H2 were excited, are consistent with Dunn's 

rules. 
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For an experimental comparison with this 

dissertation, the KE vs. AP results of K. Kollmann 8 are 

presented in Fig. 5.5. His 90 0 data agree well with this 

dissertation for the QI lE+ and 2rru states, but the QI lrru g 

state seems to be represented only in the 55 0 data (the 

diamond marks). Also, Kollmann~s threshold arrows imply 

that the 90 0 data show two states at about 23.5 and 26 eVe 

The nearest state to a 26 eV threshold 16 in H2 is a Ql lE~, 

and its symmetry is inconsistent wi th Dunn~s selection 

rules. For this reason, this author believes that 

Kollmann ~ s data between 23.5 and 26 eV for 90 0 geometry 

1 + belong to only one state--the QI Eg • 

b. water 

Figure 5.6 shows the kinetic energy distributions of 

protons from electron impact on water at electron energies 

of 30 and 45 eVe One notices that between 30 and 45 eV the 

kinetic energy distribution is filled in with proton 

energies peaking between 3 and 4 eVe 

Upon looking at Fig. 5.7, which shows the KE vs. AP 

for H+ from H20, it becomes clear from the previous 

discussion for H2 that between electron impact energies of 

20 and 45 eV, two autoionizing states are dominant. 

One can notice that for state iI, the non-vertical 

portion of the KE vs. AP graph has a slope near unity, 

indicating a two-body final state: H+ and OH. For state 
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12, one notices that the non-vertical portion is closer to 

1/2 in slope, indicating a three-atom final state: H+, 0, 

and H. 

The parameters that have been measured from the KE 

vs. AP graph are summarized in Table 5.2. Tables 5.3 and 

5.4 show the properties of fragments and dissociation 

limits for H20. Supporting the contention that state 12 is 

a three-atom final state is the fact that the non-vertical 

portion of the KE vs. AP graph tends toward a horizontal 

intercept near the three-atom dissociation limit at 23.05 

eVe It could be argued that the dissociation limit is near 

22.70 eV, indicating electronically excited OH. Then, as 

the appearance potential goes up, almost 0.5 eV of every 

1 eV of electron impact energy would have to go into 

vibrationally exciting the OH molecule. Since the OH 

molecule would have to absorb almost 3 eV of excess energy 

into vibration within a potential well only about 2 eV 

deep, it is unlikely that this is a two-body dissociation. 

Table 5.2. Properties of measured H2O states. 

Name Threshold Dissociation Fragments 
(eV) limit (eV) 

1 24. S±1. 0 19. S±1. 0 H+ , OH (X 2JI) 

2 29.S±1.0 23. O±l. 0 H+, o (sp), H (15) 



Table 5.3. Properties of H20 fragments (units in eV). 

D(H-OH) = 5.11 

D(O-H) = 4.35 

E (02p", sp) = 0.00 

E (02p", ID) = 1.97 

E (02p.., IS) = 4.19 

E(OH(X 2IT» = 0.00 

E (OH (A 2 E+» = 4 • 0 

E(OH(B 2E+» = 8.5 

IP(O) = 13.62 

IP(OH) = 13.17 

IP(H) = 13.59 

E(OH+(X sE-» = 0.00 

E(OH+(a Ill» = 2.0 

E(OH+(A sIT» = 3.5 

E(OH+(b lE+» = 3.5 

D = Dissociation energy 
E = Energy relative to ground state 
IP = Ionization potential 
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Table 5.4. H20 dissociation limits. 

Final products Limit (eV) 

H+ , OH (X 2II) 18.70 

H+ , OH (A 2E+) 22.70 

H+ , OH (B 2E+) 27.20 

H+ , o (2p it sp) , H 23.05 

H+ , O( 2p it sp) , H 25.02 

H+ , o (2p it 1S) , H 27.24 

H+ , OH+(X s E-) 31.87 

H+ , o (2p it sp) , H+ 36.64 

H+ , o (2p it 1D ) , H+ 38.61 

H+ , O( 2p it 1S) , H+ 40.83 

H+ , OH (a 1l1) 33.87 

H+ , OH (A sIT) 35.37 
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The H+ kinetic energy distributions measured for the 

two states individually are shown in Fig. 5.8. The peak in 

the second state near 3 eV kinetic energy is consistent 

with the filling in of the total kinetic energy 

distribution mentioned in the first paragraph of this 

section. The solid curves on the kinetic energy plots are 

guidelines for the eye only, and no formal curve fitting 

has been made on the data. 

The potential curve for the first autoionizing state 

labeled #1 was estimated from the threshold and kinetic 

energy distribution and plotted on the graph of potential 

curves for asymmetrical dissociation,2s,26 as shown in Fig. 

5.9. The state is indicated by a dashed line through the 

Fr anck-Condon reg ion. The threshold gives the entrance 

energy to the Franck-Condon region, and the extent of 

kinetic energies gives the approximate slope. 

possibly autoionizes to the state A 2A, of H20+. 

State #1 

State #2 is plotted in Fig. 5.10 with a 

representation of potential curves for symmetrical 

dissociation, and is pointed out by the short arrow. This 

state autoionizes to a state whose dissociation limi t is 

H+, O(3p ), and H(lS). 

The results of Appell and Durup,ll and Ehrhardt and 

Kresling 10 are shown in Fig. 5.11. What they see as three 

possible states, this dissertation views as one 
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autoionizing state. Specifically, Appell and Durup~s line 

segments, 5, 4, and part of 3 are similar in form to H20 

state #1 of this dissertation. State #6 of Appell and 

Durup resembles state #2 of this dissertation, except that 

there is no sign of a vertical portion on the Appell and 

Durup plot and, also, their line segment~s slope is closer 

to unity than to this dissertation~s measured value of 1/2. 

c. Hydrogen Sulfide 

The kinetic energy distributions of protons from 

electron impact on H2S at the electron energies of 30 and 

44.5 eV are shown in Fig. 5.12. One notices, in 

particular, a sharp peak in the distribution at 44.5 eV 

electron impact near a kinetic energy of 4.5 eVe 

The KE vs. AP plot is shown in Fig. 5.13. Note that 

all three states have vertical portions characteristic of 

autoionizing states, but only the first state (#1) shows 

any sign of a non-vertical line segment. The state #3 was 

not well resolved, and so a kinetic energy distr ibution 

will not be presented for it. 

The measurements taken from the KE vs. AP plot are 

summarized in Table 5.5. It is very possible that the 

dissociation limit of state #1, 1B.0±1.0 eV, is the two

body limit of H2S at 16.9-17.7 eV(depending on the 

reference used) producing H+ and HS(X 2rr). Some reference 

data including dissociation limits are given in Table 5.6. 
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Although state #2 does not have a non-vertical portion from 

which to estimate a dissociation limit, it is possible that 

it is the analog of state #2 that was found for H20. 

Table 5.5. Properties of measured H2S states. 

Name Threshold Dissociation Fragments 
(eV) limit (eV) 

1 25. 5±1. 0 18. O±l. 0 H+ , HS (X 2n) 

2 32.0±1.O ? H+, ? 

3 42. O±l. 0 ? H+, ? 

The kinetic energy distributions for states 1 and 2 

are given in Fig. 5.14. As with H20, the solid curves are 

guides for the eye only. The sharply peaked nature of 

state #2 near a kinetic energy of 4 eV shows that it is 

probably the cause of the sharp peak in the total kinetic 

energy distribution mentioned in the first paragraph of 

this section. As with H2 and H20, the second autoionizing 

state has a kinetic energy distribution maximum at a 

kinetic energy greater than zero. Whether this is a 

coincidence or whether all three molecules have a common 

link such that the second autoionizing state has the 

greater probability to be peaked in such a way is undecided 

at this time. 



Table 5.6. Data on H2S (units in eV). 

IP (S) = 10.36 

IP(HS) = 10.50 

E (SH (X 2II» = 0.0 

E(SH(A 21:+» = 3.8 

D (H-HS) = 4.13,27 3.26 13 

D(H-S) = 3.58,27 3.8 12 

17.7, 16.9 

20.76 

IP = Ionization potential 
E = Energy relative to ground state 
D ~ Dissociation energy 
DL = Dissociation limit 
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CHAPTER 6 

CONCLUSIONS 

Autoionizing states that dissociate are the major 

contributors of protons from electron impact on H2' H20, 

and H2S, at least for the geometry specified in this 

experiment. 

By beg inning the investigation with hydrogen, one 

learns to recognize patterns on the KE vs. AP plot, which 

can be interpreted as originating from electronic states 

that undergo dissociative autoionization or direct 

dissociative ionization. Thresholds and dissociation 

limits can be measured. By checking the calculated kinetic 

energy distributions of protons from electron impact on H2 

with measurements made by the ~, or change-in-slope method 

described in this dissertation, one finds that it is 

possible to determine the proton kinetic energy 

distributions for individual electronic states. The method 

of plotting kinetic energy vs. appearance potential, 

coupled with the inspection of kinetic energy distributions 

from individual electronic states gives a powerful method 

of recognizing single states. 

For triatomic molecules, the KE vs. AP plot can 

enable one to distinguish between two-body final states and 
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three-atom final states after dissociative ionization. 

One surprise to this author was that between the 

electron impact energies of 20 and 45 eV, it was possible 

to interpret the H20 proton spectra in terms of only two 

autoionizing states. Why was the density of detected 

states that dissociatively ionize to produce protons so low 

for this experiment? The answer to ·this question will have 

to await more experimentation and theoretical work on 

autoionizing electronic states of molecules. 



APPENDIX 

DUNN'S SELECTION RULES 

Table I. Behavior of the transition probability between 
pairs of electronic states for homonuclear diatomic mol
ecules in collisions with electrons. Behavior for align
ment of the internuclear axis parallel to the symmetry 
axis Is Indicated to the right of the vertical line, behavior 
for perpendicular alignment to the left (for capture the 
symmetry axis Is along the Incident beam direction; for 
excitation and ionization, see the text). Crosses indicate 
a nonvanishing transition probablllty, open circles a van
ishing one. 

2: + 1: - 2: + 2: - n n ll. ll. 
g g II II g II g II 

I + xix 010 olx 010 010 xlo xlo 010 g 
2: - xix 010 olx 010 xlo xlo 010 g 
I + xix 010 xlo 010 010 xlo 

II 

I 
II 

xix xlo 010 010 xlo 
n xix 

g 
olx 010 xlo 

n 
II 

xix xlo 010 

ll. 
g xix olx 

ll. 
II 

xix 

Table II. Behavior of the transition probabUlty be
tween pairs of electronic states Cor heteronuclear dia
tomic molecules. Notation is the same as in Table I. 

1:+ 2:- n ll. 

I+ xix 010 xlo xlO 
2:- xix xlo xlO 
n xix xlo 
ll. xix 

The above tables, taken from Ref. 24, summarize 

Dunn's selection rules for electron-impact-induced 
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electronic transitions in diatomic molecules. 

70 

Since the 

data of this dissertation were obtained near threshold, the 

symmetry axis mentioned in the tables is the direction of 

the incident electron beam. In this dissertation, the 

internuclear axis of H2 is perpendicular to the symmetry 

axis. 
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