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ABSTRACT 

ELECTRON TRANSFER IN K(nd) COLLISIONS WITH 

ATTACHING MOLECULES AT LOW-TO-INTERMEDIATE n 

by 

ALEXANDER A. KALAMARIDES 

Negative ion formation via electron transfer in thermal energy 

collisions between K(nd) Rydberg atoms and simple polyatomic molecules 

is studied at low-to-intermediate values of principal quantum number, n 

(n < 40). At these values of n, the Rydberg electron can no longer be 

considered simply as a free electron of equivalent energy, because effects 

associated with the reduced size of the Rydberg atom and the proximity of 

the atom's charged core become important. 

We have observed and investigated several novel phenomena, 

associated with both dissociative and non-dissociative electron transfer. 

For example, marked n-dependences have been observed in the measured 

rate constants for free ion production by Rydberg electron attachment. 

These are due to the rapidly decreasing size of the Rydberg atom which 

results in atomic opacity, and to the increasing post-attachment electro

static attraction between the product positive and negative ions. 

In the case of dissociative Rydberg electron transfer to simple 

halogenated hydrocarbons, XY, 



K(nd) + XY ~ K+ + (XY-)* ~ K+ + x- + Y 

where XY is CF3I, CF2Br2, CF3Br, CH2Br2, CCl4, CFC13, or CHCl3, 

angular asymmetries were discovered in the velocity distributions of the 

product negative ions. Analysis of these data provides valuable insight into 

the translational energy release that accompanies dissociation of the 

transient intermediate molecular negative ions, and their lifetimes. 

Measurements of the spatial distributions of the product K+ ions provide 

additional information on the dissociative attachment process. 

A new reaction channel was discovered in the case of non

dissociative Rydberg electron transfer to CS2. This channel, which results 

in the formation of long-lived cs2- ions that undergo rapid electric-field

induced electron detachment in fields of only a few kilovolts per centimeter, 

is discussed together with a possible theoretical model of this surprising 

phenomenon. 
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CHAPTER I 

COLLISIONS INVOLVING RYDBERG ATOMS 

A. APPLICATION OF RYDBERG ATOMS TO COLLISIONAL 

STUDIES 

1 

A Rydberg atom is an atom whose outermost electron is excited to a 

level of high principal quantum number n. This definition distinguishes 

Rydberg atoms from planetary atoms in which more than one electron is 

excited 1. The excited electron is differentiated from the rest of the 

electrons and so the atom can be viewed as essentially an excited electron 

in orbit about a much smaller singly-charged atomic core. 

This relatively simple model has several important consequences : 

a. The properties of Rydberg atoms of different elements do not 

depend so much on the nature of the core ion as they do on the quantum 

number of the excited state. In other words, Rydberg atoms of different 

elements with comparable quantum numbers have similar properties. 

b. The Correspondence Principle, in the limit of high quantum 

numbers n and I, allows classical treatment of the atom ; therefore, 

approximate scaling laws can be obtained in simple fashion for all atomic 

properties. 

c. The large size of Rydberg atoms results in a number of interesting 

properties. The atomic system is very sensitive to external perturbations. 

The atom can easily lose the Rydberg electron in collisions because of its 

small ionization energy (Eion oc n-2). Its energy levels can be readily shifted 

by de-electric fields (~E oc F·n2) as well as by magnetic fields, due to both 
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the familiar Zeeman effect (~E oc B·lll_j) but also, very significantly, due to 

the diamagnetic interaction (LlE oc B2·n4). Finally, the high density of states 

in a given energy interval ( oc n3) together with the proximity of the 

continuum of states above the ionization limit ensure that ac

electromagnetic fields such as, for example, room temperature black-body 

radiation can drive transitions to other states very efficiently. 

d. The Rydberg core and electron behave as essentially independent 

particles in reactions with other collisional partners. The atomic core and 

electron are relatively far from each other since their average distance 

increases as n2. This leads to electronic orbital periods scaling as n3 in an 

inverse-square-law force field. In many collisional processes the range of 

the interaction is much smaller than the above parameters, and so a 

reaction tends to occur with either the core or the Rydberg electron 

separately, but not with both at the same time. 

These distinct characteristics of Rydberg atoms make them ideal 

candidates for a wide variety of novel types of collisional studies. The 

possible collisional partners can be classified as : 

1. Charged particles. 

2. Other excited atoms. 

3. Clusters and surfaces. 

4. Atoms and molecules in their ground electronic states. 

1. Collisions with Charged Particles. 

Collisions between Rydberg atoms and electrons or ions are of 

great astrophysical importance 2. A great variety of Rydberg states is 

populated in astrophysical or laboratory plasmas as a result of radiative 

electron-ion recombination: 
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R+ + e- ~ R(n,l) + hv (I.l) 

as well as through dielectronic recombination 3 : 

Rq+ + e- ~ (R(q-1)+)'"* ~ (R(q-1)+)* + hv (1.2) 

in which the resonant radiationless capture of an electron by an ion to a 

doubly excited ionic or atomic (for q = 1) state is followed by radiative 

stabilization of that state. Although the cross sections characteristic of such 

processes are rather modest, typically lying in the Io-18 cm2 regime, the 

Rydberg atoms thus p~oduced can greatly influence the plasma through 

subsequent collisions with either singly or multiply charged ions, or with 

electrons. Laboratory studies involving merged beams have provided cross 

sections for charge transfer reactions of the form : 

R(n) + Aq+ ~ R+ + A(q+l)+ + 2e- (1.3) 

R(n) + Aq+ ~ R+ + A(q-l)+(n') (1.4) 

for collision energies ranging from 0.2 eV to kiloelectron volts 4-6. Such 

studies have used Rydberg states populated through charge exchange 

reactions between R+ ions in a fast beam and rare gases, which result in an 

n-3 dependence in the Rydberg atom population distribution. These cross 

sections, which are in the Io-9 to Io-11 cm2 range, agree well, especially at 

the higher energies, with theoretical calculations based on the Born and 

classical approximatons. 

Rydberg atoms can be produced m a distribution of n-states by 

electron impact excitation 7 : 

(1.5) 

In collisions of Rydberg atoms with thermal electrons 8, non-reactive 

processes such as state-changing : 

R(n,l) + e- ~ R(n',l') + e- (1.6) 

can occur with large cross sections, equal to those for charge transfer 
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reactions. 

2. Collisions with Other Excited Atoms. 

Rydberg atom collisions with other excited species have not been 

widely studied, primarily because of the difficulties inherent in 

characterising the reacting states. This is due to the high efficiency of 

collisional state-mixing and cascade radiative de-excitation, which lead to 

population of a wide and time-dependent variety of different excited states. 

Nevertheless, several unusual ionization processes have been shown to 

occur in this type of collision at thermal energies. 

These include Atomic Penning Ionization: 

R(n,l) + A* ~ R + A+ + e- (1.7) 

and Associative Penning Ionization: 

R(n,l) + A* ~ RA+ + e- (I.8) 

which have been studied using alkali Rydberg atoms laser-excited to 

specific (n,l) states with n of order 10, and metastable or radiatively excited 

atoms such as He(2s 1•3S) 9, He(31P) 10, NeeP) 11, and Rb(5p 2P312) 12. 

Such excited atoms have sizeable internal energies, ranging from 4 to 20 eV. 

Atomic Penning Ionization tends to be an efficient process with cross 

sections in the 1 o-16 cm2 (9) to 1 o-13 cm2 <12) range, whereas Associative 

Penning Ionization is much less efficient 12, and so tends to be 

masked by the process of Associative Hornbeek-Molnar Ionization: 

R(n,l) + A ~ RA+ + e- (I.9) 

whenever this process is energetically possible. It differs from Associative 

Penning Ionization in the following two respects: 

a. The electron has to carry away a substantially smaller amount of 

energy in order to stabilize the Associative Ion, because A is now in its 
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ground state. 

b. Charge exchange is unimportant, and so the ejected electron is 

invariably the Rydberg electron. 

Current research in this field is primarily aimed at the elucidation of 

the contributions of direct versus exchange mechanisms to the above 

reactions. Future research could lead to the study of unique effects having 

to do with collisions of two identically excited Rydberg atoms such as, 

possibly, dependencies of associative ionization rates on the polarization 

properties of the exciting light, an effect already observed for Na(3p) 

atoms 13. 

3. Collisions with Clusters and Surfaces. 

Unlike the types of collisions so far described, the Rydberg electron 

plays a central role in thermal collisions of Rydberg atoms with clusters and 

surfaces, either through the process of attachment to a cluster or by 

tunneling into a surface. The key point here is that even species of atoms or 

molecules which cannot bind an electron to themselves because, for 

example, of a negative electron affinity 14, are increasingly able to do so if 

the electron is to be "shared" among many of them in a tight structure. A 

case in point is that of the water molecule, which does not support any 

bound negative ion states 15 . The EA of the water dimer, (H20h, is 
estimated to be about +10 meV, so that a bound negative ion state is 

possible. With increasing cluster size the EA tends to increase, although in 

an irregular fashion whose details are not well known, and it approaches a 

value of about 1.5 e V in the limit of infmite cluster size 15. 

Rydberg electron attachment to clusters is thus being increasingly 

used as a tool to probe the binding forces in clusters, as well as to detect 
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them 16. Additionally, the narrow range of atom- smface separations 

( .... ( 4 -5)-n2·ao) for which Rydberg electron tunneling to a metallic surface 

occurs 17, as well as the relative sensitivity of the process to local electric 

fields present near a surface 18 make Rydberg atoms suitable candidates for 

the investigation of various surface properties. 

B. THERMAL COLLISIONS BETWEEN RYDBERG ATOMS AND 

MOLECULES 

The study of this type of collision has been a fruitful area of research, 

ever since the availability of tunable dye lasers, which can be used in the 

state-selective preparation of Rydberg atoms, dramatically opened up this 

field of study about fifteen years ago. The focus of the present work is on 

molecules, although reference to atoms will be made whenever appropriate. 

1. Non-Reactive Processes. 

a. N-Changing and Collisional Ionization. 

Under the title "non-reactive processes" are included all the elastic 

and inelastic collisions that do not chemically alter the colliding molecule, 

although inelastic collisions result in changes in its rotational and vibrational 

energy. N-changing and collisional ionization are two such processes : 

R(n,l) + XY(a) -7 R(n',l') + XY(a') (1.10) 

R(n,l) + XY(a) -7 R+ + XY(a") + e- (1.11) 

XY refers to either a diatomic or a polyatomic molecule in its electronic 

ground state, whose rovibrational state is collectively denoted by a before 

the collision and by a' or a" after it. In these processes, the relatively high 
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energy density of Rydberg states coupled with the large size of the Rydberg 

atom makes it possible for inelastic collisions to occur, in which the change 

in translational kinetic energy of the collisional partners is insignificant 

compared to the change in the binding energy of the Rydberg electron, 

which in itself is often small compared to the ground state ionization 

potential of the atom. This leads to the interesting possibility of resonant 

internal energy transfer between the Rydberg atom and the molecule. The 

resonant interchange of rotational energy has been observed in collisions 

with various polar molecules, notably HF 19. The equally intriguing 

possibility of vibrational resonant energy transfer has also been 

investigated, although not in great detail, by Gallagher et al. 10~,104, who 

used CH4 and CD4• 

b. L-Changing. 

In addition to the clearly inelastic processes leadington-changing or 

collisional ionization of Rydberg atoms, quasi-elastic collisions resulting in 

population of states that are close in energy to the one initially accessed (the 

so-called "parent" state) can also occur. In these collisions the azimuthal 

quantum number, I, of the Rydberg atom changes, probably in a statistically 

random fashion, so the reaction is schematically written as : 

R(n,l) + XY ~ R(n,l') + XY (1.13) 

where n refers to the effective principal quantum number of the Rydberg 

atom, i.e. the one which is used in the calculation of the binding energy of the 

Rydberg state, after effects having to do with the non-hydrogenic nature 

of the Rydberg atom core are accounted for by use of Quantum Defect 

Theory lOS. According to 1.13, !-changing collisions are characterized by 

rather small energy changes in the electronic energy of the Rydberg atom 
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that are typically associated with transfer of translational energy in the 

electron - target interaction. 

L-changing has been the focus of both experimental and theoretical 

attention 19, 21 , so only some important insights will be presented here. 

Firstly, the origin of a finite energy difference between different !-states, 

which is equivalent to the removal of the energy degeneracy :with respect to 

I present in the hydrogen atom, lies in the finite size and polarizability of the 

positively charged ionic core of all Rydberg atoms other than hydrogen. 

The resulting energy level and electronic wavefunction modifications, 

which are described by Quantum Defect Theory, lead to energy shifts that 

are typically of order qf 1 cm-1 for the alkalis at n = 40 for low I states. The 

cross sections for !-changing depend strongly on the energy difference 

between a level and its nearest neighbors : both experiment and theory 

show !-changing cross sections to decrease when this shift becomes 

greater than a few inverse centimeters. Finally, the cross sections for !

changing are much greater for polar than for non-polar molecules, probably 

because of the longer range of the interaction with a Rydberg electron in the 

first case. 

Despite the substantial progress, a complete physical picture of !

changing has yet to emerge. For example, it is still not clear whether 

collisions involving the core ion are an important source of !-changing. 

Experiments designed to elucidate this question will be outlined in 

Chapter IT. 

2. Reactive Processes. 

The approximate representation of a Rydberg atom as a system of 

two distinct charged particles enables reactive processes with molecules to 
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be neatly arranged into two groups: reactions predominantly with the 

positively charged atomic core, usually referred to as "Associative 

Ionization Reactions" (more generally, ion-molecule reactions), and 

reactions predominantly involving the Rydberg electron, usually termed 

"Electron Transfer Reactions". 

The possibility for such clear-cut distinctions is a result of the short 

range of the interaction between a charged particle and a neutral molecule 

as compared to the range of the Coulomb potential characterising the 

interaction between two charged particles ( oc r- 1) : depending on whether 

the molecule possesses a permanent dipole moment in addition to its 

induced dipole moment or not, the leading term in the potential energy 

expansion for its interaction with a charged particle is proportional to r- 2 

and r-4 respectively 22. Therefore, the range of distances over which the 

magnitude of the potential energy of interaction between a molecule and 

either the Rydberg electron or the core is greater than the binding energy of 

the Rydberg atom, is much smaller than the average distance of the 

Rydberg electron from the atomic core. Consequently the molecule will 

interact with either one or the other but typically not with both at the same 

time. 

Since the interaction potential is attractive at relatively short 

distances regardless of the sign of the charge of the atomic partner, the 

reactions are, at first sight, very similar: either the positive core or the 

electron "sticks" to the molecule, according to the schemes, 

R(n,l) + XaYa ~ <RXaYa+)* + e- (1.13) 

for Associative Ionization and : 

R(n,l) + XbYb ~ (Xbyb-)* + R+ 

for Electron Transfer. 

(1.14) 
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Obviously for the formation of the positive and negative molecular 

ions in the above reactions to occur at all, the molecules X a Y a and Xb Y b 

must have electronic structures such that the respective addition of an 

atomic positive ion or an electron to them is energetically favored. In other 

words, the ground state energy of RXa Y a+ must be less than that of the 

system {R+ + Xa Y al at rest an infinite distance apart, and similarly for 

xbyb- versus {XbYb+ e-}. This requirement is satisfied in the latter case 

by molecules Xb Y b possessing positive Electron Affinities, whereas the 

requirement for Associative Ionization is approximately satisfied by 

molecules, Xa Y a• with positive Proton Affmities. 

The immediate consequence is that RXa Y a+ and Xb Y b- are not 

formed in their ground states (hence the asterisks in reactions 1.13 and 1.14) 

but, rather, in excited states lying, for thermal or low energy electron 

collisions, typically 0- 0.1 eV above the dissociation limit. Therefore, unless 

a stabilizing mechanism removes some of this excess internal energy, or 

efficient internal redistribution of energy occurs, these molecular ions will 

fall apart within times comparable to those required for their formation, i.e. 

less than or of order of a picosecond. Here the similarity between 

Associative Ionization and Electron Transfer ends. 

a. Associative Ionization. 

Molecular Proton Affinities tend to be quite large, typically ;::: 4 e V 23. 

This implies that the excess energies in Associative Ionization reactions are 

considerable, possibly of the order of several electron volts. By far the most 

effective stabilization mechanism for such reactions, in the absence of 

stabilizing collisions with other molecules, is transfer of kinetic energy to the 

Rydberg electron. However, this mechanism will only work if the Rydberg 
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electron probability density in the vicinity of the core ion is non zero. 

Consequently, the process is most efficient for Rydberg atoms with 

"intermediate" principal quantum numbers, i.e . .., 10 ~ n ~.., 20 :for higher 

Rydberg states the electron tends to be too far removed to be effective 

since its spatial probability density falls off roughly as n-6 ; for low Rydberg 

states, however, the Rydberg electron is strongly bound inhibiting 

associative ionization. Experimental studies have shown that even under 

the most favorable conditions Rydberg electron stabilization of associative 

ions is rather inefficient, never amounting to a stabilization of more than a 

few percent of the ions initially formed 24. Correspondingly, estimated 

Associative Ionization cross sections are small (lo-18 to 10-15 cm2 ), even 

for polyatomic polar molecules. 

Stabilization may also occur through dissociation: R+ forms a strong 

bond with part of the molecule, and the excess energy is accommodated as 

kinetic energy in subsequent dissociation : 

R(n,l) + XY ~ (RXY+)* + e-~ RX+ + Y + e- (1.15) 

Such processes have not been studied experimentally yet, because to date 

Associative Ionization studies have been carried out by using alkali Rydberg 

atoms. For these atoms, the ionic core, R+, has a closed-shell electronic 

structure, and so it does not react with molecules electronically. This 

Dissociative-Associative Ionization therefore remains an interesting 

candidate for future studies employing either rare gas or alkaline earth 

Rydberg atoms. 

b. Electron Transfer. 

Molecular Electron Affinities tend to be rather small, usually less than 

3 e V 25 , and stabilization can occur through several mechanisms : 
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i. Dissociation : 

(1.16) 

For most low energy reactions, this process is favored energetically by 

those molecules, XY, whose EA is greater than the difference between the 

EA of the atom and the appropriate bond dissociation energy (Do) of the 

molecule: 

EA(XY) ~ EA(X) - D0(X - Y) ( ~ 0 ) 

or, equivalently : 

(!.17) 

(!.18) 

because then the excess energy that needs to be accommodated is reduced 

by an amount equal to D0(x-- Y). Lifetimes against dissociation depend on 

the efficiency with which this excess energy is redistributed among the 

vibrational modes of the molecular negative ion, as well as on the orbital 

configuration of its excited electronic states. They can be anywhere from 

less than one to thousands of molecular vibrational periods. The 

energetics of dissociation will be treated in more detail in Chapter ill. 

ii. Electron Autodetachment : 

(XY-)* ~ XY + e- (!.19) 

Inclusion of this process among the de-excitation I stabilization mechanisms 

for excited negative ions reflects the fact that often the electron does not 

simply tunnel out of the centrifugal potential barrier that initially bound it 

temporarily to the molecule. Instead, for molecules of positive EA, some of 

the excess energy may be disposed of either by exciting one of the 

electrons of the target molecule (core-excited resonance) or by molecular 

vibrational excitation (nuclear-excited Feshbach resonance). Either type 

of excitation results in the formation of a metastable molecular negative ion. 

Such species display an enormous range of lifetimes against 
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autodetachment. In many cases their lifetimes can be as long as 

milliseconds 26. 

iii. Rydberg Core Stabilization : 

(XY-)* g:; XY- (1.20) 

This mechanism is completely analogous to Rydberg electron stabilization 

of an associative ion, although it is not as prevalent. It has been observed 

with Rydberg atoms at low-to-intermediate n 27•28, invariably with specific 

molecules (02, CS2) which do not form long-lived intermediate negative 

ions by direct low-energy free electron attachment. There exists some 

speculation that the effect of Rydberg core stabilization may be masked by 

other interactions to be discussed in Chapters ill and IV. Nevertheless, the 

"signature" of this process, i.e. the detection of a negative ion signal at low

to-intermediate n, has been observed. However, extreme care has to 

always be exercised in making such an assignment, so as to distinguish core 

stabilization from cases in which the relative efficiency for attachment of an 

equivalent free electron also increases at the corresponding electron 

energies. Such is, for example, the case of c-C7F14 
29•30. 
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CHAPTER II 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

A. DESCRIPTION OF THE APPARATUS 

The fragility of Rydberg atoms with respect to collisions dictates 

that the experiments be carried in an environment such that each individual 

collision event between a Rydberg atom and a molecule can be isolated 

and studied separately. This is achieved by satisfying the following 

requirements: 

i. At any given time, at most one Rydberg atom is available for 

collision with a molecule. 

ii. The probability that collisions with other particles will change the 

character of the Rydberg atom before it undergoes the collisional process 

under study is either small or fully accounted for. 

iii. The probability that a collisional product undergoes further 

collisions that may alter it prior to detection is small. 

The apparatus is shown schematically in Figure l/.1. Potassium 

atoms in a collimated beam are excited to a selected nd state by two-photon 

excitation using a cw Rh6G single-mode ring dye laser, the output of which 

is converted to a train of pulses of duration of a few microseconds each with 

a pulse repetition frequency of the order of 10kHz. The Rydberg atoms are 

created (typically) in zero electric field and in the presence of target gas, 

near the center of an interaction region defined by two planar fine-mesh 

electroformed grids. After allowing collisions to occur for a selected time 

interval of a few microseconds, a voltage pulse is applied to one of the grids 
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of the interaction region, thus either ionizing the remaining Rydberg atoms 

or removing the collisionally produced charged particles that are present in 

the interaction region. After further acceleration in the Time-Of-Flight 

(TOF) Mass Spectrometers above or below the interaction region, the 

charged particles are detected by either a Johnston™ MM-1 electron 

multiplier or a Position Sensitive Detector (PSD). 

1. Atomic Beam. 

The choice of alkali Rydberg atoms for the study of electron transfer 

reactions is underscored by the fact that the closed-shell electronic 

structure of the positive Rydberg atom core, R+, prevents it from chemically 
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reacting with the molecule under study in ways that might compete 

quantitatively with the electron transfer reaction. The particular choice of 

potassium is dictated by the wavelengths available from the existing Rh6G 

tunable dye laser system. 

Potassium vapor is produced by heating a small quantity of metallic 

potassium (less than 2 grams) inside a stainless steel oven contained in a 

vacuum chamber. The oven is maintained at a temperature T:::::: 573 Kelvin, 

as measured by a thermocouple attached to its wall. The gas number 

density, n, of potassium vapor inside the oven, as obtained by using the 

simple expression: 

n(cm- 3) = 
9.656·10 18·P(Torr) 

T(Kelvin) (11.1) 

and a vapor pressure, P, of potassium equal to 0.2 Torr 32, is estimated to be 

n:::::: 3x1015 cm-3. 

One problem with the alkali beam source is that it also contains 

dimers that can produce spurious signals. This problem can be alleviated by 

operating the oven at conditions which minimize the dimer concentration. 

By comparing the relative vapor pressures of potassium atoms versus dimer 

molecules at the oven operating temperature, the relative number density of 

K2 with respect to K is less than 0.004 31•32. Therefore, the vapor inside the 

oven consists almost entirely of potassium atoms. 

Since the mean atomic radius of the potassium atom is equal to r= 

0.277 nm, its geometric collisional cross section will be : 

0' = 47tr2 = 9.6·10-15 cm2 (11.2) 

and so the mean free path of the atoms inside the oven is : 

A, -
0

·
707 = 0.025 em 

MFP - n(cm- 3)a(cm2) 
(11.3) 

The oven has a small circular exit hole (the so-called "oven nose") of 
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diameter D = 0.06 em. The oven nose is maintained at a somewhat higher 

temperature (between 10 and 30 Kelvin higher) than the oven body, so as to 

prevent clogging of the hole by the condensation of potassium on its inside 

surface. Since the condition for hydrodynamic flow : AMFP << D is not 

satisfied, potassium vapor escapes essentially effusively. 

As a consequence of the effusive flow, potassium atoms exit the hole 

in all possible directions with a relative statistical weight proportional to 

cose (9 = 0 corresponds to the direction perpendicular to the oven wall 

containing the exit hole). A collimating rectangular aperture placed in front 

of the oven hole allows only particles with e < 1 o to pass through. In this 

way, a collimated beam of potassium vapor is obtained. This beam is 

intersected perpendicularly by the laser beam at a distance of 14.3 em from 

the oven nose. At that distance, the atomic beam's rectangular cross 

section is approximately equal to (5.4 x 3.6) mm2, and its number density is 

uniform, and roughly equal to 4x108 cm-3, as determined both by simple 

theoretical calculations, as well as by extrapolation of indirect 

measurements using a hot wire detector 31 . 

2. Vacuum System. 

The vacuum system consists of two stainless steel, inter-connected, 

differentially pumped vacuum chambers, one containing the alkali oven, and 

the other containing the interaction region as well as the remaining elements 

of the apparatus. The oven chamber is pumped by one four-inch diffusion 

pump, resulting in a background pressure of 5 ·1 o-7 Torr ; the interaction 

chamber is pumped by two six-inch diffusion pumps, and its background gas 

pressure is typically about 1·1 o-7 Torr, obtained without baking the 
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apparatus. The predominant background gas, as identified by a Quadrupole 

Mass Analyzer, is water. 

Typical distances covered by the charged particles after a Rydberg 

atom collision with a molecule and prior to detection are of order of 20 em. 

Geometric collisional scattering cross sections with background molecules 

tend to be higher than cross sections for ion neutralization or other reactions 

with the same molecules at energies of a few keV or less 34. Therefore, by 

requiring a mean free p~th ten times as long (less than 10% scattering) and 

adopting a geometric upper limit of cr = 1·10-14 cm2 for collisions with any 

of the molecules studied in this work we find, by virtue of Eqn. ll.3, that the 

upper limit in the gas number density is : Pmax = 3.5 ·1 011 em -3. For target 

and background molecules in a vacuum chamber at room temperature, the 

corresponding highest acceptable pressure is 1·10-5 Torr. 

The gas pressure in the two vacuum chambers is measured by 

Ionization Gauges calibrated against capacitance manometers 31. 

3. Laser System. 

The laser system consists of a cw Coherent™ 699 ring dye laser, 

pumped by a Coherent-Innova 20-UV argon ion laser. The output 

wavelength of the dye laser is continuously tunable within the limits of the 

gain curve of the dye Rhodamine 6G employed, that is roughly between 565 

and 615 nm. A maximum laser output power of 1.2 Watts is attained at 580 

nm, when the laser is pumped by 10 W of the /.., =514.5 nm green line of the 

argon ion laser. The output of the dye laser is linearly polarized and is 

actively stabilized. 

Active frequency stabilization of the dye laser is achieved with the 

help of an external reference interferometer. Although its instantaneous 
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linewidth is only 250kHz, the long-term frequency drift is -50 MHz/hr. This 

drift is comparable to the effective excitation linewidth of the atomic 

Rydberg states. A birefringent filter provides coarse tuning, and finer tuning 

(by 215 GHz or 10 GHz intervals) is accomplished by changing the modes 

of two etalons. Continuous tuning (manually or automatically over a preset 

range ::; 30.00 GHz) is possible by changing the length of the laser cavity 

with a Brewster plate. 

The laser beam power is measured either with a pyroelectric 

detector or with a standard calorimetric thermocouple power meter. Its 

absolute wavelength in vacuo is measured by a Fizeau wedge type 

wavemeter 33, which has an accuracy better than one part in 106. 

Finally, to achieve time and space localization in the Rydberg atom 

production along the potassium beam, the dye laser output is modulated by 

use of an electro-optic modulator (fast Pockels' cell) to form a train of light 

pulses whose length can be adjusted between 0.5 and several 

microseconds, with a repetition rate anywhere from 1 to 50 kHz. 

4. Rydberg Atom Excitation. 

The perpendicular intersection of the potassium beam by the laser 

beam pulses just described occurs at the center of the interaction region. 

The laser beam, upon entering the vacuum chamber, has a beam diameter 

s :::::: 2 mm. With a lens it can be focused onto the alkali beam , so that the 

corresponding minimum beam diameter becomes s :::: 10 J.liil. The confocal 

parameter, b, i.e the length along the laser beam for which beam focusing is 

tight, is comparable to the width, w, of the potassium beam encountered. 

Appropriate tuning of the dye laser results in the selective two-photon 

excitation (via a virtual intermediate state) of specific s or d Rydberg states 
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of potassium, with principal quantum numbers n ranging from 7 to over 100. 

The lower limit in n is dictated by the upper wavelength limit of the dye gain 

curve of the laser (-615 nm). The upper n-limit is due to the decrease in the 

Rydberg excitation cross section, which falls off roughly as n -3. It is also 

due to the fact that residual electric fields (=:; 50 m V /em) present in the 

interaction region begin to appreciably perturb the excited Rydberg atoms 

as n is icreased above n = 100. 

The effective -80 MHz excitation linewidth of the Rydberg states, 

which is primarily due to Fourier broadening (due to the extremely short 

time the atoms take to traverse the laser focal spot), and to Doppler 

broadening (due to the spread of transverse velocities of the potassium 

thermal beam), combined with the comparable frequency drift and jitter of 

the laser, allows selective Rydberg state excitation, distinguishing between 

s and d states, up to n ::::: 150. One-photon excitation, through which only p

states are populated brings this upper limit for state-selectivity to n ::::: 400. 

The Rydberg Atom Production Rate, R, i.e. the number of atoms in 

the potassium beam undergoing a given laser-induced transition per second, 

is given by: 

R = R'·P (11.4) 

where R' is the number of atoms illuminated by the laser beam per second, 

and P is the probability that an individual atom will undergo the 

phototransition during the time it is illuminated. 

Then: 

R' = 
~t 

n· s·w·v·T (11.5) 

where n is the number density of the potassium beam, v is the average 

speed of the potassium atoms, ~t is the laser pulse duration, and T is the 
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repetition period. For simplicity, we set llt/T = 1 (an unmodulated laser 

beam). In Expression U.S above, s refers to min{s,H} and w to min{w,b}. 

These parameters are explained in Figure 1/.2, s being the Gaussian beam 

waist. 

Moreover: 

P = 1 - exp{ -t0R0 } (ll.6) 

where t0 is the average time of illumination for one atom, and R0 is the rate 

of transition, again for one atom. One has : 
1tS 

to = 4 v (ll.7) 

and, below saturation : 

or: 

R I - crrii 
0 - hvi 

for a one-photon transition 

for a two-photon transition 

(ll.8) 

(ll.9) 

are the individual photon energies (vi= 2v 11), and 

(ll.10) 
Ps 

I = 
1t 2 -s 4 

is the laser intensity, where P s is the laser power at that wavelength in 

Watts. 

Therefore : 

for a one-photon transition (ll.ll) 

or: 

II 4 crn ( P sll )2 
taRo = ::-:-3 

1t v·s hvn 
for a two-photon transition (II.12) 

Numerically in these experiments, the condition t0R0 << 1 is always 

satisfied, so that P = t0R0. In that case : 
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(II.13) 

and: 

(!1.14) 

Direct comparison between the two last expressions shows that both laser 

power and adequate beam focusing (s << H, b ~ w) are essential for two

photon Rydberg excitation. 

The calculation .Process can be carried one step further. By 

assuming, in accordance with experimental observations, that the laser 

frequency drift and jitter is comparable in magnitude to the broadened 

linewidth of the Rydberg states, we obtain in :MKSA units : 
h f cr1 ::::::: a·- -- (!1.15) 
m 'Ytot 

where a is the fine structure constant, m (::::::: me) is the reduced mass of the 

atom (core+ electron), 'Ytot is the linewidth of the Rydberg state (we use in 

the one-photon case : 'Ytot = 2n·50 MHz, mostly due to transverse Doppler 

broadening as explained earlier) and, for the one-photon transition : 

f = ~ (!1.16) n*.) 

is the oscillator strength for highly excited states of principal quantum 

number n, n = n* + o1 , where o1 is the quantum defect of the excited state. 

As for ko , it is essentially a constant, whose value depends on the atomic 

species excited. For potassium, its value has been determined 

experimentally 35 with a fair amount of confidence 36 to be about : k0 = 

1.3·10-3. In this way, cr 1 ::::::: 2·1o- 13 ·n*-3 cm2, and by making use of 

expression II.13, one can calculate one-photon transition rates that are in 

agreement with preliminary experimental observations 37. 

In a similar fashion, two-photon transition oscillator strengths, 
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estimated, for example, in the way presented on Ref. 106, can be used to 

obtain crrr 106, and thus compare with an experimentally obtained R11. Two

photon Rydberg atom production rates in these experiments are such that 

the probability that a Rydberg atom is created during any excitation 

pulse is smaller than ....Q.05. 

Potassium Beam 

Figure II.2 : Parameters important in calculating Rydberg excitation rates. 

5. Time-Of-Flight Mass Spectrometers. 

v 

• 

Ions or electrons originating from collisional or other ionization 

processes in the center of the interaction region are electrically expelled 

from it by application of a positive or negative voltage pulse on the top or 

bottom grid of the interaction region. Depending on their charges, each 

particle then moves to either the top or the bottom TOF Mass Spectrometer 

(Figure l/.3 ). In either case, the particles encounter first a region in which 

they are further accelerated within a relatively short distance. Next, they 
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Figure II.3 : Side view of the apparatus. 
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enter a longer field-free drift region, through which the flight time 

differences for particles of different masses are substantially increased. 

Finally, immediately prior to detection they are accelerated or decelerated 

in such a way as to impact the detector with the energy at which they will 

be detected with optimal efficiency. 

To reduce electric field inter-penetration among the various regions 

of the Mass Spectrometers shown in Figure 1!.3, they are all separated 

from each other by very fine (70 line per inch) stretched copper-mesh 

grids. 

6. Particle Detector. 

The Johnston multiplier (or MM-1) used in the present work can 

detect electrons, ions, UV photons, X rays, and energetic neutral atoms 

and molecules, and is a focused-mesh 20-stage secondary electron multi

plier 31 •38. Each multiplication stage, or dynode, consists of hundreds of 

raised electron-emissive copper-beryllium surfaces (Figure I/.4), and holes 

for electron passage. These dynodes are stacked so that the raised 

surfaces of one dynode are aligned with the holes in the dynode above it. 

Electrostatic focusing ensures efficient transmission of secondary electrons 

from dynode to dynode. The dynode chain is biased by a chain of 1 MQ 

resistors. The corresponding electron gain of the multiplier is typically 

between 1 o6 and 1 o8' as the potential difference between the first and last 

dynode ranges from 3500 to 5000 Volts. As for the secondary electron yield 

of a charged particle hitting the surface of the multiplier, it seems to increase 

almost linearly with ionic velocity, although it depends strongly on the 

condition of the surface of the multiplier which, even under continuous 

vacuum operation, needs to be specially reactiveted every few months. 
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Figure II.4 : Schematic side view of a focused-mesh multiplier (detail). The distance 

between dynode levels is approximately 1 mm. 

The active surlace of the multiplier is a disk of diameter equal to 3.0 em. For 

a newly reactivated surface, and for a multiplier operating under optimal 

voltages for detection of a specific type of charged particles, the detection 

efficiency is reported to be uniform to within 5 % and close to unity 

throughout the active surlace area of the multiplier 38. 

The output electron pulses from the multiplier are amplified by a 

LeCroy MVLlOOTB pulse discriminator. It is a monolithic amplifier 

outputting standard NIM pulses which can be recorded on the computer 

after digitization by a Time-to-Digital Converter (TDC). The computer is a 

Motorola™ VME131XT equipped with a 32-bit microprocessor. 

The time resolution of the whole system is very high, as is shown on 

Figure 11.5. All four peaks on that Figure correspond to the detection of 

SF 6- ions created by the electron transfer reaction : 



27 

(II.l7) 

and detected by the Johnston multiplier after a flight time of --4.8 Jl.S through 

the bottom TOF Mass Spectrometer. 

Secondary electron emission by energetic (in this case, 500e V) 

SF6- ions impacting the multiplier can result from three processes : 

a. The ions may hit the mesh plate (which is, in actuality, substantially 

thicker than suggested by Figure II.4; this mesh is known as "suppressor 

grid"), thus sometimes emitting secondary electrons. Although the 

suppressor grid and first dynode are usually at the same voltage, electric 

field penetration effects accelerate the electrons toward the multiplier 

where they impact the dynodes, and so create electron cascade output 

pulses. This is the origin of peak A. 

b. Many ions impact directly on the first dynode, giving rise to 

peak B. 

c. As is apparent from Figure II.3, the arrangement of the dynode 

plates resembles a chessboard. In such a configuration, almost as many 

ions as the number that hit the first dynode will actually miss it. These ions 

impact directly on the second dynode, giving rise to peak C. 

The time intervals between the three peaks are consistent with the 

corresponding differences in the flight times of SF6- ions to the three 

surfaces. The (largely equal) widths of the three peaks reflect the fact that 

differences in the positions and velocities of the ions in the interaction region 

at the moment of application of the extraction voltage pulse, lead to a spread 

in their arrival times on the multiplier, which cannot be completely 

eliminated by an optimal choice of the accelerating TOF Mass 

Spectrometer voltages. This spread of --20 ns is roughly consistent with 

that expected from TOF calculations. Finally, the small peak D corresponds 
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to the impact, on the second dynode, of SF6- ions whose central sulfur atom 

is the isotope 34s instead of the far more common 32s. These ions are 

expected to constitute about 4 % of the total number of SF6- ions, hence the 

relative insignificance of peak D, in comparison with peak C. 
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Figure ll.S :Impact of 500 eV SF6- ions on a focused mesh multiplier. 

7. Position Sensitive Detector. 

The PSD consists of two microchannel plates (MCP) stacked in a 

Chevron configuration, and mounted above a Surface Science Laboratories 

resistive anode. A particle or photon striking the front MCP results in a 

pulse of 106 to 107 electrons at the output of the second MCP, so that each 

particle produces a pulse of charge on the resistive anode. From the ratio of 

charge collected at each of the four comers of an electrode on the border of 
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the anode, an electronic unit, which includes four pre-amplifiers and two

dimensional position-computing electronics, calculates the position of the 

incident particle in two dimensions. It then outputs a "strobe" pulse 

indicating the arrival of the particle, and analog voltages proportional to the 

x andy positions at which the particle struck the detector. The strobe pulse 

provides the arrival time information, which is recorded on the computer 

through a TDC, whereas the x and y position information for the same 

particle is recorded after digitization by two analog-to-digital converters. 

The sensitive area of the front MCP for Position Sensitive Detection 

is a disk, 2.6 em in diameter, and the non-uniformity in detection efficiency is 

expected to be less than 5 % 39. The image resolution is about 100 lines per 

inch (....().3 mm). However, unlike the Johnston multiplier, for which the time 

delay between particle impact and corresponding pulse reception by the 

digitizer is only::::: 50 ns, the equivalent "dead time" of the PSD is tresp::::: 8 JlS, 

due to the delay introduced by the electronic position calculation. This delay 

is not crippling by itself since the probability of an event during a given laser 

shot is much smaller than unity, and the time interval between pulses is of 

the order of 100 JlS. The real disadvantage is that the dead time, tresp• is 

constant to only about one part in fifty, i.e. Otresp::::: 150 ns, so that particles 

with arrival times less than 100 ns apart are not time-resolved. This lack of 

resolution did not hamper mass assignments in the present series of 

experiments. Moreover, ways to circumvent it are envisioned. Never

theless, it still compares unfavorably with results such as those presented in 

.Figure II.S. 
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B. REVIEW OF THE TECHNIQUES 

1. Rate Constant Measurement. 

The complete reaction scheme for the processes studied in this 

thesis is : 

~ K+ + x- + Y (II.l8.i) 

K(nd) + XY ~ K+ + (XY-)* ~ K+ + XY + e (II.l8.ii) 

~ K+ + X¥ (II.l8.iii) 

where (a) or (a') represent the possible interaction of (XY-)* with K+ or 

with some other external agent, and where not all three possible final steps 

need be operative for a given molecule XY. Charged products of these 

reactions can be electrically accelerated to the detectors and monitored. 

Alternatively, the Rydberg atom population can be determined by electric 

field ionization. 

a. Selective Field Ionization. 

This technique (commonly abbreviated as SFI) has been widely 

described in the past 31 •40•41 . Briefly, a specified time, typically between 

0.5 and 10 JlS, after the end of the laser pulse, a voltage pulse is applied to 

one of the interaction region grids. This pulse rises linearly within a few 

hundreds of nanoseconds to an amplitude sufficient to ionize any Rydberg 

atoms that are present in the interaction region. Different (n,l)-states ionize 

at different electric field strengths, and the resulting electrons reach the 

detector at different times. Consequently, by analyzing the electron arrival 

time distribution, this method allows evaluation of the relative numbers of 

atoms in different Rydberg states at a given time. By applying the SFI pulse 

at different times after Rydberg atom excitation, state-changing collisional 
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processes can be studied. 

The total Rydberg atom population in the interaction region decreases 

with time after a laser pulse. In collisions with molecules for which state

changing collisions are relatively infrequent compared with electron 

transfer reactions, this decrease is approximately exponential : 

N(t) = N(O)·e-t/t (11.19) 

where: 
1 1 

= p ·kd + - (11.20) 
't 'teff 

and N(O) is the number of Rydberg atoms present at t = 0 (i.e. at the end of 

the laser excitation pulse), 'teff is the effective parent nd state lifetime in the 

absence of target gas, p is the target gas density, and kd is the rate constant 

for collisional Rydberg atom destruction, primarily due to electron transfer 

reactions. 

Therefore, by monitoring the time-evolution of the Rydberg atom 

population using SFI, and then fitting Eqn. 11.19, one obtains 't. By 

performing this measurement with different target gas number densities, 

and then fitting Eqn. 11.20, kd is obtained. 

On the other hand, with polar molecular targets, !-changing collisions 

can have, especially at high n, rate constants comparable to those for 

collisional Rydberg atom destruction. In that case, the rate constants, kd, 

calculated using the approximation of Eqn. 11.19 no longer correspond to a 

specific nd parent state but, rather, to a mixture of both the parent d state 

and the closest high-1 manifold of states. 

This obstacle can be surmounted in either one of two ways : 

i. By using Eqn. 11.19 for times t much smaller than the maximum 

value lffiax = 10 J!S (dictated by the dimensions of the interaction region and 



32 

the detector together with the speed of the atoms' motion), and employing 

rather low gas number densities, so that most of the excited atoms do not 

undergo !-changing collisions prior to an electron transfer reaction. This 

method has the disadvantage that the relatively small changes in N(t) thus 

measured drastically increase the uncertainty in 't. 

ii. By simply assuming the !-changed Rydberg atom population to be 

identical to the parent state population from the perspective of electron 

transfer. Such an approach was experimentally validated for a number of 

the molecules used in these studies by exploiting the fact that states of the 

same effective principal quantum number n but high values of lm11 (> 3) 

ionize predominantly diabatically 31 A0, i.e. at electric field values two to 

three times higher than those required for the (predominantly) adiabatic 

ionization of the parent state atoms (lm11 ~ 2). Consequently, it is possible to 

remove, by using a field ionization pulse of the appropriate intermediate 

value, the parent state Rydberg atoms, and thus observe via subsequent SFI 

the time evolution of a mostly high-1, !-changed population. Collisional 

destruction rate constants, kct, obtained in that way for 30 ~ n ~ 40 agreed 

always, within experimental error, with the values of kd, obtained via 

conventional SFI, for a primarily parent state population. 

Therefore, the applicability of SFI to the measurement of Rydberg 

atom collisional destruction rate constants is only limited by the maximum 

electric fields that can be delivered in a pulsed fashion to the interaction 

region. The current limit, Fmax = 2500 V/cm, corresponds to complete 

ionization of all states with nmin = 25. However, interaction regions and 

pulsers 42 have been constructed that can produce Fmax = 27000 V/cm, 

providing complete ionization of all states with nmin = 14. 

Field ionization is also applicable in the measurement of rate 
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constants for free electron production via reaction 11.18.ii. This is achieved 

by allowing collisions between Rydberg atoms and the target gas to occur in 

the presence of a small (~ 2 V /em) DC electric field. Immediately upon 

formation, negative reaction products are accelerated by this field toward a 

particle multiplier, and their arrival time spectrum is measured. Because the 

electron flight time to the multiplier is very much less than that for negative 

ions, free electron production can be readily identified. Contributions to the 

free electron signal from laser- or blackbody-radiation-induced photo

ionization are determined by measurements in the absence of target gas. 

Rate constants, k(e-), for free electron production are estimated by 

measuring the total number, ne(t), of free electrons produced by collisions 

during time t, which is given by : 

ne(t) = N(O)·p·k(e-)·-r·(l - e-t/t) (11.21) 

N(O) is either measured directly by field ionization or inferred indirectly by 

use of the mixed target gas technique to be discussed shortly. In the former 

case, the same electron impact energy at the electron multiplier is used in 

both measurements, so as to ensure that electrons resulting from field 

ionization are detected with equal efficiency as those produced in collisions. 

b. Time-Of-Flight Mass Spectrometry. 

To obtain rate constants for the observed free negative ion production 

from reactions ll.l8.i and ll.18.iii, a mixed target gas comprising SF6 and the 

target gas of interest is used. Following excitation, collisions are again 

allowed to occur for a predetermined time interval (typically -1 - 5 flS), 

whereupon a voltage pulse is applied to the upper interaction grid to direct 

any collisionally-produced negative ions into the lower field-free drift region. 

After traversing the drift region, the ions are accelerated to -3 ke V and are 
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detected by the Johnston MM-1 multiplier. In this way ions of different 

masses are separated in time, and Time-Of-Flight computer calculations 

provide the conversion from the time to the mass scale. Optimal mass 

resolution is better than ±1 amu for masses smaller than 100 amu, and ±2 

amu for masses up to 200 amu. 

Negative ions thus detected include the ones produced by the target 

gas of interest, as well as SF6- from reaction ll.17. However, rate constants 

for the formation of SF6- ions via ll.17 are known as a function of n 43.44. 

Therefore, measurement of the relative SF6- and x- or xy- signals, and 

relative target gas densities, permit rate constants for observed negative ion 

production from Rydberg electron transfer to be derived. 

Relative detection efficiencies for negative ions of different masses 

for the same electron multiplier impact energy are determined by use of 

both TOF Mass Spectrometers, so as to detect both the K+ ions on the PSD 

and the corresponding negative ions on the Johnston multiplier. In collisions 

with only one target gas for which only one of the negative ion channels of 

ll.l8 is open, a measurement of the ratio of the K+ ion signal (corrected for 

laser- and blackbody-induced photoionization) to the negative ion signal is 

made. The same measurement is repeated with SF6 as the target gas. 

Comparison of the ratios obtained in these two measurements yields 

relative detection efficiencies between the negative ion of interest and SF6. 

The values of relative detection efficiencies thus obtained are very close to 

unity, although lighter negative ions tend to be a little more efficiently 

detected because of their higher impact velocities. The greatest difference 

was observed for cr ions which are detected ..... 15 % more efficiently than 

SF6- ions 45•46. 

An interesting side-effect of the mixed target gas technique with SF6 
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is a small SF5- signal in the TOF Mass Spectra. This signal remains even 

when the laser beam is blocked and is therefore not a result of Rydberg 

atom collisions. Use of the PSD showed that the SF5- ions were created 

along the entire length of the potassium atom beam. This, coupled with the 

rapid increase in SF5- signal observed as the potassium oven temperature 

(and thus relative K2 dimer concentration in the beam 32) was raised, 

suggests their formation via the reaction : 

K2 + SF6 ~ KF + SF5- + K+ (II.22) 

2. Position Sensitive Detection. 

The objective here is to correlate the macroscopic two-dimensional 

arrival position information for an ensemble of particles created by a 

specific reaction or scattering process with the dynamics of that process at 

the microscopic level. 

a. Interaction Volume. 

The collisions occur within a volume in the center of the interaction 

region whose dimensions are much smaller than the diameter of the surface 

of the PSD. This is achieved in the two axes perpendicular to the potassium 

beam by combining the high collimation of that beam with tight laser 

focusing which, as we have seen (Eqn. II.14 ), is essential for efficient two

photon Rydberg excitation. In the axis parallel to the potassium beam, 

localization is ensured by use of short laser pulses and collision intervals 

before the extraction or ionization voltage pulse is applied, about 1 JlS each. 

During this time, the potassium Rydberg atoms, which have a one

dimensional Maxwell-Boltzmann distribution of speeds with an average of 

approximately 5.7·104 crn/s, move at most 2 mm along the atomic beam. 



The coordinate axis convention used is : 

x-axis : parallel to the atomic beam; 

y-axis : antiparallel to the laser beam; 
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z-axis: parallel to the particles' motion component towards the PSD. 

According to this convention, in which the face of the PSD coincides with 

the x-y plane, the approximate dimensions of the interaction volume are: 

Lh ~ -2 mm; fly ::::: 2 mm; llz < 1 mm. 

The interaction volume is thus an almost point source of particles at the 

center of the interaction region, into which target gas molecules impinge in a 

uniformly isotropic fashion. 

b. Charged Particle Drift. 

The motion of the detected collisional products in the x and y 

directions is not seriously affected by external forces : the accelerating 

electric fields are all parallel to the z-axis, electric field inhomogeneities at 

the various grids are unimportant, and the vxB electric field due to the 

Earth's magnetic field (B ::::: 0.6 Gauss) results for ions in x-y deflections 

always calculated to be smaller than 0.1 mm. Therefore, after a collision 

between a Rydberg atom and a molecule has occured during the ~2 JlS 

interval allowed by the laser and extraction pulse, the products simply drift 

in the x and y directions until application of an extraction pulse causes them 

to accelerate along the z-axis into the PSD. Consequently, the product of 

the total drift time for each particle (obtained by TOF Mass Spectrometry) 

and the x-y PSD displacement relative to the center "point" of particle 

creation, provides the x and y components of the velocity with which the 

detected particle emerged form the individual collision event. Subsequent 

analysis and statistical averaging provide the momentum and translational 
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kinetic energy averages and distributions for the reaction products. These 

are then compared with the corresponding averages and distributions of the 

reactants. 

The most important source of systematic error in this type of analysis 

comes from the finite size of the interaction volume, which results in a 

spread of arrival positions on the PSD even when the corresponding x-y 

velocity drifts are zero. This is the so-called "instrumental width", and is 

different along the x an~ y axes, since ~x * ~y. They-axis determination of 

the instrumental width is quite easy as shown in Figure l/.6, where the K+ 

ion PSD distribution from the laser-induced photoionization of K(l Od) 

Rydberg atoms is depicted. The photoions have the same velocity 

distribution as their parent Rydberg atoms. This is evident in this 

perspective picture in which the Maxwellian velocity distribution is 

reflected on the PSD ion distribution along the x-axis. However, since the 

atoms' velocity components along the y- axis correspond to drifts on the 

PSD that are totally negligible ( < 0.1 mm), the width of the distribution along 

that axis is the instrumental width. 

c. Coincidence Technique. 

Distinction must be made among charged particles of the same mass 

that result from different processes. This is especially the case forK+ ions, 

which are not only invariably produced by the different channels of electron 

transfer (II.18) but can also simply result from the interaction of 

electromagnetic radiation with Rydberg atoms. To distinguish among these 

dynamically different K+ ions, a coincidence technique is used to 

supplement simple TOF Mass Spectrometry. 

In this technique, a K+ ion is recorded only if its corresponding 
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electron or negative ion is detected on the Johnston multiplier, and the 

arrival time recorded at the TDC is not its flight time (starting from the 

moment of application of the extraction pulse as is conventionally done) but 

rather the difference between its arrival time at the PSD and that of the 

electron or negative ion at the other detector. In this way, K+ ions of 

different origins are distinguished on the PSD timewise, despite the fact that 

their flight times may have been the same. The fact that the Rydberg atom 

excitation probability per pulse is << 1 ensures that false coincidences are 

unimportant. Finally, the signal rate, which now depends on the product of 

the absolute detection efficiencies of the PSD and the Johnston, is 

satisfactory for our studies, since .individual detection efficiencies for both 

detectors are in the order of unity. 

Figure 11.6 : PSD distribution of K+ ions produced by laser-induced photoionization of 

K(lOd) Rydberg atoms. 

An example of application of the coincidence method is provided in 

Figure //.7, which shows the PSD time spectrum for K+ ions with the same 
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flight times but different origins. The collisions were between K(lOd) 

Rydberg atoms and CF2Br2, and the voltage configurations in the two TOF 

Mass Spectrometers were such that the negative particles reached the 

Johnston multiplier first and started the TDC which was stopped upon 

detection of K+. The time axis reflects the arrival time difference between 

K+ and negative ions or electrons and consists of four peaks. On the 

contrary, the corresponding non-coincidence TOF Mass Spectrum would 

consist of only one peak at t = 13.8 f...LS. 

The exit channels of collisions are : 

K+ + Br2 
- + CF2 (A) 

K+ + Br- + CF2Br (B) 

K+ + - + CF2Br2 (C) e 

Indeed, peak A corresponds to coincidences between K+ and Br2- ions ; 

peak B to coincidences between K+ and Br- ions ; and peak C to 

coincidences with electrons expelled by the extraction pulse and produced 

either collisionally or, to a lesser extent, by the blackbody-radiation-induced 

ionization of Rydberg atoms. As for peak D, it demonstrates the importance 

of laser-induced photoionization, especially at low n : it is due to 

coincidences between extracted K+ photoions and photoelectrons that 

were initially emitted in the direction of the Johnston multiplier, that were 

detected, and thus started the TDC prior to application of the extraction 

pulse. 

d. Use of Selective Field Ionization. 

Position Sensitive Detection has also been applied to the investigation 

of the importance of target - Rydberg core scattering, as opposed to target -

Rydberg electron scattering, in !-changing collisions. This possibility was 
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Figure ll.7 : PSD coincidence spectrum of K+ ions resulting from collisions of K(lOd) 

atoms with CF2Br2. A: coincidences with Br2- ions; B: coincidences with Br- ions; C 

& D : coincidences with electrons. 

theoretically presented by Flannery about ten years ago 47• In a cell target 

gas environment, Rydberg core scattering should lead to statistically 

isotropic momentum transfers to the Rydberg atoms, which were initially in 

a highly collimated beam (divergence is -1 °). If target- core scattering is 

therefore comparable to electron - target scattering in its importance for!

changing, as Flannery's calculations using highly polarizable rare gas 

targets suggest, then one should be able, in principle, to observe the 

difference in transverse (y) velocities between an !-changed and a parent 

state population of Rydberg atoms. By using SFI, one can distinguish 

between a low-1 parent state and an !-changed population because their 
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different ionization times result in different K+ ion arrival times on the 

detector. Comparison of PSD distributions for the two different populations 

of K+ ions is then a direct test of the above theoretical prediction. 

PSD distributions for K+ ions produced by the diabatic electric field 

ionization of Rydberg atoms that had undergone an !-changing collision 

were compared with those for K+ ions produced by the adiabatic electric 

field ionization of Rydberg atoms that were mostly in the original d state, at 

n = 30 and n = 70. Three !-changing targets were tested : one of the highly 

polarizable rare gases (argon), CC14 which also has a high polarizability, and 

CF3I which is a polar molecule. In all three cases, no difference in the PSD 

distributions between the two K+ ion populations was found. More 

specifically, less than 1 % of the Rydberg atoms that had undergone !

changing acquired a component of momentu~ along they-axis that was 

greater than about 10 %of the average momentum of the atoms along the 

X-aXIS. 

The negative result of this experiment does not mean that 

momentum transfer to the Rydberg core does not play a role in !-changing; it 

only places a fairly loose upper limit to the magnitude of such an effect. Use 

of a molecular beam perpendicular to the potassium beam can probably 

stretch the detectability limits substantially. Additionally, SFI of Rydberg 

atoms of a smaller principal quantum number should not be excluded, 

despite the considerable technical problems in terms of fast high amplitude 

voltage pulse generation. 



CHAPTER III 

DISSOCIATIVE ELECTRON TRANSFER 

A. THE ESSENTIALLY FREE ELECTRON MODEL 

1. The Model. 
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This model, largely formulated by Matsuzawa 48 , is the formal 

theoretical framework on which the idea presented in Chapter I rests, 

namely that in a thermal energy collision with a Rydberg atom, a neutral 

molecule may interact either with the Rydberg core or with the Rydberg 

electron, but not with both at the same time. 

The experimental stimulus that led to the development of this model is 

quite old : in absorption spectroscopy of alkali atoms in a rare gas at high 

pressures, Amaldi and Segre were able in 1934 to observe very sharp 

absorption lines for Rydberg states with principal quantum numbers of the 

order of 20 or 30 49. This was quite surprising because simple calculations 

of the pressure broadening linewidths, calculated via the expression : 

A" -
2 PO' (III 1) 

uv - (7t3ksTJl)1/2 . 

where P is the gas pressure, 0' the geometrical cross section of the alkali 

atom ( oc n4 a 0
2), and Jl the reduced mass of the system (alkali atom- rare 

gas) 50, indicated that pressure broadening linewidths even at n = 20 should 

be of the order of 1x1012 Hz, and so would exceed the frequency spacing 

between adjacent n manifolds of states (- 8x 10 11 Hz at n = 20 , and 

proportional to n-3), thus making individual n resolution impossible, contrary 

to the experimental results. 
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As Fermi pointed out Sl, the problem could be resolved if pressure 

broadening was ascribed not to collisions with the alkali atom as a whole but 

rather as being primarily due to scattering of the excited electron as if it 

were a free electron having the same kinetic energy and momentum 

distribution as the excited atomic electmn. By using cross sections for low 

energy free electron scattering from rare gases, linewidths smaller than 1 

GHz are obtained, in essential agreement with experimental results. An 

additional smaller frequency shift was ascribed to the interaction between 

the alkali ionic core and the rare gas. 

The conditions under which the two interactions can be treated 

independently are: 

r(e-- XY) 

r(K+- XY) 

'tc 
<< 

'tn 

<< 

<< 

1 

rn 

rn 

(III.2) 

(III.3) 

(III.4) 

where r refers to the range of the interaction between the charged particle 

and the molecule; rn is the average atomic radius; 'tn is the period of 

electronic motion; and 'tc is the collision time for collisions of the neutral 

molecule with either K+ ore-, depending on the scattering process being 

studied. 

Focusing on the cases for which scattering of the Rydberg electron 

by the molecule is far more important than scattering of the Rydberg core 

by the molecule, this suggests that the presence of the K+ core ion does little 

more than to determine the momentum distribution of a quasi-free excited 

electron, especially since the short e- - XY collision time suggests that the 

Coulomb field due to the K+ can be considered to be constant during the 

collision event. This is the basis of the essentially free electron model. 
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2. Types of Collisions. 

The above conditions can be satisfied in two different cases, 

depending as to the magnitudes of the relative velocity, V, of collision of the 

Rydberg atom with the molecule, and the orbital velocity of the Rydberg 

electron, v. 

i. V >> v. These are the so-called "fast" collisions. The relative 

velocity of the Rydberg electron with respect to the target molecule is 

roughly equal to V. J?len, the free electron model predicts that the total 

scattering cross section for Rydberg atom - molecule scattering processes 

will be equal to the total scattering cross section for electron - molecule 

scattering plus that for the independent core ion - molecule scattering : 

(!11.5) 

since for fast collisions core ion scattering can sometimes be as important 

as electron scattering. 

ii. V << v. This is the case of our experiments : the average relative 

collision velocities are around 5x 104 cm/s, whereas orbital Rydberg 

electron velocities are greater than 2x 1 0 6 cm/s for any of the 

experimentally accessible Rydberg states. The free electron model then 

predicts : 

(111.6) 

where the brackets denote averaging over the Rydberg electron velocity 

distribution for the particular Rydberg state employed, but crtot, (e- _ XY)(v) 

is the total cross section for scattering of a free electron of velocity v. 

3. Modifications. 

In an electron transfer (xe) reaction, the rate constant, kxe• may be 
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written: 

kxe, (R- XY) = <v·O'xe, (e-- XY)(v)> (III.7) 

where O'xe is now the free electron cross section for electron capture. This 

result is fundamental in establishing the equivalence between Rydberg 

electron and free electron reaction data. 

However, Rydberg electron transfer rate constants correspond to 

specific Rydberg states, whereas free electron cross sections are 

expressed as a function of the collision energy, E, 
1 

E = 2 J.1v 2 (J.l ::::me) (III.8) 

or velocity, v, which is essentially the orbital velocity of the Rydberg 

electron. This implies that to enable direct comparison with free electron 

results, the rate constant for a given Rydberg state must be assigned a 

specific value of electron velocity, vm, or energy, Em. This value is not equal 

to the average velocity or energy of the electron in its Rydberg state 

because, as evident from Eqn. ITI. 7, averaging occurs after that velocity 

distribution has been weighted by the free electron cross section for the 

appropriate reaction. In other words, if the free electron cross section is, for 

example, a decreasing function of the collisional kinetic energy throughout 

the regime of energies for which the Rydberg electron distribution function 

is non-negligible, then v m and Em will be smaller than the values appropriate 

to the simple velocity or energy distribution of the Rydberg electron. 

Therefore, strictly speaking, the actual form of the free electron cross 

section is necessary in order to accurately assign an electron energy value 

to the Rydberg atom rate constants, and thus compare them to free electron 

results. 

In principle, one can determine· cr(v) by an unfolding technique. 
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Starting from the k versus n data, and recognizing that the rate constant, k, 

may be written as : J v·cr(v)·f(v)·dv, where f(v) is the speed distribution 

of the Rydberg electron, one can assume a starting form for the free 

electron cross section, and adjust it to fit the k versus n data. Use can be 

made of free electron cross sectional forms (not necessarily absolute values 

of cross sections) obtained through other techniques, such as Threshold 

Photoelectron Spectroscopy Analysis (TPSA) 52, 53. 

At the low energies characteristic of Rydberg electrons, the only 

partial wave that is expected to contribute to the scattering cross section 

(through a non-zero phase shift, 1'h) is the s-wave (1 = 0) because of the 

relatively short range of the electron-molecule interaction. This has the 

following two consequences : 

i. The total cross section : 
00 

cr = 1t?c2·2',(2l+l)·sin21lt (lll.9) 
1=0 

has an upper limit given by 1t?c2 , where: 
1i 
J.LV 

(ll.lO) 

ii. The cross section which, for a given partial wave, is cr1 oc E1 - 0·5 

where E is the relative kinetic energy of collision 107, now becomes cr oc 

E -l/2 or cr oc 1/v, unless some other effect such as a resonance is present. 

The latter conclusion provides a functional form for the cross section 

which can be used to obtain an initial value for the appropriate median 

energy (velocity), i.e. Em or vm, for Rydberg electron attachment via: 

(III.ll) 

Comparing the functional form of kxe, (R _ XY)(v m) thus obtained at different 

values of vm (different Rydberg states), one can then construct a more 
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accurate form of the cross section. Iterative continuation of this process 

leads to ever more accurate cross sectional forms and, consequently, to 

very realistic comparisons with free electron transfer cross sections 

obtained by the TPSA or swarm 54 methods. 

Results obtained with several of the halogenated hydrocarbons 

employed in these studies (CF3I, CC14, CF2Br2, CF3Br), which roughly 

conform with a 1/v dependence in the cross section at low electron 

energies, indicate that the median electron attachment energy, Em, is 

typically smaller by a factor of three to ten than the time-averaged Rydberg 

electron energy, and that rate constants for collisional Rydberg atom 

destruction due to Rydberg electron capture are constant over a wide range 

of n values (30 ~ n ~ 1 00), in accordance with a simple v-1 dependence for 

the cross section as the zero energy limit is approached. 

4. Intrinsic Limitations. 

An upper limit on the values of n for which the free electron model is 

applicable in thermal collisions is encountered when the Rydberg electron's 

orbital velocity becomes comparable to the relative velocity between the 

Rydberg atom and the molecule, since requirement 111.4 is no longer 

satisfied. In our experiments, this would happen for n > 1000. 

The lower n limit for applicability of the free electron model is 

provided by the breakdown of m.2. As hinted at in §I.B.2, this will occur at 

higher n in interactions with polar molecules (P.E. oc r-2) than in interactions 

with molecules that do not possess a permanent dipole moment (P .E. oc r-4). 

The range for interaction of a charged particle of charge q with a dipole of 

dipole moment p is (in MKSA units) of order of : 
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(111.12) 

whereas a molecular polarizability, a, contributes the potential energy : 

Upol = - 1 -a%
2 

= 1.47x1o- 17x a(A
3

) (111.13) 
81teo r [r(a0) ]4 

As a conservative example, one can consider collisions of K(15d) 

Rydberg atoms with molecules with the typical values p = 1.5 Db and a = 
sA 3. The average radius of these Rydberg atoms, given by : 

rn = a2° [3n2 - 1(1+1)] (ill.14) 

is equal to 334.5 a0 , and the average electron energy is equal to 63 meV. 

Simple calculation shows that the magnitude of the electron - dipole 

interaction energy becomes 10% of the electron's binding energy at 

distances smaller than 50 ao ( oen), whereas for the electron - induced 

dipole interaction, the corresponding distance is only 16 a0 ( oen 112). 

As the above numerical example indicates, the free electron 

independent particle model will generally be applicable even at low values 

of principal quantum number (n of order 10). 

Despite the firm experimental and theoretical foundations of the free 

electron model, speculation has existed about its applicability to low 1 states, 

even at high n. The reason is that, for a given n, low I states, despite their 

somewhat greater average radii, also have non-negligible probabilities for 

the Rydberg electron being close enough to the Rydberg core (e. g. K+) so 

as to significantly polarize it for short periods of time or even penetrate it. 

This is illustrated in Figure 111.1, where the radial probability densities 

Rnd2(r) and Rn?Cr) for ad and an I state at n = 10 can be compared as a 

function of distance from the Rydberg core, r. Clea~ly, in the case of low I 

states, effects due to the Rydberg core might become important. However, 
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calculation of the probability that the electron be close to or inside the core 

ion shows that that probability (oc n-3) is rather small,- 2% for K(10d), and 

not much greater for s states. 

On the experimental front, no significant (within a 20% error bar limit) 

differences in dissociative electron transfer rate constants for ns, nd, or 

higher 1 states have been observed. This is consistent with the free electron 

model assuming that Rydberg electron capture is a simple s-wave capture 

( cr oc 1/v) without resonances. 

If, however, the cross section is not proportional to 1/v, then !

dependences in the measured rate constants are expected. This comes 

about because although states of clifferent 1 (at the same effective n!) may 

have very comparable values of average orbital velocity and energy, the 

fact that their radial (and, consequently, velocity) distributions are very 

different, introduces strong !-dependences to the median values v m and Em 

corresponding to electron capture. 

At any rate, the subject of !-dependent rate constants that are not 

accounted for by the free electron model is not totally closed yet. Carman 

et al. 55 claim to have measured dissociative electron transfer rate 

constants to CC14 that are about three times greater for cesium d states 

than for cesium s states at values of n around n =22. Interestingly such an 

effect is absent when potassium Rydberg atoms are used instead of cesium. 

Moreover, cesium p states seem to have the same rate constants as cesium 

d states. This points to the likely presence of various systematic effects 

connected specifically with Cs s states (specifically its near-integer 

quantum defect) rather than a failure of the free electron model per se. The 

experimental capabilities and techniques presented in Chapter TI are ideally 

suited to a much more thorough investigation of this question than the one 
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afforded by Carman et al., especially since two-photon excitation of Cs 

Rydberg states (using the dye coumarine instead of rhodamine) is no more 

of an experimental challenge than that of potassium. Therefore, this issue 

could be resolved in the not-so-distant future. 

B. OTHER EFFECTS: THE LOW-TO-INTERMEDIATE N 

RANGE 

Although the free electron independent particle model is expected to 

be valid at least down to n < -15, the rate constants for Rydberg electron 

transfer are constant only down to n ..... 30. The situation is shown 

schematically on Figure l/1.2, on which rate constants for dissociative 

Rydberg electron transfer to CF2Br2 are presented. From §II.B.2.c it is 

recalled that the collisional destruction of Rydberg atoms leads to the 

formation of Br2- ions, Br- ions and electrons. Moreover, from Figure 11.7 it 

is evident that Br-ion formation is by far the most important channel of the 

three, accounting for almost 90% of the K+ ions formed by collisions. 

Through TOF Mass Spectrometry, it was established that this situation does 

not change with n: as is apparent from Figure l//.3, the observed Br2-/Br

ratio is n-independent within experimental error bars. Collisional free 

electron production via 11.18.ii is also insignificant regardless of n. 

Therefore, if other effects are unimportant, Br-ion formation rate constants 

should be equal to about 90% of the collisional Rydberg atom destruction 

rate constants (due to Rydberg electron transfer) throughout the n regime 

studied (n between 10 and 70). 

On Figure ill.2, square points denote collisional destruction rate 
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constants, kd, measured by SFI, and small circles indicate values of the rate 

constants for observed (i.e. free) Br-ion formation, kr, as obtained by TOF 

Mass Spectrometry using a mixed target gas. It is seen that, in addition to a 

gradual decrease in the Rydberg atoms' collisional destruction rate 

constants for n < 30, there is a much more pronounced drop in the observed 

Br-ion formation rate constant as n is decreased below n:::::: 40. At higher 

values of n, both rate constants are n-independent, and their relative 

numerical values (kd = (6.5 ± 1.5)xlo-7 cm3/s for collisional destruction and 

kr = (5.9 ± 1.2)xlo-7 cm3/s for Br-ion formation) are in agreement with the 

arguments already presented. 

The rate constant situation for CF2Br2 is qualitatively similar to that 

encountered with the other electron attaching molecules, polar or not: 

collisional Rydberg atom destruction rate constants (kd) drop for n <30, and 

observed negative ion formation rate constants, kr, drop significantly faster 

with decreasing nat n < 40. The only qualitative difference in the case of 

CF2Br2 is that it is the only molecule with two distinct negative ion reaction 

paths (Br2- and Br-). However, as shown in Figure ill.3, this peculiarity 

does not affect the measured rate constant n-dependences. 

One important point is that for the present set of dissociating 

halogenated hydrocarbons the decrease in kd with decreasing n has only 

been observed among molecules with large electron capture rate constants. 

It has also been observed in the Rydberg electron attachment to SF6 
56, 

which is another efficient scavenger of low energy electrons. Mounting 

statistical error coupled with multiplier non-uniformity restrict reliable 

measurements to values kd ~ lxlo-7 cm3/s. 

This decrease of kd (even less that of kr) cannot be simply attributed 

to a drop in the free electron capture rate constant for the following 
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reasons : 

i. Deviations from a simple s-wave capture mechanism, having to do 

with it being replaced by p-wave or higher order scattering are not 

expected to be noticeable at the low energies, Em(< 100 meV), appropriate 

to these studies, especially for molecules with high low-energy electron 
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attachment rate constants. At the zero energy limit only s-wave scattering 

is possible. 

ii. The 1tii:2 s-wave limit for the total scattering cross section (Eqn. 

ID.9) will force a 1/v decrease in kd above a certain value of v. Despite the 

high electron attachment rate constants to several of the halogenated 

hydrocarbons studied here (measured 10-6 cm3/s < kd < 10-7 cm3/s), 

simple calculation shows that this limit is only reached below n = 10. 

iii. The Rydberg electron velocity distributions encompass a broad 

range of velocities, and there is substantial overlap between the distributions 
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for adjacent nd states. This overlap requires that rate constants for 

collisional destruction vary only slowly with n. 

iv. Results from free electron TPSA or swarm measurements 52•53,57 

although in general agreement with the corresponding values of kd at n > 30, 

[Note : systematic effects in the absolute free electron capture TPSA cross 

section measurements can in general be justified experimentally] do not 

reveal any rate constant decrease until the n?c2 s-wave limit is reached. 

Therefore, both types of rate constant decrease, in kct as well as kr, 

are specific to Rydberg atoms :Rydberg atom opacity and post-attachment 

interactions, to be discussed shortly, account for them. The existence of 

such effects allows the loose classification of Rydberg collisions as follows: 

High n : typically n ~ 40, for thermal collisions. The free electron model 

is valid, no other Rydberg atom effects are present, so that there is no 

difference between Rydberg electron and free electron transfer to 

molecules. 

Low-to-Intermediate n: n < -40. The free electron independent particle 

model is valid below n ..... 40 but other effects (opacity, post-attachment) 

must be considered when comparing Rydberg electron and free electron 

studies. However, as n is decreased below n = 10, in addition to these other 

effects applicability of an independent particle model may become 

questionable. This implies that simultaneous interaction between the 

Rydberg core, molecule and electron may become important and influence 

the electron transfer process. However, effects directly associated with the 

break-down of the free electron model have not been observed in these 

studies. 
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1. Rydberg Atom Opacity. 

The equivalence between a free electron attachment rate constant, 

ke, and the rate constant for Rydberg atom collisional depopulation through 

electron attachment, kd, rests on the assumption that the probability, P, of 

electron transfer occurring during a specific molecular encounter with the 

respective electron cloud is in both cases much smaller than unity. 

However, with decreasing n the density of the Rydberg electron cloud 

increases ( oc n -6) to the point that, for a large enough free electron 

attachment rate constant, ke, P may approach unity, especially for low 

impact parameter collisions. 

More specifically, P may be written : 
k +oo 

p = 1 - exp{-41teV 1 [Rnd(r)]2dx} (lll.lS) 

where : V is the atom - molecule relative velocity; x is the path of the 

molecule through the Rydberg electron cloud (so that for collision of a 

molecule with impact parameter b with respect to the Rydberg core, one 

has: ? = b2 + x2); [R nd ( r)] 2 is the local probability density of the Rydberg 

electron; and the 41t factor is the result of the assumed spatial isotropy of the 

Rydberg electron attachment process. 

Collisions with impact parameters b such that the exponent in Eqn. 

ill. IS has an absolute value greater than unity will have such contributions 

as to reduce the rate constant, kd, below the corresponding free electron 

value, ke. In effect, this reduction is a statement of the fact that once an 

electron attachment event has taken place, both the molecule and the 

electron are no longer available for further reactions, even though the 

molecule upon attachment may have just begun sampling the Rydberg 

electron cloud. This is essentially a saturation effect. 
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By using Eqn. Ill.15, one can relate the free electron rate constant, ke, 

to kd by: 

and: 

~ = r V·f(V)·crd·dV 
0 

where f(V) is the Maxwellian distribution of relative velocities. 

(lli.16) 

(ll1.17) 

The difference between kd and ke increases with increasing P. In 

addition to the reduction in kd with decreasing n due to the increase of the 

average value of the integral present on the exponent in Eqn. 111.15, two 

other consequences follow : 

i. This effect will be stronger, the greater the value of ke. Indeed, a 

comparison of the n-dependence of collisional depopulation rate constants 

due to SF6 (ke === 4x10-7 cm3/s) and CF3I (ke === 6.5x10-7 cm3/s) reveals the 

latter to be decreasing proportionately more at low-to-intermediate n 42. 

ii. The decrease of kd also depends on the relative collision velocity, 

V, of the Rydberg atom with respect to the molecule. Use of a velocity

selected potassium beam and heavy molecules such as CF 31 at room 

temperature should make possible measurements with average values of V 

varying by at least a factor of three. The corresponding change in P, given 

by Eqn. lll.15, should have a dramatic impact on the measured values of kd. 

Calculations employing Eqns. 111.15-17 42 or, alternatively, direct 

Monte Carlo trajectory simulations 58 yield results in fair agreement with 

measured values of kd. 



2. Post-Attachment Electrostatic Interactions. 

a. Introduction. 
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Once Rydberg electron transfer has occurred to a molecule, XY, a 

system of two charged ions, K+ and (XY-)*, is formed. These are initially 

separated by an average distance characteristic of the Rydberg state, with 

possible small modifications due to Rydberg atom opacity. These two ions 

will then interact because of their mutual Coulomb attraction. This is the 

post-attachment electrostatic interaction. 

Upon their initial formation, the K+ ions move along the direction of 

the potassium beam. On the other hand, the (XY-)* ions have an isotropic 

velocity distribution characteristic of the XY molecules from which they 

originated. The effect of the Coulomb attraction will be either a trajectory 

change for both ions, or the formation of a bound K+- (XY-)* orbiting 

neutral pair. In either case however the dynamics may be complicated by 

the subsequent fate of the excited negative ion, (XY-)*. In particular, if 

(XY-)* relaxes via dissociation to x- and Y, K+ may electrostatically 

interact primarily with (XY-)*, x- or with both negative ions in succession, 

depending on how the lifetime of (XY-)* against dissociation compares with 

the time scale over which the post-attachment interaction produces a 

dynamical effect. 

The formation of a bound neutral pair, K+- (XY-)* or K+- x-, can 

explain why at low-to-intermediate n the rate constants for free negative ion 

formation, kr, fall far below those for collisional Rydberg atom destruction, 

kd : among the positive - negative ion pairs formed by Rydberg electron 

capture only a fraction possess sufficient kinetic energy to overcome their 

mutual electrostatic attraction and separate. 
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b. Theoretical Treatment. 

For a given positive ion of mass mK and initial velocity vK in the lab 

frame and negative ion of mass mN and initial velocity vN in the same frame 

(this can be either ()CY-)''' or x-) formed a distance r apart, calculation of the 

escape probability is very simple. The complete center-of-mass 

transformation for the kinetic energy, T, of the system is : 
1 2 1 2 

T = TK + TN = 2mKvK + 2mNvN (ill.18) 

written as: 
1 2 1 

T = TCM + Trel = 2(mK+mN)vcM + 2fly2 (lll.19) 

where: 

Jl 
mKmN 

= 
mK+mN 

(ill.20) 

is the reduced mass, and: 

V = VK - VN (ill.21) 

is the relative velocity. This can also be written as : 

V2 = vK2 + vN2 - 2vKvN cos9 (lll.22) 

where e (0 s; e s; 180° with a relative statistical weight proportional to sine 

for an isotropic distribution of target gas molecules) is the angle between vK 

and VN· 

The electrostatic potential well depth is : 
1 e2 u = ---

41teo r 

Escape occurs in the fraction of collisions for which : 
1 1 e2 
-JlV2 > ---
2 - 4n:e0 r 

or equivalently : 

cose 

(ill.23) 

(ll1.24) 

(lll.25) 
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Therefore, we define : 

coseo = (111.26) 

and cose0 = -1 or +1 in case the right-hand-side of expression 111.26 is< -1 

or > + 1 respectively. 

Then, the escape probability, taking into account the isotropic 

distribution of angles, will be : 

I = 1 + coseo 
2 (ID.27) 

Expressions 111.26 and 111.27 are the fundamental results on which 

calculation of the escape probability rests. If vK and vN are assumed to 

follow the Maxwell-Boltzmann distribution of speeds, then it can be easily 

shown that for computational purposes cos eo can be replaced by : 

~ ~~r~··coseo(i ·) (111.28) 
. 1 . 1 J ,] ):: J= 

where: 
1 i 2 3 i 2 

~i = 0.2412·i ·(m) ·exp { -2 (m) } (ID.29) 

incorporates the Maxwell-Boltzmann distribution function. The same 

expression with j instead of i holds for ~j• and coseo(i,j) is calculated via 

111.26 for VK,i and VNj whose values are : 
1 1 

VK,i = -vK = m ,rms m (111.30) 

VNj = 1._ VN = 1._ 
m ,rms m (111.31) 

and m is a positive integer whose value determines the accuracy of the 

numerical integration. 

In this way the escape probability, l(r), can be obtained as a function 

of the initial distance r between the positive and negative ion considered. 
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Averaging over the radial probability density provides then the escape 

probability as a function of n, 1, I(n,l), and the average initial K+ - (XY-)* 

distance for the escaping ions, resc· They are : 

I(n,l) = 

and: 

r I (r)·R0 ?(r)·dr 
0 (III.32) 

(III.33) 

In general, resc is greater than the average Rydberg core - electron 

distance given by Eqn. lll.l4, even when Rydberg atom opacity is not taken 

into account (so that initial negative ion formation is assumed to mirror the 

Rydberg electron's radial probability density). The reason is that ions 

formed further apart have a higher probability of escape. In other words, 

I(r) is a monotonically increasing function of r. 

c. Example. 

The above is illustrated on Figure /l/.4, in which the escape of r ions 

dissociatively produced by the collision of K(lOd) Rydberg atoms with CF3I 

is modeled. As is explained on §Ill.C.2.c, this dissociation process is very 

rapid, so that the post-attachment electrostatic interaction is between the 

thermal K+ ions (TK = 74 meV) and the more energetic r ions (TN= 310 

me V). The top curve is the radial probability density of the Rydberg 

electron : neglecting the minor opacity modification, this is assumed to be 

proportional to the probability of initial formation of the K+ - r pair at some 

separation, r. The curve below it is the same probability multiplied by I(r); it 

therefore represents the initial radial distribution of K+ - r separations for 
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those ion pairs that escape and are thus detected. 

Two conclusions can be immediately drawn from this Figure : the 

first one is that the escape probability for the specific system used as an 

example is quite low : only about 24% of the r ions initially formed can 

overcome the electrostatic attraction, separate from K+, and thus contribute 

to the measured value of kr. Therefore, this mechanism allows for the wide 

differences between kd and kr that are experimentally observed at low-to

intermediate n. Indee4, the calculations of l(n,l) carried out for this and 

other K+ - negative ion systems, when applied as corrections to the 

measured values of kd, conform quite well with the measurements of kr. 

This is illustrated on Figure 111.2, which can be used as a typical 

representative example. 

d. Limitations. 

However, this treatment of ion pair formation and escape probabilities 

has its limitations. The most obvious one is that it can only be used exactly 

when K+ interacts with only one type of negative ion. This happens in two 

cases : 

i. When dissociation occurs before the positive and negative ions 

have had time to be significantly deflected from their initial trajectories. 

The interaction will then be only with x-. As an example, for a 5° 

deflection, and using as a yardstick the period of circular rotation : 

we obtain: 

T = 6.5xlo-15x[Jl(amu)]112x[r(a0)]312 sec (111.34) 

5 
'truss < 360 T (111.35) 
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Figure III.4 :Escaping ion probability calculation (r from CF3I; lower curve) compared 

with the radial probability density at n = 10,1 = 2 (upper curve). 

which, for the system of K(lOd) & CF3I leads to the requirement: 'truss< 

0.9 psec. 

ii. When (XY" )*survives long enough that subsequent K+ - x
interactions are unimportant or non-existent. This places the following 

two simultaneous lower limits on the lifetime of (XY-)*: 
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Firstly, the (XY-)* ions that manage to escape must survive long enough 

that they have moved sufficiently far from K+ by the moment dissociation 

takes place that any subsequent K+ - x- interactions are unimportant. A 

crude estimate of this time limit is provided by the time it takes the two 

particles to become separated by a distance equal to the average radius of a 

Rydberg state at n = 40. The reason for choice of this criterion is that all 

experimental measurements of kr indicate that post-attachment effects at 

the temperatures characteristic of our experiments begin to be measurable 

at lower values of n. A ballpark figure consequently is : 'truss > 200 psec. 

Secondly, the (XY-)* ions that do not escape must not dissociate while in 

orbit. The fate of the orbiting pairs is not known but it is thought that the low 

binding energy of the extra electron to the negative ion facilitates the 

eventual mutual neutralization of the two ions, which would afterwards 

separate as neutrals. This view is supported by the experimental efforts 

undertaken in the case of SF6 
56 to break these pairs apart by application 

of a strong electric field. This field was applied a fraction of a microsecond 

after these pairs had formed. Its strength was sufficient to significantly 

inhibit neutral pair formation (and thus increase the measured value of kr) 

when it was applied during the time that electron capture took place. 

Therefore, even though it may be inferred that mutual neutralization is 

complete within a microsecond for SF6, it is not possible to place more 

specific time limits. 

From the above discussion it becomes apparent that post-attachment 

interactions with both (XY-)* and x- ions are important whenever the 

lifetime of (XY-)'~ against dissociation is roughly between 1 and 200 psec, 

although the upper limit set here might easily be quite higher. 

A fmal point to be kept in mind throughout this discussion of 
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dissociation at low-to-intermediate n is that the process occurs in the 

presence of an electric field due to K+. At n = 10, this electric field strength 

is on average F,.., 2.4x105 V/cm. It is assumed that the effect of such fields 

on the dynamics of the dissociation process is negligible. 



C. THE DYNAMICS OF DISSOCIATIVE ELECTRON 

TRANSFER 

1. Energetics. 
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The energy balance which gives rise to dissociative electron transfer 

is presented schematically in Figure /l/.5. This diagram is qualitatively the 

same for all the dissociating molecules studied in this thesis. It is simplified 

in that it does not conta~n any information about internal molecular energies; 

it also assumes the kinetic energy of the electron to be zero. In this diagram, 

EA refers to electron affmities and Do to bond dissociation energies. 

According to this Figure, dissociation is inevitable, unless enough 

energy is removed from the excited molecular negative ion before it 

dissociates. Such energy removal can be achieved either by stabilizing 

collisions with other particles or by radiative transitions. However, 

collisional rates in our vacuum chamber are prohibitively low, so stabilizing 

collisions are out of the question. Radiative transition rates depend on 

whether the molecular ion is in an excited electronic state or simply in an 

excited vibrational level of its ground electronic state. In either case, 

however, radiative lifetimes are not expected to be shorter than a micro

second, which is long compared to the K+ - xy- separation time or the 

vibrational period of the excited (XY-)* molecular ion, which are usually 

::; ,... 0.1 psec for the molecules studied. Therefore, radiative stabilization is 

unlikely to be important in the present work. 

The last statement, of course, holds true provided the rotational 

energy barrier due to rotation of the molecular fragment upon dissociation is 

not higher than the excess energy of the reaction, because such a situation 

would make the excited molecular negative ion metastable, thus 
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Figure ill.S : Energy diagram for dissociative low-energy electron transfer to a molecule 

XY. EA =Electron Affinity, Do= Bond Dissociation Energy. 

dramatically increasing its lifetime against dissociation, which would have to 

occur via a tunneling mechanism. Nevertheless, rotational energy barriers 

are not expected to be higher than a few millielectronvolts, because of the 

low energies of the reactants, the relative structural compactness of the 
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molecules studied, and in some cases (Cr from CC14; r from CF3I; Br

from CF3Br) simply because of the circular symmetry of the molecule 

around the bond being broken. Therefore, possible rotational barriers are 

not expected to influence significantly the energy considerations depicted in 

Figure ill.S. 

As an experimental confirmation of the above, in no case was 

dissociative electron transfer accompanied by parent negative ion detection 

in this series of experiments. 

Back to the diagram, the excess energy of the reaction is equal to : 

Eco = EA(X) - D0(X-Y) = EA(XY) - D0(X--Y) (ill.36) 

It is the difference in ground state energy between reactants and products. 

The fact that it can be written in two different ways is helpful in obtaining its 

value, since EA(X) and D0(X-Y) are much more frequently available in the 

literature than EA(XY) and D0(x--Y). However, at the low electron 

energies characteristic of our experiments (0 ::::;; Em < 200 me V), dissociation 

of the neutral molecule is never energetically possible because the lowest 

bond dissociation energies (D0(X-Y)) for the halocarbons studied are 

greater than 2 eV, as can be seen on Table 111.1, where available 

thermodynamical parameters are listed. 

Room temperature internal energy (Eint) considerations provide a 

small correction to Eco· The excess energy of the reaction becomes : 

Eel = Ec0 + Eint(XY) - Eint(Y) (ID.37) 

where X, as an atomic fragment (Br2- from CF2Br2 is viewed as a special 

case), does not possess any internal rotational or vibrational energy. The 

rotational energy of a molecule (XY or Y in this case) can be taken, by use 

of the equipartition theorem, to be equal to O.S·ka T per degree of freedom, 

because the rotational level spacing for the molecules contemplated is much 
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Do(X _ Y)60,61 ,63 

2.28 

3.04 

NA 

3.4 

3.02 

3.13 

NA 

Table ffi.l : hnportant thermodynamical parameters:NA: Not Available. 

smaller than kB T. Therefore, at room temperature (T = 298 Kelvin) it is 

equal to- 39 meV. On the other hand, the vibrational energy is the sum of 

the energy in each normal vibrational mode. For a non-linear polyatomic 

molecule (or molecular fragment) consisting of N atoms, and having 

vibrational frequencies v 1, v2, ... , vN, some of which may be repeated 

degenerate ones, the internal vibrational energy is given by : 

~ hv· 
Evib = Lexp(hvin:B T) - 1 (ID.38) 

i=l 

Examples of vibrational frequencies for some of the molecules encountered 

in this work are provided on Table l/1.2. Included, for comparison, is the 

case of one molecular fragment, Y (CC13), and one molecular negative ion, 

xy- (CFC13 -), in their ground electronic states. The overall correction 



70 

added to Eco in this way is typically around 0.03 - 0.05 eV. Values of the 

excess energy, Eel• for the molecules studied range from 0.3 to 1 eV. 

Species Vibrational Frequencies (em -1) 64,65 

CF3I 1074(1) 742(1) 284(1) 1185(2) 539(2) 260(2) 

CCl4 458(1) s 218(2) 776(3) s 314(3) 

CC13 898(2) s [450](1) [460](1) [240](2) 

CFC13 349.5(1) 535(1) 1085(1) s 241(2) 398(2) 847(2) s 

CFC13- NA 486(1) 1056(1)s NA 440(2) 776(2) s 

Table Ill.2 : Comparison among some vibrational frequencies. Number in parentheses 
denotes the degeneracy of each mode. "s" denotes modes that can be characterized as 
corresponding mainly to stretching of a bond. NA: Not Available. 

This excess energy can be accommodated either as translational 

kinetic energy of the two fragments x- and Y upon dissociation or within the 

internal vibrational modes of the negative ion in its ground electronic state 

prior to dissociation. 

The average translational kinetic energy of the negative ion, x-, can 

be readily obtained by Position Sensitive Detection, explained on §II.B.2. 

Assuming that the x- ions have an isotropic distribution of velocities, the 

average of the squares of velocities in the y or x directions of the PSD, 

<vy 2> or <vx 2> respectively, can be used to obtain the total average 

translational kinetic energy release. The translational kinetic energy of x
thus obtained contains two contributions : that due to the dissociation 
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process and that due to the initial thermal translational energy of XY, which 

can be subtracted thereby yielding T c· T c• the amount of excess energy 

which appears as translational kinetic energy of the dissociation products, is 

distributed between x- and Y according to the law of momentum 

conservation (in their center-of-mass frame). T c is a fraction of Ec, the 

excess energy of the reaction, which differs from Eel in that it contains the 

relatively small kinetic energy of the Rydberg electron. 

The resulting expression, using for example the experimental value 

<vy2>, is: 
3 { 2 mx } mXY 

Tc = 2 mx<vy >- mXYknT my 

According to the preceding explanation, this is also written : 
mXY 

T c = (T X,lab - Ex,thermal) my 

or: 
mXY 

T = TxcM·--c , my 

(ill.39) 

(ill.40) 

(ill.41) 

Subsequent comparison of T c with Ec, calculated by use of the appropriate 

EA and Do values, provides information about the dynamics of the 

dissociation process. 

2. Direct Dissociation. 

a. Energy Distribution. 

Direct is characterized as a dissociation where almost all of the 

excess energy of the reaction, Ec, appears as translational energy of the 

products, Tc. The possibility : Tc :::: Ec has the following important 

consequence. According to the previous discussion, by far the largest 

contribution to Ec, Eco given by expression III.36, has a fixed value : it is not 
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a statistical average. Therefore, Ec, although an averaged quantity, exhibits 

a very low variance. Consequently, in the case of direct dissociation, T C' 

and thus the translational energy imparted to x-, will have a specific value 

with very small statistical fluctuation. In other words, x- ions would be, in 

that case, essentially monoenergetic in the center-of-mass frame of x- and 

Y. In the lab frame, however, x- ions are not monoenergetic because of the 

addition of the thermal velocity. Although the magnitude of the thermal 

velocity is usually smaller, the fact that it follows a Maxwell-Boltzmann 

distribution of speeds when combined with the random angle with the 

dissociatively acquired velocity, results in a lab frame x- ion speed 

distribution whose width is comparable to, although smaller than, that of the 

Maxwell-Boltzmann distribution 59. 

A collection of completely monoenergetic particles, formed at a 

specific point in space at time t = 0 and moving in random directions will, at 

the moment t = td, uniformly populate the surface of a sphere of radius R = 
td·vi, where vi is their speed. If at that moment the particles are projected 

on a two-dimensional plane, for example the face of the PSD, their two

dimensional distribution as a function of the radial distance r ( = ( x 2+ y2) 112) 

from the center of the PSD will have the form : 
r2 -1!2 

f(r) oc { 1 - R1 } (111.42) 

This function is illustrated on Figure 111.6.a. 

Of course the uncertainty principle prevents infinitely well defined 

speeds (or, for that matter, points of formation!), and so the divergence for r 

= R is avoided. More significantly, the finite size of the volume where the 

ions are collisionally formed, and the fact that their distribution of speeds is 

quite wide because of thermal and other effects already described, implies 
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and (b) for particles with a Maxwell-Boltzmann speed distribution. 
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that, at t = td, the ions are actually distributed in a thick and diffuse spherical 

shell. Monte Carlo simulations recently performed in this lab 66 that take 

this modification into account confirm the intuitive notion that the PSD 

distribution expected in the case of direct dissociation should be relatively 

flat, with a minor dip toward the center. 

Therefore, in those cases for which the averaged T c (as obtained via 

Eqn. 111.39 from the experimentally measured <vy 2>) is substantially 

greater than the thermal translational energy of XY (about 39 me V at room 

temperature), the shape of the PSD distribution of the x- ions is an 

important indicator as to whether they were produced by direct dissociation 

or not. 

b. Experimental Results. 

Dissociative electron transfer at high n revealed that four of the seven 

halogenated hydrocarbons studied do undergo direct dissociation. They 

are : CF3I, CF3Br, CH2Br2 and CHC13. Experimental results for these 

molecules are presented on Table 111.3, together with the calculated values 

of the excess energy, Ec, at zero electron energy (Em = 0). The rate 

constants for low energy dissociative electron transfer, k, were confirmed 

by measurements with several different Rydberg states of principal 

quantum numbers 40 ~ n < 100. Notice that for the molecules with low rate 

constants (CF3Br and CHC13), PSD data collection was more difficult, and 

the corresponding relative error bars are somewhat greater. 

A representative negative ion PSD distribution is shown in Figure 

/l/.7. It is the distribution of r ions from the dissociative transfer of Rydberg 

electrons from the state 34d of potassium to CF3I. The high translational 
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energy of the r ions ensures that post-attachment effects only become 

apparent for n < 34 in the case of that molecule. 

XY X Ec (meV) Tc(meV) Tx,cM(meV) 

CF3I I 820 795 ± 28 280± 10 

CF3Br Br 360 380± 30 176± 14 

CH2Br2 Br NA 302± 12 163 ±7 

CHCI3 Cl 250 212±25 149 ± 18 

XY X vx,lab,rms004 cm/s) k(10-7 cm3/s) td(Jls) 

CF3I I 6.81 ± 0.15 6.5 ± 1.0 8.6 

CF3Br Br 6.90±0.25 0.16±0.03 10.1 

CH2Br2 Br 6.60±0.12 5.6 ± 1.1 10.1 

CHCI3 Cl 9.41 ±0.35 0.10±0.03 9.0 

Table 111.3 : Experimental results and parameters for low energy electron transfer 
accompanied by direct dissociation. NA: not available. 

On that figure, the same x-y position information is presented in two 

different ways : in a three-dimensional perspective view and as a contour 

plot. The contour plots have four shades [white : 0- 10%; light gray : 10-

40%; dark gray: 40- 70%; black: 70- 100%, where 100% corresponds to 

the maximum number of counts recorded on a specific x-y pixel, i. e. it 

corresponds to the maximum peak height]. On all contour plots, the 

intersection between the potassium and laser beams occurs at the center of 

the circumscribed circle, whose diameter is equal to the active diameter of 
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the PSD (- 26 mm). Ions are collisionally produced (see §ll.B.2.a) roughly 

within 1 mm from that center. The orientation is invariably such that the 

potassium beam (parallel to the x axis) is directed from top to bottom on the 

page, whereas the laser beam (antiparallel to the y axis) is directed from 

right to left. 

Returning to Figure ill. 7, the PSD distribution is circularly symmetric 

about the center, within statistical fluctuation. This symmetry reflects an 

isotropically uniform distribution in the initial directions of motion of the 

dissociatively produced negative ions. In its turn, this is a manifestation of 

the fact that at high n the reaction occurs simply between the electron and 

the randomly moving molecule, and post-attachment interactions are 

unimportant. 

Moreover, as expected for this type of dissociation, the PSD 

distribution is essentially flat with a minor dip in the middle, which is just 

discernible, especially on the contour plot. Since the distribution is 

symmetric about any axis on the x-y plane passing through its center, the 

last statement can be tested by looking at the one-dimensional projection of 

the distribution along, for example, the y-axis. This type of projection has 

the advantage of providing direct quantitative information (Number of ions 

as a function of the displacement along the chosen axis). Its disadvantage is 

that information along the perpendicular axis is lost. 

Position distributions along the y axis are presented for the atomic 

negative ions from all four directly dissociating molecules on Figure 1/1.8. 

The average drift times for these ions, td, have been included on Table Ill.3. 

On those graphs, statistical (i. e. square root) error bars are also indicated. 

All distributions were obtained at n = 40, except for the r distribution from 

CF3I, which was obtained at n = 34. 
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Fi.gure Ill. 7 : Arrival position distribution of r ions produced in collisions of CF3I with 

K(34d) Rydberg atoms. Perspective view and contour plot. 
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Figure ill.8 : High n arrival position distributions, perpendicular to the potassium 

beam, for attaching molecules that undergo direct dissociation. (a) r from CF3I; (b) Br

from CF3Br; (c) Br- from CH2Br2; (d) Cr from CHCl3. 
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Intercomparison of the four distributions reveals that one of them, 

namely that for cr ions from CHC13, does not have the flat peak distribution 

characteristic of the rest. This is consistent with a center-of-mass cr ion 

velocity distribution that is wider than those of the other species. It is also 

consistent with the fact that the measured value of T c is about 40 me V 

lower than Ec, suggesting that in the direct dissociation of CHC13- a small 

fraction of the available excess energy is accommodated internally, and 

remains as vibration of the CHC12 neutral fragment. Although the 

geometrical structure of this radical is not known, it is speculated 67 •68 that 

it may have a planar, C2v, rather than a non-planar, Cs, symmetry. 

However, the C3v symmetry of CHC13 requires that CHC12 be in a non

planar conformation prior to dissociation. The change of conformation of 

the neutral fragment accompanying dissociation would then account for 

some loss of translational kinetic energy which would go into the off-plane 

vibrational modes of CHC12. By contrast, the CF3 radical formed by the 

direct dissociation of CF3Br- and CF3r retains its non-planar (point group 

sy1mnetry : C3v) conformation, and so no translational kinetic energy loss is 

required, in accordance with experimental results. 

c. The Dissociation Mechanism. 

All molecules and molecular ions targeted in this investigation, 

directly dissociating or not, have pentatomic tetrahedral structures. 

Couplings 69 between any two of the nine vibrational modes for any of 

these molecules are expected to lead to the statistical distribution of 

available excess energy among all vibrational modes within 10 - 100 

average vibrational periods. 

This estimate is based on the fact that the vibrational frequencies for 
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these molecules (see, for example, Table TII.2) do not exhibit very wide 

numerical "gaps" among themselves ; on the fact that the vibrational force 

constant matrix, F, for this type of molecule contains 36 significant (although 

not necessarily distinct, due to symmetry) off-diagonal matrix elements, 

which means that four different coupling matrix elements couple each 

normal mode ; and on the assumption 70 that interaction constants are, on 

average, of about the same magnitude as bending force constants, or about 

an order of magnitude. smaller than stretching force constants. Further 

discussion on vibrational energies follows on Chapter IV, in connection with 

cs2. 

The fact that little, if any, of Ec appears as vibration implies that direct 

dissociation occurs much faster than the time required for statistical energy 

redistribution, possibly within one vibrational period. This implication points 

strongly to the possibility that (XY-)* is formed in an excited electronic state 

for which the extra electron is in a molecular anti-bonding orbital on one of 

the two atoms, say X. Consequently, immediate dissociation follows. 

The situation is shown on Figure 111.9, on which electronic potential 

energy curves are qualitatively depicted on a three-dimensional coordinate 

system : the encounter of the molecule with the Rydberg electron occurs by 

motion on the plane "perpendicular" to the page (potential energy curve 

(C)); subsequent dissociation follows the anti-bonding orbital (curve (B)) 

which lies on the plane of the page. The bound electronic state of XY

corresponds to curve (A), which is also in the plane of the page. The path of 

the reaction is shown by arrows. 
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E 

0 r(x-- Y) 

Figure III. 9 : Potential energy curves involved in attachment followed by direct 

dissociation. 

3. Vibrational Predissociation. 

a. Description. 

In cases where a dissociating electronic state is not populated by low 

energy electron transfer, either because such an antibonding orbital does 

not exist, or because it lies at higher energies, the only choice remaining is 
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population of excited vibrational levels of the ground electronic state of the 

molecular negative ion. The existence of several distinct vibrational 

frequencies and modes among which the excess energy of the reaction is 

statistically distributed (and continuously redistributed) means that 

dissociation will only occur at the moment when an amount of energy 

E0(x- - Y) ( <- EA(XY)) equal or greater than needed for dissociation 

(E0(x- - Y) ~- D0(x- - Y)) happens to be concentrated on the x-... y 

stretching mode. The translational kinetic energy, Tc, that the fragments x
and Y acquire upon dissociation is no longer Ec. It is, rather, the amount of 

excess energy localized in the reaction coordinate when dissociation 

occurred, i. e. T c ::::: E0(x- - Y) - D0(x- - Y). 

Calculation of the distribution of values of T c for a specific reaction 

can be performed by using standard statistical theories of unimolecular 

decay such as, for example, RRKM theory 71 • 72, and the phase space 

theory which was largely developed by Klots 73. The result, as intuitively 

expected on the basis of the preceding discussion, is a statistical distribution 

that is a monotonically decreasing function of T c : its maximum occurs at 

T c = 0, and it has an exponential decay form with a calculated average, T cO• 

that is typically much smaller than Ec. The corresponding speed distribution 

is a Gaussian with its maximum at zero. If a collection of particles having 

that speed distribution and starting at t = 0 from a specific point is allowed to 

drift until t = td and is then projected onto a plane such as the PSD face, the 

resulting calculated two-dimensional arrival position distribution is also a 

Gaussian function of the radial distance from the center of the PSD. This 

function is illustrated on Figure ll/.6.b. 

In real terms, the lab frame distribution of energies or speeds is 

somewhat different for two reasons : firstly, the rotational barrier will tend 
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to inhibit very low energy dissociations and, secondly, a fraction of initial 

thermal energy proportional to mxlmxy is acquired by every ion. 

Therefore, the lab distribution of speeds, although still wide and skewed 

toward the lower values 74, will resemble to a degree the Maxwell

Boltzmann curve. 

b. Experimental Results. 

The remaining three halogenated hydrocarbons, i. e. CC14, CFC13 and 

CF2Br2, have been found to undergo vibrational predissociation. In the first 

two cases, the measured average values of T c agree well with predictions 

of statistical theories. In the case of CF2Br2, for which Ec could not be 

determined, the assignment was made from the shapes of PSD distributions 

as well as by lifetime considerations, to be discussed in §ill.D.3.d. Relevant 

numbers are presented on Table 1//.4. Representative high n (n = 40) PSD 

distributions, analogous to those for direct dissociation, are presented on 

Figures //1.10 and //1.11. The contrast between these curves and the ones 

for direct dissociation (Figures ill.7 and ill.8) is obvious. 
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XY X Ec (meV) Tc (meV) Tx,CM (meV) 

CCI4 Cl 640 110± 15 85± 10 

CFCI3 Cl 550 82± 10 61 ±8 

CF2Br2 Br NA 176± 10 109±6 

CF2Br2 Br2 NA 178±42 42± 10 

XY X 4 vx,lab,rms< 10 cm/s) k(10-7 cm3/s) tct(Jls) 

CCI4 Cl 7.20±0.45 7.0± 1.2 10.4 

CFCI3 Cl 6.26±0.34 7.0± 1.5 10.4 

CF2Br2 Br 5.46 ±0.15 5.9± 1.2 11.0 

CF2Br2 Br2 2.95±0.20 0.6±0.2 15.1 

Table III.4 : Experimental results and parameters for low energy electron transfer 
accompanied by vibrational predissociation. NA: not available. 
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Figure lll.lO : Arrival position distribution of cr ions produced in collisions of CFCI3 
with K(40d) Rydberg atoms. Perspective view and contour plot. 
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Figure III.ll : High n arrival position distributions, perpendicular to the potassium 

beam, for attaching molecules that undergo vibrational predissociation. (a) cr from CCl4; 

(b) Br- from CF2Br2; (c) cr from CFCl3. 
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D. DYNAMICS AT LOW-TO-INTERMEDIATE N 

Two distinct physical perspectives have been developed so far in this 

chapter : that of mechanisms that modify the free electron description of 

Rydberg electron transfer at low-to-intermediate n, and that of the two 

possible mechanisms that can lead to dissociative electron transfer. This 

section describes the synthesis of these two perspectives, and the analysis 

of the resulting picture. 

1. Angular Asymmetries. 

a. Qualitative Presentation. 

The arguments presented on §III.C.2.c combined with the 

considerations from §III.B.2.d lead to the expectation that at low-to

intermediate n, for direct dissociation, post-attachment electrostatic 

interactions will be primarily between the K+ and x- ions ; the prior 

interaction between the K+ and (XY-)* ions is expected to have negligible 

effect because of its small duration. On the contrary, such simplifications 

cannot be made in the case of vibrational predissociation. For that reason, 

direct dissociation at low-to-intermediate n is approached first. 

Figure I/1.12 shows the negative ion PSD distributions at low-to

intermediate n for the directly dissociating target, CF3Br. A dramatic 

change in form is evident : the isotropic distribution of bromine ions 

observed at high n is replaced by a highly anisotropic one in which ions 

moving in the same general direction as the potassium atoms are absent. 

As shown in Figure /I/.13, other directly dissociating targets exhibit the 

same behavior. Moreover, the angular asymmetry becomes ever more 

pronounced as n decreases, as the comparison between r ion distributions 
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from CF3I at n = 10 and n = 7 demonstrates in Figure //1.14. 

This novel effect can be understood in terms of post-attachment 

electrostatic interactions. At the values of n at which angular asymmetries 

become apparent, the escape probabilities calculated via Eqn. III.32 or 

deduced from experimentally obtained rate constants for negative ion 

formation are substantially smaller than unity, typically less than 0.5. This 

means that an increasing (as n decreases) fraction of the ion pairs initially 

produced are not observed. The criterion for escape and thus detection of a 

negative ion (Eqn. III.24) can be written : 

(III.43) 

The relative kinetic energy of the positive and negative ion pair must be 

greater than the potential energy of their electrostatic attraction. K+ ions, 

however, are formed moving initially always in one direction, that of the 

potasium beam. On the other hand, the negative ions produced by 

dissociation initially move in all directions in the lab frame. The relative 

kinetic energy, Trel• depends on the direction of negative ion motion : in 

the center-of-mass frame, negative ions do not move with the same 

average speed in all directions , because the ones moving in the same 

general direction as the K+ ions in the lab frame will have very little kinetic 

energy in the center-of-mass frame, Trel• if their speed happens to be 

comparable to that of K+. 

[Thesis text is continued on page 95. Pages 91- 94 contain Figures //1.12, 

111.13.a, 111.13.b and 111.14] 

Figure III.l2 (page 91) :Arrival position distributions for Br- ions from CF3Br at 
low-to-intermediate values of n. Contour plots. 
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Figure III.13.a : Arrival position distributions at n = 40 and 10. Br- ions from CH2Br2. 
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n=40 

n= 10 

Figure ffi.13.b: Arrival position distributions at n = 40 and 10. Cr ions from CHCI3. 
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Figure ill.14 : Arrival position distributions of r ions from CF3I at n = 7 and n = 10. 
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[Continuation from page 90] 

The calculated rms. speed of the K+ ions in the lab frame is 6.1x104 

cm/s, close to the initial rms. speeds of the negative ions produced by direct 

dissociation. For both speed distributions, mean speeds, as obtained from 

PSD distribution data analyses at high n, are between 10 and 15% smaller 

than rms. speeds. Thus, the mean speeds of the positive and negative ions 

are comparable. Therefore, for a negative ion initially created travelling in 

the same general direction as the K+ ion product, the relative kinetic energy 

of the ion pair in the center-of-mass frame, Trel' is typically small, and a 

sizeable fraction of such ion pairs are unable to separate. 

b. Velocity Matching in More Detail. 

The amount of angular asymmetry observed at low-to-intermediate n 

is eventually determined by the ratios of positive over negative ion initial 

speeds for individual collisions, rather than just the ratio of the mean 

positive ion over the mean negative ion speed. Both types of ions have 

statistical distributions of speeds that encompass a wide range of speed 

values in the lab frame : the K+ ions obey the Maxwell-Boltzmann 

distribution ; negative ion speed distributions are almost equally wide, as 

discussed in §III.C.2.a, and as was indirectly confirmed from the difference 

between the rms. and mean negative ion speeds obtained from PSD data at 

high n. However, if the ratio of mean speeds is close to one, then the ratio of 

speeds for individual collisions will be on average further away from unity. 

This implies that substantial angular modulation of the relative kinetic 

energy in the center-of-mass frame should exist for a wide range of 

different lab frame speeds. 

The last statement can be demonstrated in a more quantitative 
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fashion as follows : starting from expressions ill.19 and ill.22 where VK and 

vN are the initial speeds of the positive and negative ion in the lab frame, the 

relative kinetic energy in the center-of-mass frame can be written as : 
1 

Trel = 2Jl(vK2+vN2) - JlvKvNcose (ll.44) 

or: 

(ll.45) 

where e is the isotropically distributed initial relative angle of motion 

between the two ions, and : 
1 

Ta = 2 Jl(VK2 + vN2) (11146) 

(ll.47) 

The average value of Trel is equal to Ta, whereas its minimum occurs 

at e = oo (both ions moving initially in the same direction), and its maximum 

occurs fore= 180° (ions moving initially in opposite directions) as expected. 

The angular modulation of the relative kinetic energy in the center-of

mass frame, defined as : 

(11148) 

will be then given by : 
2p 

J(9) = 1 - 2 cose 
p + 1 

(III.49) 

where p is the ratio of speeds. Due to the symmetry of the problem, results 

are the same regardless of whether this ratio is taken as vK/vN or vN/vK. 

From 111.49, one can easily obtain the average angular modulation. 

This is the ratio of the average relative kinetic energy for ion pairs with 

relative speeds isotropically distributed in a cone of half-angle e0 around the 

initial direction of K+ ions, to the average relative kinetic energy for ion pairs 

with any relative initial orientation. It is : 



or: 

J(p,eo) = 
l 0

J(e)·sine·de 

l 0

sine·de 
0 

_ 2p . 1 - cos(2e0) 
J(p,eo) - 1 - ~1 1 e p + -cos 0 
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(III. 50) 

(III.51) 

The physical meaning of J is shown in Figure 1//.15, in which it is plotted 

as a function of eo for values of p ranging from 1 (=perfect velocity 

matching; bottom curve of the graph), 0.9, 0.8, ... , 0.1 (=speeds differing by a 

factor of 10; top curve of the graph). All curves approach the value: J = 1 

for e0 = 180°. It is easy to see on that Figure that the average angular 

modulation of the relative kinetic energy is very high for speeds differing by 

as much as a factor of two, especially for relative angles smaller than 45°. 

However, as p is decreased below 0.5, the angular modulation quickly 

becomes unimportant. 

The conclusion drawn from this analysis is that the "velocity 

matching" condition that generates angular asymmetries on the negative ion 

PSD distributions is a rather loose one :even ion pairs with speeds differing 

more than 50% but with relative directions of initial motion anywhere from 0 

to 45° will have on average a factor of ten less relative kinetic energy than 

ion pairs with different orientations. Clearly then, the angular dependence 

of the post-attachment interaction will have to be dramatic. This explains, 

for example, why even cr ions from CHC13 exhibit an asymmetry at n = 10, 

even though the rms. speed ratio in that case is only p = 0.65. It also 

explains why velocity matching works for ions having fairly wide 

distributions of velocities, such as the Maxwell-Boltzmann distribution, 

whose Full Width at Half Maximum (which contains more than 85% of the 
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particles of the distribution within its bounds) extends almost± 50% above 

and below the mean. 
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Figure III.15 : Average angular modulation of the kinetic energy of particle pairs with 

relative directions in a cone of half angle So. 
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c. Trajectory Changes. 

Despite the preceding analysis, angular asymmetries due to velocity 

matching are still, from a certain perspective, implausible. The argument 

has to do with the nature of the post-attachment interaction : ion pairs that 

manage to escape their mutual attraction will retain some of their total initial 

kinetic energy as they fly apart, but may have undergone a trajectory 

change due to the electrostatic interaction, which will change their initial 

direction of motion anywhere from 0 to 180°. Such a trajectory change is 

expected to become more pronounced in the average distribution of 

particles as the average initial distance of the escaping pairs, and hence the 

scattering impact parameter, is decreased. This distance, as we have 

already seen, decreases with decreasing n but less rapidly than the average 

radius of the Rydberg state (see, for example, Figure III.4 and 

accompanying discussion). 

The trajectory change question can be answered at two different 

levels. One is to try to model the situation by using the equations of motion 

and Monte Carlo techniques : such modelling attempts are part of the 

Master's thesis of another member of this research group 66. The second 

approach is to extract that information directly from the PSD distributions of 

the K+ ions by use of momentum conservation. Such an approach is 

possible because the K+ ions offer the simplification of having only one 

component of initial momentum (along the x axis). 

Momentum conservation, applied in the lab frame, yields the result : 
mK 

dVNx = (1 - a)-VK (111.52) 
mN 

mK 
dVNy = ~-vK (111.53) 

mN 

where the potassium beam is along the x axis and the laser beam is along 
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the y axis. All quantities are averages. Parameters a and p are two 

dimensionless parameters between zero and one. They give the fraction of 

the average initial momentum of the K+ ion that the ion possesses along the 

x and y axes after the post-attachment interaction. At high n, where the 

post-attachment interaction is negligible, one has a = 1 and P = 0. 

Comparison, therefore, between K+ ion distributions at high and low-to

intermediate n should provide the required information. 

The assumptions on which this approach rests are : 

i. The (XY' )* ions dissociate before significant deflection of the K+ 

ions due to the post-attachment interaction has occurred. Satisfaction of 

this assumption is consistent with lifetimes against direct dissociation of the 

order of one vibrational period or less, down to at least n = 8. This is justified 

by Eqn. ill.34. Negligible deflections for K+ ions are defmed to be the ones 

which would not be detected by the PSD under normal conditions of 

operation. All K+ ion data was obtained with a drift time equal to 14.3 f.lS. 

The corresponding deflection detectability limit is about 5°. 

ii. Escaping ~ ions at low-to-intermediate n have a distribution of 

initial speeds which is not significantly different from that of K+ ions 

produced by dissociative electron transfer at high n. The loose speed limits 

within which the velocity matching mechanism operates make this 

assumption relatively easy to satisfy. 

An example is provided in Figure /l/.16. In that figure, PSD 

distributions for K+ ions detected in coincidence with Br- ions due to 

dissociative electron transfer to CH2Br2 are compared at n =10 and n = 40. 

Part (a) is an overlay of the one-dimensional projection of the distributions 

along the y axis; part (b) is the corresponding projection along the x axis. 

The n = 40 distribution is presented without statistical error bars on both 
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Figure IIT.l6.a : Arrival position distribution of K+ ions detected in coincidence with 

Br- ions from CH2Br2perpendicular to the potassium beam. Comparison between n = 40 

(plain line) and n = 10 (line with error bars). 

pictures for the sake of clarity. 

The peak of the x axis distribution at n = 40 corresponds to the most 

probable speed of the Maxwell-Boltzmann distribution. For our beam that 

speed is 4.95x104 cm/s. This value together with the drift time permits the 

assignment of zero along the x axis. This assignment has been cross

checked with negative ion and other data. Then the distance between the 
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Figure III.16.b: Arrival position distribution of K+ ions detected in coincidence with 

Br- ions from CH2Br2 parallel to the potassium beam. Comparison between n = 40 (plain 

line) and n = 10 (line with error bars). 

peak at n = 10 and n = 40 provides an estimate of 1 - a. The value of vy, 

obtained from the statistical analysis of the y axis PSD distribution at n = 10, 

provides, after subtraction of the instrumental width, the value of ~. In this 

specific example, one obtains the values : 1 - a = 0.6, and ~ = 0.3. Error 

bars for a and~ are generally ±50%. Application of Eqns. m.52 and 

ID.53, and use of the assumption of equivalence between they and z axes in 



103 

terms of collisional symmetry finally leads to an average fractional change 

of about 30% for each velocity component of the Br- ion due to this 

momentum transfer mechanism. Geometrical arguments show that this 

type of change corresponds to average deflections for the Br- ions that are 

smaller than 20°. Similar results are obtained for the other molecules that 

undergo direct dissociation. 

Consequently, the averaged effect of trajectory changes due to post

attachment interactions is rather small for the escaping negative ions, and 

certainly not sufficient to obscure significant angular asymmetries. 

Nevertheless, at very low values of n tlns effect may provide a limitation on 

how asymmetric the negative ion PSD distributions may become. It may, 

for example, explain the relatively minor asymmetry change observed for r 
ions between n = 10 and n = 7 in Figure TII.14. 

2. Angular Symmetry: SF6 

Low energy Rydberg electron attachment to SF6 leads to the 

formation of long-lived ('t >> 10 J.LS) metastable SF6- ions, according to 

Reaction 11.17. These ions have only thermal translational kinetic energy, 

since no translational energy release accompanies their formation. Under 

room temperature conditions, their velocities follow a Maxwell-Boltzmann 

isotropic distribution with an rms. value : v = 2.26x104 cm/s. Therefore, 

they are, on average, almost three times slower than K+ ions : the average 

speed ratio between the two kinds of ions is p :::: 0.37. A glance at Figure 

111.15 then shows that their average angular modulation due to electrostatic 

post-attachment interactions at low-to-intermediate n is substantially less 

pronounced than that of any of the negative ion species produced by direct 

dissociation. Consequently, angular asymmetries in the PSD distributions 
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of SF6- ions are expected to be weak, if at all present. 

PSD distributions for these ions, as well as for the corresponding K+ 

core ions at n = 40 and n = 10, are presented on Figure //1.17. The drift 

time, td, for SF6- ions was 25.2 f..1S, whereas for K+ ions it was, as always, 

equal to 14.3 JlS. The following conclusions can be drawn from the analysis 

of these four distributions : 

i. The distribution of SF6- ions at n = 40 looks much more similar to 

that of negative ions produced by vibrational predissociation (Figure m.1 0) 

than to that of negative ions produced by direct dissociation (Figure ill.?). 

This is due to both the low translational kinetic energies of the SF6- ions, as 

well as their wide thermal velocity distribution. 

ii. The distribution of SF6- ions at n = 10 appears to be almost 

circularly symmetric too. Indeed, minor deviations from circular symmetry 

present in this distribution have been found, by subsequent quantitative 

analysis of this and other low-to-intermediate n data, to lie within standard 

statistical error bars for circular symmetry. Clearly, SF6- ions do not 

exhibit the angular asymmetries shown, for example, on Figure III.12, in 

agreement with expectations. 

iii. The distribution of K+ ions at n = 10 is centered much closer to the 

origin than that for K+ ions at n = 40. In other words, escaping K+ ions at n 

= 10 move much slower in the direction of the potassium beam. Analysis 

similar to that performed in the previous section for K+ ions produced by 

dissociative Rydberg electron transfer to CH2Br2, reveals that the 

experimental value of 1 -a. is 0.8: escaping K+ ions have lost about 80%, on 

average, of their momentum along the initial direction of motion. 

Momentum conservation along the x axis requires in that case that the peak 

of the circularly symmetric SF6- ion distribution be displaced along the 
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potassium beam by an amount calculated by Eqn. III.52. Indeed, by 

comparing SF6- ion distributions at n = 10 and n = 40, one observes a 

displacement of the peak in the expected direction, which further 

calculations demonstrate to be of the right amount. 

iv. At n = 40, the width of the distribution of K+ ions in the direction 

perpendicular to the potassium beam is approximately equal to the 

instrumental width. At n = 10, however, the K+ ions have acquired some 

transverse (i.e. y axis) momentum. Mean velocity analysis shows that this 

momentum gain corresponds to ~ = 0.1. According to Eqn. 11!.53, this 

momentum gain for the K+ ion distribution should correspond to a 

momentum loss for the SF6- ion distribution along the same axis. Careful 

analysis shows that that the negative ions have, indeed, lost some 

momentum along they axis at n = 10 compared ton= 40. Nevertheless, 

that momentum loss is about a factor of three smaller than needed to 

account for the K+ transverse momentum. 

This last conclusion, however, contains a loophole : it assumes that 

the initial y momenta of the escaping SF 6- ions at n = 10 (prior to electro

statically induced trajectory changes) were roughly the same as those of 

SF 6- ions at n = 40. This statement may be true for the total population of 

product SF 6- ions, but since at n = 10 the vast majority (> 90%) of those ions 

do not manage to escape the K+ electrostatic attraction, it is reasonable to 

assume that, according to Eqn. Ill.46, there should be a preference, among 

the escaping ions, for those with higher thermal translational energies. This 

could easily account for the inconsistency at (iv), by assuming, for example, 

a distribution of escaping SF6- ions with an average translational 

energy ~ 20% above thermal. It is interesting to point out that part of this 

"extra" SF6- translational energy at n = 10 does show up in Figure Ill.l7, 
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Figure 11117 .a : Contour plots of the arrival position distribution of SF6- ions at n = 40 

and n = 10. 
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Figure IIT.17. b : Contour plots of the arrival position distribution of K+ ions in 

coincidence with SF6- ions at n = 40 and n = 10. 
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despite the fact that the overall width of that distribution is somewhat 

smaller than at n = 40 : it is evident when one includes the kinetic 

energy needed to displace each ion of the SF6- distribution along the x axis, 

so as to comply with momentum conservation along that axis, in 

accordance with (iii). 

Experiments carried out at even lower values of n yield K+ ion 

distributions identical to that at n = 10. This information may imply that for 

this particular system the maximum possible average momentum transfer 

between K+ and SF6- has been achieved at n = 10. In that case, all 

scattering angles are significantly populated, and so the ratio of K+ ions 

scattered in the forward direction along the x axis (large impact 

parameters) to those scattered in the backward direction along the same 

axis (small impact parameters) becomes independent of n. The average 

momentum that the K+ ions then have along the x axis attains its minimal 

value. That value is given by : 

CXmin = mK+mN 
(ID.54) 

Alternatively, the implication may be that the K+ ions have lost so much 

translational kinetic energy upon their escape from the electrostatic 

potential well due to their interaction with SF6- at n = 10, that there is very 

little difference on the PSD arrival positions between the forward and 

backward scattered K+ ions along the x axis. In that case both populations 

converge along the x axis to a PSD position corresponding again to amin. 

Consequently, although the fraction of forward scattered K+ ions may still 

be decreasing with n below n = 10 in favor of backward scattered ones, this 

change is no longer observable on the PSD. The latter idea is in agreement 

with the relatively small kinetic energies observed for the K+ ions at n = 10. 
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It is also consistent with the fact that the kinetic energy loss for a K+ and an 

SF 6- ion escaping from each other in their center-of-mass frame is inversely 

proportional to their masses. 

For the K+ - SF6- system amin = 0.21. This value agrees with the 

one observed experimentally (a = 0.2). 

3. Vibrational Predissociation Revisited. 

a. Introduction. 

Two very different types of negative ions have been discussed so far 

within the context of Rydberg electron transfer reactions at low-to

intermediate n : dissociatively produced atomic ions, and molecular ions of 

thermal translational energy such as SF6-. The effects of post-attachment 

interactions have been found to be important in both cases, but they are also 

responsible for differentiating one compared with the other on the PSD. 

Dissociative electron transfer to molecules that subsequently undergo 

vibrational predissociation leads initially to the formation of an intermediate 

molecular negative ion with thermal translational kinetic energy. Such an 

ion should exhibit a behavior similar to that of SF 6- as far as its post

attachment interactions are concerned. After some time, however, this ion 

dissociates into another ion which may have significantly higher average 

translational energy, and a neutral fragment. From Table III.4 it is evident 

that the rms. velocities of the atomic ions produced by vibrational 

predissociation are, in all three cases, comparable to thN of the potassium 

ions (6.1x104 cm/s). Mean speeds of these ions, deduced from their PSD 

distributions at high n (Figure III.11) are about 20% lower than the 

respective rms. values, as compared to the about 10% difference between 

the mean and rms. speeds for the high n distribution of K+ ions. This 
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difference between the positive and negative ion distributions supports the 

conclusion reached on §III.C.3.a, namely that the distribution of these 

negative ions should be somewhat more skewed toward lower velocities 

than the standard Maxwell-Boltzmann curve. Nevertheless, even when 

this effect is taken into account, mean speed ratios are still reasonably close 

to unity: p = 0.76 for Br-/CF2Br2; p = 0.88 for Cr/CFC13; and p = 0.99 for 

Cr/CC14. Therefore, the post-attachment interaction of these ions with K+ 

at low-to-intermediate n is expected to lead to angular asymmetries in the 

negative ion PSD distribution in the direction opposite to that cf the motion of 

the K+ ions. 

The relative effects of the interaction of K+ with the two different 

types of negative ions ((XY-) * and x-), in succession, must now be 

analyzed on the resulting PSD distributions. 

b. Experimental Results and Discussion. 

PSD distributions for the atomic negative ions from the three 

molecules are presented on Figure /l/.18 at n = 40 and n = 10. No 

pronounced angular asymmetries are apparent as n is decreased. On the 

contrary all three distributions at n = 10 look reasonably symmetric and 

similar to that of the SF6- ions. The lack of such an asymmetry in the atomic 

negative ions (X-) thus suggests that the intermediate (XY-)* ions for all 

three molecules must be sufficiently long-lived that the interaction between 

each K+ core ion and its associated (XY-)* intermediate results in 

significant deflection of the K+ ion trajectory prior to dissociation. Post

attachment interactions between the final K+ and x- product ions may still 

occur, but the initial velocities of the K+ ions at the moment of dissociation 

have been made more random by the prior K+- (XY-)* interaction, 
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n=40 

n= 10 

Figure ill.l8.a :Arrival position distributions at n = 40 and 10. cr ions from CCI4. 
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n=40 

n= 10 

Figure III.l8.b: Arrival position distributions at n = 40 and 10. Br- ions from CF2Br2. 
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n=40 

n= 10 

Figure III.18.c: Arrival position distributions at n = 40 and 10. cr ions from CFCI3. 
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resulting in more isotropic x- spatial distributions. These distributions 

therefore can be used in a straightforward fashion in order to obtain lower 

limits on the lifetimes of the intermediate molecular negative ions against 

vibrational predissociation. 

The question then becomes : are the lifetimes of the (XY-)* ions long 

enough to allow execution of full K+ - (XY-)* ion pair orbits (or, for the 

escaping (XY-)* ions, substantial distancing from the K+ core ion) before 

dissociation occurs? Using as an example the dissociative electron transfer 

to CC14 at n = 10, Eqn. lli.34 predicts an orbital period, T === 80 ps. Clearly, 

the orbital period for any particular K+- (CC14-)* ion pair will depend on the 

initial velocities of each collision partner and on their separation at the time 

of Rydberg electron capture. The above value is, therefore, only an average 

assuming that capture occurs at r = resc· This average separation, given by 

Eqn. lli.33, is somewhat greater than the average radius of the Rydberg 

atom, in accordance with the discussion on §lli.B.2.b. 

If the lifetime of the (CC14 -)* ions against vibrational predissociation 

is of the order of the average orbital period or greater, then the observed cr 
ion distribution on the PSD will be due to two distinct populations : 

i. Escaping Cr ions due to dissociation of ~.hose (CC/4-)* ions which 

managed to escape the electrostatic attraction of K+. By the time 

dissociation takes place these ions are already, on average, several atomic 

radii away from the K+ ions, and so the influence of dissociation on the post

attachment interaction should be minimal. That interaction is primarily 

between K+ and the heavy thermal CC14- ions which should be very similar 

to that for SF6- ions. Therefore, the K+ ion PSD distribution for this 

population is expected to be similar to that from SF6, i. e. narrow and 

centered about amin· As for the cr ions, their dissociation velocities should 
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be isotropically superposed to those of the CC14- ions (This prediction rests 

on the assumption that the direction of motion of the cr ions upon 

dissociation in the Center-Of-Mass frame is random). As a consequence, 

the cr ion PSD distribution should have the same center as the CC14- ion 

distribution would have, had dissociation not taken place. In other words, by 

analogy with SF6, this cr ion distribution should be displaced along the 

positive x axis at n = 10, compared with the distribution at n = 40. 

ii. Escaping cr ions due to dissociation of (CC/4-J* ions executing 

orbits around K+ ions. The escape of such ions could result from the 

additional translational kinetic energy acquired by the negative ion upon 

dissociation. Therefore, the observed distributions would be characteristic 

of the electrostatic interaction between K+ and cr ions. However, since 

the K+ ions would have executed a more or less random fraction of an orbit 

around the K+ - CC14- center-of-mass before they begin to follow an escape 

trajectory, their initial directions of motion would be randomized. 

Consequently, their PSD distribution should be circularly symmetric around 

a min. In response, the cr ion distribution would have to be circularly 

symmetric and centered around the same point. 

It should be noted that the arguments in (ii) are valid, provided the 

lifetimes of the K+ - CC14- pairs against mutual neutralization are not 

smaller than one orbital period (see §III.B.2.d). In the case of mutual 

neutralization occurring within one orbital period, the population (ii) would 

be reduced, and so population (i) would become dominant. 

Recapitulating, if the lifetime against vibrational predissociation is 

assumed to be of the order of one or more K+ - CCI4- (or, more generally, 

K+ - XY-) orbital periods then, from both (i) and (ii) one expects more or 

less symmetric K+ and cr ion PSD distributions centered about a point, 
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whose displacement along the PSD x axis with respect to the "point" of 

initial formation of the ions is given by : 
mK 

<Xmin = mK + mXY 
(ill. 55) 

PSD distributions of K+ ions detected in coincidence with Cr ions 

produced by the Rydberg electron dissociative transfer to CCI4 at n = 10 

and n = 40 are compared in Figure Ill.l9. On that Figure, one-dimensional 

distributions with statistical error bars correspond ton= 10, whereas those 

without them correspond to n = 40. Corresponding two-dimensional 

contour plots are presented in Figure /l/.20. 

It is evident that these distributions are nowhere near those expected 

on the basis of dissociation lifetimes of the order of one orbital period or 

more. Indeed, K+ velocity components in the initial beam direction are quite 

high. Also the K+ ion distribution is quite wide in the direction transverse to 

the potassium beam (y axis), revealing that the escaping K+ ions at n = 10 

possess significantly higher translational kinetic energies than in the case of 

SF6. This is evidence that dissociation events generally occur close enough 

to the K+ core ion that that ion could acquire some of the available extra 

translational energy (about 85 meV in the case of cr ions from CC14) via 

the K+ - cr post-attachment interaction. In other words, there is no 

evidence for events that could be attributed to dissociations occurring 

further from the K+ core ion than a few atomic radii. In addition, close 

inspection of the negative ion distributions at n = 10 (Figure lll.18) reveals 

that the centers of those distributions are not at all displaced along the x 

axis. 

Consequently, lifetimes against vibrational predissociation must be 

shorter than one orbital period, and they can be estimated by use of the 
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Figure Ill.l9 .a : Arrival position distribution of K+ ions detected in coincidence with 

cr ions from CC4 perpendicular to the potassium beam. Comparison between n = 40 

(plain line) and n = 10 (line with error bars). 

information already presented. The lack of a pronounced asymmetry in the 

cr ion arrival position distribution for CCI4 indicates that the lifetime of a 

(CCI4 -)* intermediate is sufficient to permit significant deflection of the K+ 

ion trajectory prior to dissociation. The corresponding K+ ion arrival 

distribution, however, suggests that, although significant K+ deflection does 

occur, the relative K+- (CCI4 -)* orbital motion is limited. Using a typical 
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Figure ID.l9.b : Arrival position distribution of K+ ions detected in coincidence with 

cr ions from CC4 parallel to the potassium beam. Comparison between n = 40 (plain 

line) and n = 10 (line with error bars). 

orbital period for a K+ - (CC14-)* ion pair of about 80 ps, this analysis 

suggests (CC14-)* lifetimes of .... 10- 20 ps, i.e. sufficient to allow limited 

relative orbital motion. Such lifetimes are, however, more than sufficient to 

permit effective redistribution of excess energy within the (CC14 -)* 

intermediate prior to dissociation, in light of the discussion on §III.C.2.c, in 

conjunction with average vibrational periods for CC14, which from Table 
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Figure III.20 : Contour plots of the arrival position distribution of K+ ions in 

coincidence with cr ions from CCI4 at n = 40 and n = 10. 
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III.2 are seen to be smaller than 0.1 ps. 

The statistical nature of the dissociation process implies that the 

distribution of dissociation events in time should be a decreasing exponential 

function. In other words, according to statistical theories 71 , the 

vibrationally excited molecular negative ions have random lifetimes. The 

dissociation lifetime is, therefore, simply the inverse of the rate for random 

dissociation. 

Effects like the efficiency with which angular asymmetry is blurred at 

the n = 10 PSD distribution of cr ions support this assumption. In its tum, 

however, this inherent randomness implies that detailed studies of PSD 

distributions as a function of n cannot yield precise values for the 

dissociation lifetime by use of a simple analysis, despite the fact that orbital 

periods vary almost as n3. In addition to the randomness inherent in 

dissociation, this limitation is due to the fact that, as we have seen, the 

amount of angular asymmetry changes with n. Moreover, when the escape 

probability is low, escaping ions tend to have initial speed distributions 

skewed towards the higher available speeds by varying amounts. 

This problem can be overcome in one of two different ways : either 

by theoretical computer modelling, taking into account all the details of the 

physical picture (opacity, instrumental width, statistical fluctuations, random 

lifetimes), in addition to the post-attachment interaction; or by more precise 

definition of collisional velocities and angles in the lab frame, which can be 

achieved by using perpendicular, velocity selected potassium and target 

beams. Both approaches are being pursued in this lab, as the next 

generation of experiments is designed. Nevertheless, this series of 

experiments has demonstrated the feasibility of the scheme, and has 

provided one of few methods available for the measurement of dissociation 
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lifetimes of negative ions in the picosecond time scale. 

c. Lifetime Calculation : Application to CCI4• 

The reliability of the present lifetime values can be checked against 

theoretical predictions. The vibrational predissociation of (CCI4 -)* ions is 

an example of a unimolecular reaction process. This type of reaction has 

been successfully approached theoretically by use of various statistical 

theories. The most widely used is RRKM (Marcus-Rice) theory75 . 

According to it, the dissociation rate (inverse of lifetime) of (CC14-)* is given 

by: 

1( = (ill. 56) 

where : N(E*) is the energy density of (CC14 -)* vibrational states 

corresponding to an internal energy E* equal to the sum of the electron 

affinity of CC14 (EA(CC14) = ((2.12 ± 0.10) eV 76) and the translational 

energy of the attached Rydberg electron; the sum in the numerator 

represents the total number of vibrational states of the cr ... ccl3 transition 

complex with energies, Ev, less than Ec. The value of Ec is equal to (0.64 ± 

0.04) e V plus the translational energy of the Rydberg electron. Finally, the 

factor 4 accounts for the four equivalent dissociation channels. 

The quantities N(E*) and LG(Ev) were evaluated by direct counting 

using standard computer codes. These codes essentially enumerate the 

total number of different ways that a certain amount of energy can be 

distributed among a number of vibrational quanta of specific sizes. 

Consequently, they assume harmonic potential wells, and require as input 

the nine vibrational frequencies of the CC14- ion, and the eight vibrational 
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frequencies of the cr ···CC13 transition complex . 

These frequencies are, however, not known and dissociation rates 

were therefore evaluated assuming that the vibrational frequencies for 

CC14- are equal to those of CC14, and that the new stretching frequency for 

the cr ... cc13 complex is simply a weighted average of the frequencies of 

the stretching modes of CC14. The calculation was carried for Rydberg 

electron energies ranging from 0 to 200 me V. This encompasses both the 

time-averaged kinetic energy of the Rydberg electron for the 10d state of 

potassium, which is equal to 143 meV, as well as the median energy, Em 

(see§III.A.3) of those Rydberg electrons that actually attach to CC14, 

derived taking into account the velocity distribution of the excited electron, 

and estimated to be of the order of 60 me V. 

The result of the calculation was (CC14 -)* lifetimes that smoothly 

decrease from -40 to -15 ps, as the energy of the attached Rydberg 

electron increases from 0 to 200 me V. Other approximations were also 

tried: the stretching frequency of CC13 was used as a substitute for that of 

the cr ... cci3 transition complex; also, for CC14-, the stretching frequencies 

of CC14 were reduced by amounts of the order of 10% (by analogy with a 

comparison between CFC13 and CFC13 -; see Table m.2). Finally, both 

EA(CC14) and Ec were varied according to their respective error bars. All 

these parameter variations led to changes in the calculated lifetimes 

reported above by factors ranging from- 40% to+ 100%. Nevertheless, the 

proportional lifetime decrease with increasing electron energy was not 

affected significantly. In any case, it is apparent that RRKM suggests 

(CCI4 -)* lifetimes that are in accord with those deduced by analysis of the 

experimental kinematic data. 
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d. A Note on CF 2Br2. 

Unfortunately, such a comparison between experiment and theory is 

not possible for the other two vibrationally predissociating negative ions. 

The value for the electron affinity of CFC13 is not accurate enough, whereas 

various important parameters are not reported in the literature.for CF2Br2. 

The experimentally deduced lifetime of (CF2Br2 -)* against dissociation to 
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Figure ffi.21.a : Arrival position distribution of K+ ions detected in coincidence with 

Br- ions from CF2Br2 perpendicular to the potassium beam. Comparison between n = 40 
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Figure lli.21.b : Arrival position distribution of K+ ions detected in coincidence with 

Br- ions from CF2Br2para/lel to the potassium beam. Comparison between n = 40 (plain 

line) and n = 10 (line with error bars). 

Br- and CF2Br, however, which is only slightly longer than that for 

(CC14 -)* (see Figure l/1.21 ), leads to an interesting insight : since the K+ -

Br- post-attachment interaction is important for determining K+ ion arrival 

distributions, it should also have an effect on the escape probability for these 

negative ions. In other words, the escape probability for the Br- ions cannot 

be simply determined by the post-attachment interaction between K+ and 
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(CF2Br2-)*. This implies then that Br2- ions formed by dissociative electron 

transfer to the same molecule, should have different (more specifically, 

lower) escape probabilities from the Br- ions at a given value of n in the low

to-intermediate range, because they are formed with less translational 

kinetic energy, T x,cM(Table lli.4). Therefore, in order to account for the 

lack of specific n dependences on the Br2-!Br- ion ratio (Figure ID.3), one is 

led to the interesting conclusion that the branching ratio for dissociation of 

(CF2Br2-)* to Br2- versus Br- ions may increase with increasing attaching 

electron energy as n is decreased. This conclusion is supported by the ratio 

of the relevant cross sections obtained in at least one free electron study 77. 



CHAPTER IV 

NON-DISSOCIATIVE ELECTRON TRANSFER TO CS2 
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In the previous chapter, the study of low-energy electron transfer 

was confined to molecules which have been observed to attach free 

electrons at low energies. The existence of the Rydberg core at low-to

intermediate n was not necessary for electron attachment to occur. 

Instead, the core only modified the process after it had occurred and, as 

demonstrated, those modifications proved to be powerful tools with which 

valuable insight into the electron transfer and dissociation processes was 

gained. 

In this chapter, electron transfer is studied from a fundamentally 

different perspective. The molecule of interest, cs2' does not form 

observable negative ions by direct low-energy free electron attachment, 

despite the fact that it possesses a positive electron affinity. Therefore, the 

existence of the Rydberg core may be instrumental in altering the properties 

of the electron attachment process, so as to make negative ion formation 

experimentally detectable. 

A. ELECTRIC-FIELD-INDUCED ELECTRON DETACHMENT. 

1. Introduction. 

Carbon disulfide has a positive electron affinity, which was 

determined by energy analysis of electrons produced by laser-induced 

photodetachment of its negative ion, CS2-, to be : EA(CS2) = (0.895±0.020) 



127 

eV 78. Nevertheless, formation of CS2- ions by direct two-body low

energy electron attachment is not observed, although the negative ion is 

readily formed in three-body processes such as charge transfer re

actions 79,80 and electron-molecule collisions in the presence of a buffer 

gas 81 

These findings were corroborated by our Rydberg studies. At high n 

the number of CS2- ions detected by TOP Mass Spectrometry was very 

small. The corresponqing signals at n=40 were barely discernible above 

background counts on the TDC channels. An upper limit for the rate 

constant for formation of detectable (i.e. 't > 1 J..lS) CS2- ions was established 

as k =:;; 5xl o-10 cm3 /s at n = 40. At low-to-intermediate n on the other hand, 

cs2- ions were easily detected and rate constants of the order of 3xl0-9 

cm3/s were measured at n = 20. These results are clearly consistent with 

the idea that at high n electron attachment to cs2 is strictly a two-body 

process in that stabilization of the molecular negative ion by an interaction 

with the Rydberg core ion is very unlikely, whereas at low-to-intermediate n 

interactions with the Rydberg core can lead to the formation of long-lived 

cs2- ions. 

The present studies focused on exploring the properties of the 

observed cs2- ions at low-to-intermediate n, and more particularly on the 

fact that the TOP Mass Spectra contained a second signal peak 

corresponding to detection of charged particles just before the arrival of 

CS2- ions on the detector. It was soon realized that this peak could be 

explained by postulating the existence of a population of long-lived cs2-

ions that undergo rapid autodetachment when subjected to an electric field 

of a few kilovolts per centimeter, as in the region between the Bottom Drift 

Region and the Johnston MM-1 particle multiplier (Figure ll.3). 
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2. Experimental Demonstration. 

In order to fully demonstrate and further investigate this novel 

phenomenon, the bottom TOF Mass Spectrometer was modified as shown 

on Figure IV.l. Two short regions were created at both ends of the bottom 

drift region. In these regions, strong electric fields could be applied without 

prohibitively reducing ionic flight times at the expense of arrival time (and, 

thus, mass) resolution. These two regions were defined by fme copper 

INTERACTION I LASER BEAM 
REGION I 

----.. ~· .. ·!/····· ----
--=3·>=- ----- > 

--· ·········!········· \coLLIMATED 

Gl"'---- :::::::::i::::::::: ~~~~SSIUM 
G2.., 1 

G3"'---- ......... ! ......... ----
G4~ ••••••••• ~ ••••••••• 

I 

4-- PARTICLE 
MULTIPLIER 

Figure IV .1 : Schematic diagram of the modified TOF spectrometer. 
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mesh grids 01 - 02 (the one furthest away from the multiplier) and 03- 04 

(the one closest to the multiplier). All four grids were biased independently. 

Other than these modifications, usual TOP Mass Spectrometry techniques, 

as described in §II.B.1, were employed in order to extract and detect the 

charged product particles, as well as measure rate constants. 

Typical TOP spectra obtained for collisions of K(18d) atoms with CS2 

under different operating conditions are shown in Figure IV.2. All these 

pictures correspond to operation with a pulsed extraction field of 160 V/cm 

applied in the interaction region a few microseconds after the end of the 

laser pulse, so as to extract the collisionally produced particles and direct 

them to the bottom TOP Mass Spectrometer. The upper grid of the 

interaction region was grounded in this series of experiments. For Figure 

IV.2 .a, all four grids 01 to 04 were biased at 330 Volts and the first dynode 

of the multiplier was maintained at 1550 Volts. Under these conditions the 

collisionally produced cs2- ions did not encounter electric fields higher than 

- 960 V /em anywhere on their way to the particle detector. Indeed, this last 

electric field strength was only present in the region between grid 04 and 

the front plate of the multiplier. A sharp peak is observed at the flight time 

characteristic of cs2- ions. The smaller feature evident at earlier times is 

primarily due to secondary electron ejection from grids 03 and 04. 

The spectrum shown in Figure IV.2 .b was obtained under the same 

conditions as that in Figure IV.2.a, except that grid 04 was biased at 1530 V. 

A small peak is still evident at the flight time expected for CS2- ions (which 

is slightly shorter than in Figure IV .2.a due to the higher voltage applied to 

grid 04 ), but two new features are apparent. The large feature at earlier 

times is ascribed to electrons produced by electric-field-induced 

detachment in the strong field (- 2.9 kV /em) now established between grids 
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Figure IV .2 : Time-Of-Flight spectra obtained with different biasing conditions on grids 

G 1 to G4. Demonstration of electric-field-induced electron detachment. 
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G3 and G4. The small feature present at later times is due to arrival at the 

multiplier of the fast neutral cs2 molecules that result from detachment and 

that undergo no further acceleration. 

As a further confirmation of this interpretation, Figure IV.2 .c shows 

the TOP spectrum observed with grids G2, G3 and G4 all biased at 1530 V, 

which establishes a strong electric field (- 2.7 kV/cm) between grids G1 

and G2. Again a small peak is observed at the anticipated flight time for 

cs2- ions, but a new large feature is evident at a time corresponding to that 

at which the CS2- ions reach the region between the grids G 1 and G2. This 

feature is consistent with the arrival at the multiplier of electrons produced 

by field-induced detachment in this region. A small feature due to the 

arrival of the resultant neutral cs2 molecules is also evident. 

The TOF spectra thus demonstrate that a fraction of the CS2- ions 

produced by Rydberg electron capture undergo rapid detachment when 

subjected to relatively modest applied electric fields of a few kilovolts per 

centimeter. 

3. Characteristics. 

The fraction of cs2- ions that undergoes field-induced detachment 

was measured as a function of applied field, and is shown in Figure IV.3 .a 

for several nd states. For each n, this fraction tends to a constant value at 

high fields. Measurements were extended to fields of,... 9 kV/cm. This 

property indicates the existence of two groups of cs2- ions, one that readily 

undergoes field-induced detachment, and one that does not. The relative 

populations in each group depend strongly on n; at the lower n only a small 

fraction of the cs2- ions undergo field-induced detachment, whereas at the 

higher n the majority can be field-detached. 
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The percentage of the population of ions able to undergo field-induced 

detachment that actually do so at different values of applied field is shown in 

Figures IV.3 .b. It is apparent that, at least for the present range of n, 

collisions result in the formation of cs2- ions with similar field detachment 

characteristics. The threshold for the process appears to be about 1000 

V /em, and the process is essentially complete when field strengths greater 

than 3 kV/cm (and up to 9 kV/cm) are reached. Interestingly enough, a 

small fraction, between 10 and 15% of the total field-detachable population, 

seems to undergo the process at field strengths of the order of 500 V /em or 

less. This fraction has been determined after subtraction of secondary 

electrons produced by the impact of the negative ions on the copper mesh 

grids defining the region in which the field causing the observed detached 

electron signal is applied. This additional population of electrons, which 

arrives on the detector at the same time as electrons produced by field

induced detachment, is due to the impact of cs2- ions on the grids, rather 

than field-induced detachment (see Figure IV.2.a). Constraints having to do 

with charged particle detectability and arrival time resolution made 

accurate field-detachment measurements difficult for fields below 500 

V /em, although attempts undertaken at F = 250 V /em indicated that some 

field-detachable ions did undergo the process even at such electric field 

strengths. 

Moreover, no significant changes in the field detachment 

characteristics were noted when the apparatus (and thus target gas) was 

Figure IV.3 (next page) : (a) The fraction oflong-lived cs2- ions that undergo field 

induced detachment, as a function of applied field. 

(b) The percentage of those CS2- ions able to undergo field-induced detachment that 

actually do so as a function of applied field. 
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heated to about 100° C, or when the laser was tuned to excite ns, rather 

than nd, states. Finally, careful studies using a variety of other attaching 

species including COS, C02, SF6, C7F14 and C6F6 failed to provide any 

evidence of formation of other negative ions that undergo field-induced 

detachment. 

B. THE COMPLETE REACTION 

1. Free Electrons. 

Two distinct channels of electron transfer to CS2 at low-to

intermediate n have been identified so far. They both result in the formation 

of long-lived negative ions, and are differentiated by the field detachment 

characteristics of the product ions : one fraction undergoes field-induced 

detachment in fields of only a few kilovolts per centimeter, whereas the 

other does not exhibit that property. 

In addition to these two channels, direct free electron production was 

also noted in K(nd) - CS2 collisions, and rate constants, ke, for this process 

were estimated by use of the mixed target gas technique as outlined at the 

end of §II.B.l.a. For n = 12 and 18 the estimated rate constants were 

- 3x10-9 cm3/s and- 2x1o-8 cm3/s respectively. Tests showed that the 

free electron signals remained unchanged even when extraction fields as 

low as - 0.2 V /em were employed in the interaction region. Thus, it is 

unlikely that the free electron signals result from field-induced detachment. 

Further, studies using selective field ionization showed that collisions with 

cs2 do not cause significant n-changing. This suggests that the observed 

free electron signal cannot be ascribed to ionization caused by collision-
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induced transfer of molecular rotational or translational energy because this 

process is typically accompanied by population of Rydberg states of higher 

n 19. Free electron production is therefore thought to result from Rydberg 

electron capture into short-lived CS2- States that undergo rapid ('t << 1 f..lS) 

autodetachment, as shown in reaction II.18.ii. This type of process has 

also been observed in earlier studies at higher n using C7F 14, C6F6 and 

c
2
c1

4 
30,46,82. 

2. Long-Lived CS2- Ions. 

a. General Perspective. 

No evidence of significant decay of the product CS2- ions was 

observed on a time scale of,.., 10 f..lS. This was true for both the field

detachable and non-detachable populations, and it suggests that these ions 

must be quite long-lived in the absence of electric fields. 

The observation of long-lived cs2- ions suggests two possibilities. 

The first one is that a fraction of the short-lived cs2- ions produced by 

electron capture are stabilized by energy transfer in a post-attachment 

interaction with the Rydberg core ion. The second possibility is that a 

fraction of the electron capture events result directly in the formation of 

long-lived cs2- ions. 

These two possibilities can be related to experimental observations 

by study of the n-dependences of the rate constants for detection of both 

field-detachable and non-field-detachable long-lived cs2- ions. These rate 

constants were measured using the mixed target gas technique at 10 ~ n ~ 

20. The results are presented on Figure IV.4. The differences between the 

two populations are immediately seen. 
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Figure IV.4 : Rate constants for free cs2- ion formation at low-to-intermediate n. 

Stars : Field-detachable population. Squares : Population that does not undergo electric

field-induced detachment 

b. The Non-Field-Detachable Population. 

The rate constants, k(CS2 -), for formation of CS2- ions that do not 

undergo field-induced detachment decrease rapidly with increasing n. This 

suggests that this CS2- signal results, from electron capture into short-lived 

CS2- states that are subsequently stabilized by an interaction with the core 

Ion. The observed n dependence is then explained by asserting that 

stabilization occurs more readily at low n because of the closer average 

proximity of the core ion at the time of CS2- formation. The values of 
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k(CS2 -) are, however, smaller than the corresponding rate constants for 

formation of short-lived cs2- ions, i.e. ke, indicating that core-induced 

stabilization is inefficient. Further, if it is assumed that stabilization involves 

sizeable energy transfer, the attached electron will be sufficiently strongly 

bound that field-induced detachment will not be possible in modest applied 

electric fields. 

Formation of long-lived cs2- ions, either VIa Rydberg core 

stabilization or otherwise, leads to the possibility of effects associated with 

the post-attachment K+ - CS2- electrostatic interaction. Since CS2- ions 

have only thermal translational kinetic energy, the probability of bound K+ -

cs2- neutral pair formation should be quite high, especially at n ~ 10. This 

process clearly competes with core stabilization from the point of view of 

observed cs2- ion production. It would therefore explain why the rate 

constants k(CS2 -) do not increase indefinitely with decreasing n but, rather, 

they exhibit a turning point at n == 12, as seen on Figure IV.4. From the 

perspective of post-attachment such a turning point indicates that below a 

certain value of n, which depends on the amount of energy transfer from 

(CS2 -)* to K+ needed for stabilization of the negative ion, bound pair 

formation due to post-attachment interactions becomes very efficient 

compared with the Rydberg core stabilization process which made the 

negative ion available for post-attachment interactions in the first place. 

c. The Field-Detachable Population. 

In contrast to k(CS2 -), the rate constants k*(CS2 -) for formation of 

field-detachable cs2- ions increase with increasing n. This n-dependence 

is consistent with direct Rydberg electron capture into long-lived CS2-

states. At the low-to-intermediate n range, Coulomb interactions between 
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the positive and negative ions that result from electron transfer at thermal 

energy Rydberg atom - molecule collisions are important as explained in the 

previous paragraph. The observed n dependence is then accounted for by 

noting that, as n decreases, the product ion pairs are formed in closer 

average proximity and an increasing fraction of them (1-I(n,l), where I(n,l) 

is given by Eqn. ill.32) possess insufficient kinetic energy to overcome their 

mutual electrostatic interaction and separate, and are therefore not 

observed. In other words, the same mechanism which brings about the 

turning point in k(CS2 -) at n :::: 12 results in the observed n-dependence for 

k*(CS2-). 

Nevertheless, as explained in §IV.A.1, the total rate constant for CS2-

ion formation, k(CS2 -) + k*(CS2 -),becomes very small at high n. Although 

this behavior is consistent with the observed k(CS2 -) n-dependence, it is in 

sharp contrast with then-dependence of k*(CS2-) between n = 10 and n = 
20, as presented in Figure IV .4. This contrast implies that some Rydberg 

core stabilization may take place for the field-detachable ions to be formed 

at all. However, both the field-detachable nature of these ions, and their n

dependence for 10 ~ n ~ 20 imply that any Rydberg core stabilization in this 

case would certainly involve much smaller energy transfers than the core 

stabilization leading to the formation of non-field detachable cs2- ions. 

Alternatively, the electric field due to the Rydberg core may play some role, 

a possibility discussed on §IV .C.6. For these reasons, formation of field

detachable CS2- ions is viewed as a process involving direct Rydberg 

electron capture into long-lived cs2- states. 

3. Reaction Diagram. 

The complete sequence of possible reactions at low-to-intermediate 
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n, excluding effects of post-attachment interactions is : 

(IV .I) 

~ K+ + cs2 + e (IV.2.i) 

K+ + (CS2-)* K+ 
~ K+ + cs2- (IV.2.ii) 

"K+" 
~ K+ + cs2- 4 K+ + cs2 + e (IV.2.iii) 

In the above scheme, F denotes application of an external electric field, and 

"K+" denotes the possibility for Rydberg core stabilization involving small 

energy transfers or, alternatively, the influence of the core's Coulomb field 

on the capture process. 

C. THEORETICAL MODEL FOR ELECTRIC-FIELD-INDUCED 

DETACHMENT 

!.Dipole Bound Negative Ions. 

The discovery of electric-field-induced detachment from cs2- is very 

surprising, although this mechanism of electron detachment has been 

observed with two other molecular negative ions. The first one was 

acetaldehyde enolate (H2C-CHO-) 83, for which electric fields smaller than 

70 V /em were adequate to detach the electron from its bound negative ion 

levels where autodetachment is not possible. The second one was the 

negative ion of the water dimer, (H20h-, which was found to undergo field

induced detachment at fields of about 31 k V /em 84. 

Both of the above -mentioned ions correspond to neutral species with 
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substantial permanent dipole moments. Molecules with sufficiently large 

dipole moments can bind an electron by their dipolar fields, as has been 

shown by theoretical studies 85,86,87. Later calculations have indicated that 

inclusion of rotation increases the minimum dipole moment required to bind 

an electron from 1.625 Db to about 2 Db, and that the number of bound 

states of dipole-bound negative ions, which is infinite in the non-rotating 

model, is reduced to only a few 88,89. Consequently, in this type of negative 

ion the electron is bound by small amounts of energy, typically~- 15 meV, 

so that it occupies a diffuse orbital (- 100 A) 83 and only weakly perturbs 

the molecular neutral core. 

Consequently, these negative ions resemble in many respects atoms 

or molecules in Rydberg states. Field detachment is then seen as being 

analogous to the field ionization of a weakly bound Rydberg state. The only 

difference is that the potential binding energy for a dipole-bound state falls 

off as r2 rather than r with distance. Simple calculation shows that 

detachment fields are roughly an order of magnitude higher than those 

required for the ionization of a Rydberg atom of the same binding energy. 

2. About CS2 and CS2·· 

Unlike acetaldehyde enolate or the water dimer, carbon disulfide 

does not possess any permanent dipole moment. Therefore, the 

mechanisms of negative ion formation and, equally significantly, field

induced detachment have to be different. Moreover, the fact that field

induced detachment was not observed from any of the other molecules 

employed (COS, C02, SF6, C7F14 and C6F6) implies that field-induced 

detachment is a special property of the CS2/CS2- system, not possessed by 

the other species. 
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The negative ion states of all these molecules are not dipole-bound; 

they are typical valence electronic states. Electron binding occurs through 

a combination of nuclear attraction and electron-electron repulsion in which 

the individual constituents of the molecule participate, instead of the 

molecule as a whole as is the case with the dipole-bound negative ions. For 

cs2 this results in a major change in the configuration of the nuclei when 

the ground electronic state of the negative ion is formed. cs2 in its 

ground 1 ~g + state is in a linear configuration with the two sulfur atoms on 

each side of the carbon atom <Dooh symmetry point group). Its first excited 

electronic state, 3 A2, is bent (C2v symmetry point group) 90, but since it lies 

.... 3.4 eV above the ground electronic state it is not expected to affect the 

low-energy electron attachment process. 

The vibrational frequencies of cs2 are 60,90 : 
v1 = 658 cm-1 (symmetric stretch, <ig +, singly degenerate) 

v2 = 397 cm-1 (bend, 1tu, doubly degenerate) 

v3 = 1532 cm-1 (antisymmetric stretch, <iu-, singly degenerate). 

Simple calculation using the vibrational partition function shows that at room 

temperature the majority of the neutral cs2 molecules are in their ground 

bending vibrational state, instead of excited bending vibrational ones : they 

comprise about 85% of the total. 

Addition of an electron to a CS2 molecule thus characterised leads to 

a large change in the positions of the atomic nuclei for the following reason : 

in the linear cs2 molecule, the bending vibrational mode is doubly 

degenerate because there exist two linearly independent (perpendicular) 

planes containing the cs2 internuclear axis, on which bending can occur. 

For that reason the three atoms, when executing a bending vibration, will in 

general follow an elliptical (instead of a straight line) path on the plane 
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perpendicular to the internuclear axis, thus contributing a vibrational 

angular momentum to the molecule, which is denoted by K. However, CS2, 

being in a singlet 1:: state, does not possess any electronic orbital angular 

momentum. This situation is changed when an extra electron is added, 

because the electronic configuration then becomes 2nu, i.e. the electronic 

state possesses a non-zero orbital angular momentum, and is doubly 

degenerate. The interaction between the electronic and vibrational orbital 

angular momenta (vibronic interaction) then removes the energy 

degeneracy of the doublet ground electronic state of cs2- by splitting that 

electronic energy level in two. This is achieved by bending the molecular 

negative ion in one of the two energy split electronic states, thus effectively 

reducing its potential energy as shown on Figure IV.5, on which potential 

energy curves for both states are schematically presented as a function of 

the bending coordinate. This is the so-called Renner-Teller effect 9l,92. 

Consequently, bending results in lowering the CS2- ground state 

energy, and in turning one of the llu orbitals into an a1 orbital of C2v 

symmetry. However, the equilibrium geometry of the CS2- ion has not 

been reported yet. By comparing several bent molecules with one electron 

in the A1 orbital (including, most notably, N02 which also has 17 electrons 

outside closed shells), the bond angle of cs2- was estimated to be ao::::: 

(132±5)0 93. The bending vibrational frequency, which now corresponds to 

a non-degenerate mode was estimated to be somewhat larger than for the 

neutral CS2, and the C- S distance to be slightly larger than for the neutral 

molecule (for which : d = 1.554 A). Indeed, the photodetachment 

experiments by which the electron affinity of CS2 was recently determined 

in an accurate fashion 78, also yielded photoelectron kinetic energy spectra 

with energy separations of about 430 em -l. In addition to a tentative 
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v 

Figure IV.5 : The Renner-Teller effect. 

assignment of this frequency to the bending vibration of cs2, these spectra 

also indicate that the bending vibration is instrumental in the 

photodetachment process, as expected by the geometry change involved in 

going from the ground state of cs2- to cs2 or vice versa. 

3. Direct Rydberg Electron Attachment. 

According to our experiments, the formation of field-detachable CS2-

ions is accompanied by relatively small (if any) amounts of energy transfer 
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associated with Rydberg core stabilization. In other words, the field

detachable cs2- ions are not expected to lie energetically much below the 

{ CS2 + e-} system : the excess energy associated with the electron affinity 

of CS2 (- 0.9 e V) has generally not been accommodated outside the 

molecular negative ion. Therefore, the field-detachable CS2- ions are 

expected to be formed in excited CS2- ion states, at energies, E8, roughly 

equal to (or, possibly, slightly smaller than) an amount equal to EA(CS2) 

above the ground electronic and vibrational level of cs2-. 

The question then becomes : what CS2- states do the field

detachable ions come from? Two possibilities are open: 

Firstly, if the electron affinity of CS2 is substantially greater than the 

potential energy barrier to linearity associated with the ground state of cs2-

(= ERT' the Renner-Teller energy splitting, see curve v- in Figure IV.5), 

then the possibility exists for populating rovibrational levels of the first 

electronic excited state of cs2- (curve y+ in Figure IV.5). This state is 

linear, and so transition to the system comprising of the ground electronic 

state of CS2 plus free electron should be quite rapid if energetically possible, 

because CS2 in its ground state is also linear, and so the Franck -Condon 

factors (squared overlap wave function integrals) for any vibrational wave 

function combinations between the molecule and the molecular ion are quite 

high. In that case, observation of electric field-induced detachment implies 

that shifting of the rovibrational levels of this electronic state due to the 

Stark effect associated with the 1 kV/cm or so electric field experimentally 

required, would resonantly enhance electron detachment. 

This scenario, however, is quite unlikely because electric-field

induced level shifting for these states should be much smaller than for 

Rydberg states, for which it is proportional to n2. The electronic state we 
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are dealing with, in other words, is a valence state and not a Rydberg state. 

Consequently, level shifts much smaller than 1 meV are expected, which 

implies that the fraction of cs2- ions that would be level-shifted so as to 

field-ionize at these electric field strengths should be minuscule. 

Furthermore, the spacing of rotational energy levels ( -0.014meV in the 

case of CS2 which can be used as an approximation) implies that more than 

one energy level (and thus more than one electric field threshold) should be 

observed in the field-detachment maps (e.g. Figure IV.3) as the electric field 

strength was increased. According to the above arguments, therefore, the 

possibility of electric-field-induced detachment occurring from rovibrational 

energy levels of the linear excited state of cs2- which have been 

appropriately shifted by the Stark effect, although not ruled out because of 

the lack of quantitative information on cs2-' is nevertheless highly 

improbable. 

Another more plausible way, however, for electric-field-induced 

detachment to occur from these states is if the transition from cs2- to { cs2 
+ e-} were forbidden for symmetry reasons in the absence of an electric 

field. Breaking of this symmetry by application of an external electric field 

could then lead to electron detachment. Symmetry imposed selection rules 

in processes involving an electron, such as electron attachment and 

autoionization, are difficult to visualize. Despite that difficulty, however, one 

such selection rule has been mathematically formulated and experimentally 

verified in recent literature 94. It is a rule forbidding 1:+ H I:- transitions 

involving introduction or removal of an electron to diatomic molecules. 

Clearly, a linear triatomic molecule of the same symmetry is expected to be 

similar. Nevertheless, in the same paper it is demonstrated that, at least for 

diatomics, I:g H llu transitions are allowed. Therefore, the possibility of 
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selection rule relaxation leading to field-induced detachment also seems to 

be unlikely. 

The second possibility to be investigated is that E8 (or, roughly, 

EA(CS2)) is smaller than the Renner-Teller splitting, ERT· In this case, the 

electron attachment process will populate rovibrationally excited levels of 

the bent ground electronic state of CS2-. Such a process seems, at first 

sight, to be unlikely to lead to the direct formation of cs2- ions because the 

difference in geometry between the two species would tend to make the 

Franck-Condon factors between them vanishingly small. Calculations to be 

described below' however, show that cs2- states with sufficiently high 

bending vibration quantum numbers can be adequately populated in this 

way. The question then becomes : is it possible for electric-field-induced 

detachment to occur from such states? 

4. Theoretical Calculations. 

To answer the last question, extensive calculations of Franck

Condon factors were undertaken. The conceptual basis of these 

calculations can be found in the classic monograph: "Molecular Vibrations" 

by Wilson, Decius and Cross 9S ; the computational part was carried out 

under the supervision of Professor John Hutchinson of the Chemistry 

Department. 

For both CS2 and CS2- the potential and kinetic energy functions, V 

and T, were written out, using the three internal coordinates s1, s2 and s3, 

and their conjugate momenta. s1 and s2 are the two C = S bond lengths (s1 

= s2 = d), and s3 = a is the bond angle. Therefore, 
1 3 

V = - LF .. ·s··s· (IV.3) 2. . 1 lJ 1 J 
IJ= 
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T = - LG···P··P· 2 .. 1 lJ 1 J 

lj= 
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(IV.4) 

where F is the force constant matrix and G is the reduced mass matrix. It 

should be noted, as hinted in §ID.C.2.c, that both F and G are Hermitian 

matrices, and so in the case of triatomic molecules only six elements (three 

diagonal and three off-diagonal) are needed for each, in order to fully write 

them down. Eventually, these matrices consist of only four different 

elements each, because symmetry considerations (both for cs2 and cs2 -) 

require that : 

and: 

More specifically, the elements of the G matrix are: 
1 

G11 = G22 = -J.Lcs 
2 1 1 

G33 = d1 {ms + me (1- cosa)} 

cos a 
me 

sin a 

mc·d 
and those of the force constant matrix are : 

F 11 = F22 = force constant for stretching; 

F33 = force constant for bending; 

F12 = coupling between stretches; 

F 13 = F23 = coupling between stretch and bend. 

(IV.5) 

(IV.6) 

(IV.7) 

(IV.8) 

(IV.9) 

(IV.10) 

The two reduced mass matrices, G (for CS2 and CS2 -), therefore, 

depend largely on the equilibrium geometries of the two species. On the 

other hand, the force constant matrix elements for cs2 are well-known 96, 
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unlike the ones for CS2-, which were estimated in several different ways by 

using analogies with the force constants of other bent symmetric triatomics, 

such as the series N02, S02, Cl02, or H20, H2S, H2Se, and others 97-100. 

Then the two F·G matrices (for CS2 and CS2 -) were calculated 

separately. These non-Hermitian matrices were subsequently dia

gonalized: their eigenvalues are the normal mode frequencies: v 1
2, v 2

2 and 

v 3
2. These are, of course, well-known in the case of CS2. For CS2-, 

however, for which these frequencies are not known, different choices of F 

(and to some degree of G since the accurate geometry of CS2- is not known 

either) resulted in different sets of vibrational frequencies, although some 

emphasis was given to force constant matrices that gave a bending 

frequency slightly higher than that of the neutral molecule 78. 

The next step was to numerically solve the Schroedinger equation 

using the bending potential : 
1 2 2 V = 2 v2 (a- <XQ) (IV.11) 

where ao = 1t = 180° for cs2 and v2 is the bending frequency for the neutral 

molecule, and the quartic potential : 
1 2 2 2 

V = 
8 

(7t _ <XQ)2 v2 (a- <XQ) (a+ a0 - 27t) (IV.12) 

with ao = (132±5)0 for cs2- and v2 is the bending frequency for that 

negative ion. Unit system constants have been omitted. 

Expression IV.12 is the simplest form of a potential that realistically 

includes a potential energy barrier preventing transitions to a linear 

configuration. Its height is : 
1 2 2 

Llli = 8 v2 (7t- <XQ) (IV.13) 

This barrier can be equated, in a first approximation, to the Renner-Teller 



149 

splitting, ERT· Nevertheless, since ERT depends on the magnitude of the 

vibronic interaction which, in tum, depends on the detailed electronic 

structure of the molecular negative ion, and not only on its vibrational 

properties, ERT can easily be much greater than ~E. Indeed, in the case of 

the electronically and structurally similar N02, spectroscopic analysis 

provides the value : ERT = (1.8±0.1) eV 101 , whereas expression IV.13 

yields ~E = (0.7±0.1) eV. For that reason, various types of corrective terms 

were applied to the quartic potential given by IV.12, in addition to the F

matrix and G-matrix variations already discussed. 

The solutions, which gave the bending vibrational eigenstates for the 

ground electronic states of both species, were carried for a reasonably wide 

range of angles (90° ~a :s; 270°). The eigenstates were obtained as vectors 

consisting of the coefficients of each individual bending vibrational wave 

function expressed in, for example, a 400-cubic-spline basis set. 

Finally, the overlaps between specific pairs of bending vibrational 

states of cs2 and cs2- were calculated. These are the sums of products of 

eigenstate coefficients in the same basis set. The squares of these overlap 

integrals are the Franck-Condon factors, and they reflect the rate at which 

a transition between the two states involved will occur, if it is energetically 

possible. Since the vast majority of the CS2 neutral molecules were 

originally in the ground bending vibrational state, Franck-Condon factors 

were only calculated between that state and a range of excited bending 

vibrational states of the bent cs2- extending up to 3 e v in energy above the 

ground cs2- level. 

Once sets of Franck-Condon factors for different sets of CS2-

potential energy parameters were obtained, the process was repeated with 

an electric field potential energy term added to the bending potential energy 
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wells used for both species (Expressions IV.ll and IV.l2). That additive 

term has the form : 

llV = c·F·sina (IV.14) 

where c is a constant dependent on the choice of units. Franck-Condon 

factor sets were again obtained, this time in an electric field of strength F, 

and they were compared with the ones obtained at zero electric field. 

Franck-Condon factors that change substantially in the presence of an 

electric field could b~ the origin of electric-field-induced detachment. 

Clearly, due to the lack of quantitative information on CS2-, only results that 

were independent of F-matrix, 0-matrix, or potential barrier height and 

functional form, within reasonable limits, were trusted. 

5. Results. 

The low-lying bending vibrational eigenstates of cs2- came in pairs 

that were almost degenerate (region I, in Figure W.6 ). As the top of the 

barrier, ERT' was approached (region IT in the same figure), the pairs of 

states were gradually split in energy and, eventually, above the barrier 

(region lll), all states became equispaced in energy. However, alternate 

wave functions were symmetric and antisymmetric with respect to 

reflection about 180°. Therefore, since the ground bending vibrational state 

of CS2 is symmetric, alternate cs2- states had zero Franck-Condon factors. 

This property is true for bending states of cs2- in all three energy regions of 

Figure IV .6, regardless of whether the states taken by pairs have almost the 

same energies (region I), or each one is equidistant from the states above 

and below it (region III). The values of the non-zero Franck-Condon 

factors increased rapidly in magnitude as the top of the potential barrier was 

approached either from above or from below. 



Figure IV.6 :The three different regions of bending vibrational wave functions for the 

ground electronic state of cs2-. 

However, since CS2- states were paired in energy in region I, state

mixing was remarkably easy. Electric fields of the order of a few millivolts 

per centimeter would thoroughly mix the symmetric and antisymmetric 

members of each pair of states, thus yielding two states with neither 

symmetric nor antisymmetric character, which would then have roughly 

equal Franck-Condon factors. However, this mixing did not occur in 

regions II and III. 

Nevertheless, application of modest electric fields did cause mixing of 

states to occur in region II, thus drastically changing some of the zero 
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Franck-Condon factors, thereby making rapid electric-field-induced 

detachment possible from a number of bending vibration states. Such states 

could be initially populated because electron attachment occurred in the 

electric field of the Rydberg core. 

An example of these calculations for a typical set of parameters (F

matrix, potential barrier, etc.) is given on Table IV.l, where Franck-Condon 

factors for four successive pairs of bending vibrational states belonging to 

region II are presented for various values of the externally applied field F. 

All numbers are to be multiplied by 1 o-4 in order to provide upper limits to 

the actual transition probabilities. 

State F=10V/cm 

48.70 

0.67 

164.28 

0.01 

529.49 

0.00 

1705.32 

0.00 

F= 100V/cm 

34.24 

15.13 

163.80 

0.50 

529.48 

0.01 

1705.32 

0.00 

F= 1 kV/cm 

25.73 

23.65 

137.05 

27.19 

529.00 

0.51 

1705.30 

0.01 

F= 10kV/cm 

24.79 

24.59 

89.49 

74.81 

489.68 

39.82 

1704.51 

0.81 

Table IV.l :Typical Franck-Condon factors (xi0-4). The spacing between successive 

pairs is- 0.05 eV. Lowest energy corresponds to A and highest energy to D. 
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As a conclusion, these calculations have provided a mechanism 

which can account for the observed electric-field-induced detachment in 

the case of cs2-. 

6. Discussion. 

Despite its intuitive appeal and the fact that its results do not depend 

strongly on the exact values of the unknown parameters for cs2-' the 

theoretical approach just presented has several important limitations. The 

first one is that it does not take molecular rotation specifically into account : 

the bent cs2- can change its angular configuration, i.e. it can move from one 

potential well in Figure IV.6 to the other equivalent one, either by vibration 

or by rotation. The frequency by which this process occurs could 

conceivably affect the calculated Franck-Condon factors, since an external 

symmetry axis (that of the electric field) has been imposed to the system. 

However, it is not clear what effect molecular rotations would have, and it is 

assumed that it is not significant on the basis that the bending vibrational 

period (T < 0.1 ps) is much shorter than that of molecular rotations (T 2: 100 

ps) for this negative ion. 

Second comes the question of excess energy redistribution among 

the three vibrational modes of cs2- prior to electric-field-induced 

detachment. In these experiments, negative ions that undergo electric

field-induced detachment do so 2 to 10 microseconds after the moment of 

initial formation, depending on the accelerating voltages in the TOP 

Spectrometers. During that time, it is possible that their excess vibrational 

energy, which was initially confined to the bending vibration because of the 

geometry change involved in forming the negative ion, may be redistributed 

among all three types of vibration. As was discussed in §III.C.2.c, the 
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statistical redistribution of energy depends critically on the number of 

distinct couplings (non-diagonal elements in the F-matrix) that a vibrational 

mode has with the other modes of the species, and the time for statistical 

energy redistribution decreases very rapidly with the number of atoms, N, 

of the molecule or molecular ion. In the case of cs2 -,this redistribution of 

energy is also hampered by the fact that the coupling matrix elements 

are expected to be substantially smaller than the force constants 

associated with the three normal modes. It is therefore thought that 

vibrational energy redistribution may occur very slowly for CS2- (within 

tens of microseconds), and so the approximation of treating the excess 

energy of cs2- at the moment of electric-field-induced detachment as 

being expressed largely in bending vibration is not unreasonable 102. 

The third limitation is simply the fact that the Renner-Teller splitting, 

ER T' is not known for CS2-. The mechanism just described will only 

account for the observed field detachment if the value of ERT is relatively 

narrowly confined(± 20%) about - 1.1 eV, so as to allow direct population 

of states in the region II (Figure IV .6) upon electron attachment. 

It is nonetheless interesting to speculate on the consequences of this 

mechanism. According to it, the field-detachable ions were initially formed 

because of the electric field of the Rydberg core, which made a number of 

bending vibrational states available. This explains why the rate constant 

k*(CS2 -) decreases at high n, where the electric field due to the Rydberg 

core is no longer important. In this way an alternative is provided to the 

need for small amounts of energy transfer (postulated on §IV.B.2.c) for the 

stabilization of these negative ions. The K+ Rydberg core does not need to 

remove any energy from a field-detachable CS2- ion according to this 

mechanism, because the field-detachable ions will be stable if they do not 
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undergo detachment by the time they have moved far enough away from 

the K+ ions, far enough meaning that they are no longer influenced by the 

electric field that enabled their formation in the first place. 

These arguments place a tentative lower limit on the lifetimes of the 

field-detachable cs2- ions against field-induced detachment : they must be 

longer than the time it takes to move far enough from K+. Using the radius 

of an n = 40 Rydberg atom as a limit, one has : 't ~ 100 ps. The 

experimentally deduced upper limit, obtained from analysis of the TOF 

spectra, is : 't ~ 50 ns. 

Recapitulating, electric-field-induced electron detachment from cs2-
ions turned out to be a surprising and unique phenomenon, revealed by and 

possibly related specifically to Rydberg electron attachment at low-to

intermediate n. Although a definitive answer as to what is the mechanism 

underlying this new type of field detachment cannot be given because of the 

limited information available on cs2-' a plausible mechanism has been 

theoretically presented and discussed. Future studies on the structure and 

properties of cs2-' including, most importantly' measurement of the value of 

its Renner-Teller splitting, ERT, will undoubtedly shed new light on the 

subject and make possible a more definitive theoretical explanation of this 

fascinating process. 
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