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ABSTRACT 

Collisions of Xenon(nf) Rydberg Atoms 

with Electron Attaching Targets 

*>y 

Byron George Zollars 

The destruction of Xenon(nf) Rydberg atoms in collisions 

with 1,1 ^I-CJCIJFJ and C^Fg takes place by transfer of the 

Rydberg electron to the target, resulting in a positive and 

negative ion. Rate constants for this reaction have been 

measured for Xe(nf) over the range 26<n<43, and the negative ion 

products have been identified. The cross sections derived from 

these measurements are in good agreement with recent free 

electron attachment cross sections. 
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I. Introduction 

The purpose of the work descibed by this thesis is to show 

that the method of Rydberg atom collisions can be used to extend 

the information available on electron attachment processes to 

the sub-thermal electron energies that are so difficult to at¬ 

tain by other means» 

The thesis begins with a description of the general 

properties of Rydberg atoms, in addition to a brief history of 

Rydberg atom collision studies. In subsequent chapters, studies 

of electron transfer in collisions of Rydberg atoms with 

halogenated hydrocarbon targets will be presented. The results 

will be compared to those obtained by other methods, both 

experimental and theoretical. 

I.A. General Properties of Rydberg Atoms 

An atom in a quantum state with large principal quantum 

number n is called a Rydberg atom. Such atoms as a class, 

exhibit similar physical properties regardless of element. 

Since the spatial extent of the atom's electronic wavefunction 

2 
scales as n , the Rydberg atom may be viewed in a classical 

sense, as an electron orbiting very far away from an essentially 

point-like core. For sufficiently large values of the orbital 

angular momentum quantum number 1, the penetration of the 

Rydberg electron's orbit into the atomic core is small, and 

screening of the nuclear Coulomb potential by the other 

electrons gives the atom properties very much like that of 

hydrogen. Rydberg atoms are very large on an atomic scale. For 
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example, a hydrogen Rydberg atom with n=50 has a radius on the 

order of 1300 A, about 2500 times larger than its ground state 

radius, 

3 
The radiative lifetime of Rydberg atoms scales as n , 

resulting in atoms that stay excited several microseconds after 

preparation, allowing the experimenter time to probe the atom's 

physical properties. Another important characteristic, the 

binding energy, scales as 1/n . It is clear that for high n 

these excited atoms are very weakly bound, fragile, and easily 

perturbed by electric and magnetic fields. Thermal collisions 

with some molecules or modest electric fields can lead to ioni¬ 

zation of the Rydberg atom. 

Another property of Rydberg atoms is the small separation 

between adjacent energy levels. This property, combined with 

the large geometrical size of these atoms, permits inelastic 

collisions in which the quantum numbers n and 1 can be changed. 

State-changing can also occur by the absorption of applied 

microwave or background 300K blackbody radiation, resulting in a 

dipole transition to a higher state. 

The large separation between the Rydberg electron and its 

atomic core can be used to advantage when information about cer¬ 

tain collision processes is desired. One such application 

involves the study of low energy ion-atom or ion-molecule colli¬ 

sions. Rydberg atoms may be thought of as ions that have their 

space charge neutralized by loosely bound electrons. Thermal 

energy collisions of the ion-like core of the Rydberg atoms with 
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various targets can thus be studied without the effects that 

space charge or small electric and magnetic fields have on low 

energy ion beams* Collisions of low energy electrons with atoms 

or molecules may also be studied using Rydberg atoms* The 

loosely bound electron, whose average orbital velocity scales as 

1/n, has been shown to interact with collision partners in much 

the same way as a free electron does* Collisions of Rydberg 

atoms prepared in a particular quantum state give investigators 

a means of studying interactions of various species with 

electrons of well-known sub-thermal energies* 

I*B* Previous Work Involving Rydberg Atoms 

The advent of the tunable dye laser has allowed the 

preparation of Rydberg atoms in a single quantum state, as op¬ 

posed to atoms prepared by electron impact excitation or by 

charge transfer collisions, which produce states with a 

distribution of principal quantum number and angular 

1 2 momentum 9 * Dye lasers have a sufficiently narrow bandwidth to 

excite states of a single n, and since dipole selction rules ap¬ 

ply in optical excitation, states of a single 1 are also pro¬ 

duced* Photoexcitation of single states for a wide range of n 

and several values of 1 give investigators the means for study¬ 

ing the structure and collision properties of Rydberg atoms in 

detail 
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I.B.l Field Ionization 

An atom in an electric field exhibits the Stark Effect* 

The hydrogenic Stark effect describes the energy level shifts of 

an atom as a function of applied electric field strength and is 

usually described within the framework of perturbation theory, 

although more sophisticated theoretical treatments have been 

developed^'^* In a sufficiently intense electric field, not 

only is the energy shifted, but there exists a probability that 

the atom will be ionized by the field* In particular, electric 

fields easily obtainable in the laboratory can ionize Rydberg 

atoms, producing a free electron and a positively charged ion* 

Detection of the electron or ion identifies the ionization 

event* 

Previous work in this laboratory and in others has 

demonstrated the use of field ionization as a state selective 

means of Rydberg atom detection^. Consider a collection of 

Rydberg atoms in several different quantum states in an experi¬ 

mental region. Application of a steadily increasing electric 

field in the region causes the atoms to ionize, and accelerates 

the resulting ions and electrons out of the field region and 

into particle detectors* Since atoms in different states have 

different binding energies, and ionize at different electric 

field strengths, knowledge of the time dependence of both the 

electric field and the ionization signal leads to information on 

the number of atoms in each particular quantum state* 
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I.B.2. State Changing Collisions 

Since Rydberg atoms are physically large, collisions with 

other atoms and molecules can be expected to proceed with a 

large rate. Depending upon the nature of the target and the 

interaction, several distinct types of processes occur in these 

collisions. 

Eellert et al. observed rotational energy transfer from 

ammonia molecules to xenon Rydberg atoms. In these collisions, 

the ammonia molecule undergoes rotational de-excitation and the 

Rydberg atom is observed to either ionize or be excited to a 

higher lying (n,1) state, depending upon the amount of rota¬ 

tional energy transfer and the initial Rydberg state. Similar 

Q 
results were reported by Higgs et al. in collisions of xenon 

Rydberg atoms with the targets HC1 and HF. 

In collisions of Rydberg atoms with ground state atoms and 

non^polar targets, the principal effect is that the angular 

o 
momentum of the Rydberg atom is changed. Higgs et al. showed 

that 1-changing collisions between xenon Rydberg atoms and the 

targets Xe, Kr, and CO^ produced final states with a distribu¬ 

tion of 1 and ImlI, and that the results obtained agreed well 

with the 'essentially free' electron model*®, in which the col¬ 

lision is not significantly affected by the Rydberg atom's core. 



I, B, 3 Collisional Ionization 

The ionization of Rydberg atoms in collisions with molecu¬ 

lar targets was first reported by Hot op and Niehaus.** In their 

experiment, a beam of rare g&s atoms was excited to states of a 

broad range of n and 1 by electron impact, and allowed to col¬ 

lide at right angles with a beam of target molecules. By 

measuring the production rate of rare gas positive ions as a 

function of target pressure, they deduced a cross section for 

collisional ionization of the excited rare gas atoms. The 

mechanism of ionization by electron attachment to the target 

molecule and subsequent negative ion formation was observed when 

SFg vas used as the target. Other targets used in this work 

were found not to produce negative ions of any significant 

number, 

12 
Using pulsed laser excitation, Vest et, al, made the 

first absolute measurements of collisional ionization rates of 

Rydberg atoms in well-defined states. The measurements were 

made by colliding laser produced xenon (n,f) Rydberg atoms with 

SFg and measuring the Xe+ production rate as a function of time 

after the laser pulse. By varying the laser wavelength, 

absolute ionization rate constants were measured for states of a 

single n and 1 over a wide range of principal quantum number. 



I.C. Parallel between collisional ionization and free electron 

attachment 

The collision of a highly excited atom with a molecule is 

generally viewed as occuring between two bound systems, 

Matsuzawa however» has proposed a model in which the collision 

may be viewed simply as occuring between the molecule and the 

excited electron.^ The energy of the 'essentially free' 

electron is just that due to its orbital motion» and any effects 

of the Rydberg atom's ion core on the collision are neglected. 

In other words, the rate constant for electron transfer from a 

Rydberg atom R* to a molecule AB at thermal energies 

R* + AB —> R+ + AB" (1.1) 

should be approximately equal to the rate constant for the at¬ 

tachment of free electrons of the same energy to AB, 

AB + e —> AB" (1.2). 

Since the energy of the excited electron in a Rydberg atom 

is typically below thermal energy, studies of collisions of 

these atoms with electron-attaching molecules can provide useful 

information on electron scattering and attachment processes in 

the sub-thermal electron energy regime. 
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I,D. Scope of interest 

The electron attachment cross sections for the compounds 

studied in this work are among the largest ever observed, 

These compounds have been employed as electron scavengers in 

high voltage insulators, where they effectively increase the 

dielectric strength of the insulator and guard against initia- 

tion of electrical breakdown and discharge. Another use of 

these compounds is in the manufacture and study of flame 

17 inhibitors. It is thought that removal of free electrons from 

the flame blocks some important combustion channels (CCl^ is 

commonly used in fire extinguishers and has properties very 

similar to the ones studied here). Studies of carcinogenesis 

and various other biological processes can also be aided by 

information on electron attachment. Transport of free 

electrons, important to many functions within the cell, is 

thought to be mediated by compounds that have an affinity for 

free electrons 
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The main purpose of the work is to show that collisions of 

Rydberg atoms with targets that have large cross sections for 

electron attachment occur through the same channels as colli- 

sions of free electrons with the same targets* Information on 

free-electron scattering and attachment at sub-thermal energies 

may thus be obtained by studying the types of collisions 

presented here* It is also hoped that this work will stimulate 

theoretical studies of low energy electron collisions with 
neutral targets* 



II. Previous studies of electron attachment 

II.A. Experimental methods 

II.A.1. Swarm Technique 

Developed as a tool to study electron transport through gases 

and electron-molecule reactions, the swarm technique is ideally 

suited for the study of electron attachment processes.18 Free 

electrons liberated in pulses from a photocathode drift to an 

anode through a gas at a pressure P under the influence of an 

applied electric field E. The electron attachment rate* or pro¬ 

bability of attachment per collision is deduced from measurement 

of the anode current as a function of E/P. 

This information is of limited use however* since for every 

E/P and temperature T, the electron energy distribution in the 

swarm* f(e*E/P*T) depends strongly upon the gas under study* and 

is difficult to measure. In most cases however* electron at¬ 

tachment proceeds with such a large rate that the gas under 

study can be mixed in minor proportion with a non-attaching 

'carrier' gas such as N2. Now f(e,E/P,T) can be expected to be 

characteristic of f0r which the distribution function is 

known. Use of a known f(e*E/P*T) allows the attachment rate to 

be determined as a function of the actual mean electron energy 

as derived for each value of E/P. 



One problem with swarm experiments is that for a given E/P, 

the energy distribution function is very broad, sometimes having 

a half width in excess of the mean. The broad energy distribu¬ 

tions severely limit the resolution of the measurement. To 

overcome this difficulty, Ghristophorou et. al. w have used an 

iterative method for 'unfolding* the mono-energetic attachment 

rate from the swarm derived data. This rate is assumed to be 

very close to the attachment rate that would be measured if all 

the electrons in the swarm have the same energy. The 

deconvolved rate is then used to calculate a mono-energetic 

cross section for electron attachment. 

By using a standard set of carrier gases, the swarm 

technique can be used to measure attachment rates over a wide 

range of electron energy, from just above 40 meV. to several 

tens of eV. 

II.A.2 Drift - Dwell - Drift 

The drift - dwell - drift method is a variant of the swarm 

technique. In this type of experiment, the drift field is 

removed after the electron swarm drifts to the center of a reac¬ 

tion chamber. There it interacts with the electron attaching 

gas under study. After a predetermined and accurately measured 

reaction time, the remaining swarm is drifted into the collec¬ 

tion anode. The number of electrons present after a given dwell 

time t is : 
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N(t)=NQ exp(-kPt) (II.1) 

where N is the number of electrons in the swarm for zero dwell 
o 

time, P is the partial pressure of the attaching gas, and k is 

the electron attachment rate constant per torr. Measurement of 

N(t) for several different dwell times allows the calculation of 

k. Since there is no electric field present when the attachment 

collisions are occuring, the electron distribution function is 

simply a Maxwellian corresponding to the temperature of the car¬ 

rier gas.^ 

II.A.3 Threshold photoelectron spectrum by electron attachment 

Using the TPSA (threshold photoelectron spectrum by 

electron attachment) technique, Chutjian J and co-workers have 

measured cross sections for electron attachment to SF^ and cer¬ 

tain halogenated hydrocarbons. In the TPSA technique, 

monoenergetic low-energy electrons are generated by the 

photoionization of rare gas atoms in the presence of the target 

molecules. For a target AB and rare gas Kr, one has the 

photoionization process 

Kr + -îua —> Kr+(2P1/2) + e(e) (II.2) 

followed by attachment of the free electron 

AB + e(e) —> A + B~ (II.3) 



14 

Negative ions B~ are detected as a function of electron 

energy 

where is the threshold ionization energy of the rare gas 

atom. The electron energy resolution obtained in such experi¬ 

ments is very high because the electrons are generated in situ, 

instead of being transported to the target gas. 

The production of negative ions at an electron energy 6 can 

be written as a convolution of two terms 

where S is the monochromator slit function for the ionizing 

light, is the rare gas photoionization cross section, and 

c is the electron attachment cross section. This expression 

assumes that the only source contributing to the energy width of 

allows the calculation of cr^ to within a normalization factor. 

Using the drift-dwell-drift measurements of the thermal electron 

attachment rate constant k(e) at mean electron energy e allows 

this normalization factor N to be found by 

s = - E 
t 

(II.4) 

P(B) - S * (o.<y ) 
l a 

(II.5) 

0 A 
the electrons is S. H Measurement of P(e) over a wide range of e 

(II.6) 

where m is the electron mass and f(e) is the Maxwellian energy 



distribution function for a mean electron energy 8 

II.A.4 Electron cyclotron resonance 

25 
Mothes, et. al. bave developed another scheme for 

measuring absolute rate constants for electron attachment. In 

the flow tube/electron cyclotron resonance (EGR) method, a 

mixture of an inert carrier gas and an electron donor molecule, 

such as NO or CHJNHJ passes down a quartz flow tube at pressures 

from 2-*50 torr. Free electrons are produced in this mixture by 

photoionizing the donor molecule with light from either a 

windowless plasma discharge or a microwave powered rare gas 

resonance lamp. The free electrons produced in this manner have 

energies in excess of 1 eV, but thermalize quickly in collisions 

with the carrier gas. Downstream from the photoionization re- 

gion, the attaching gas is introduced into the flow tube in a 

mixing chamber. 

Further downstream, the concentration of free electrons is 

measured with an electron cyclotron resonance spectrometer. 

Microwave radiation at a frequency of about 9 GHz. is coupled 

into the flowing gas through a cylindrical cavity. By sweeping 

the magnetic field H surrounding the region through the electron 

cyclotron resonance, 

»= <*>C (e/mc) ^ (II.7) 

and measuring the power loss from the microwave cavity, the 

number density of free electrons can be found. Measuring this 
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power loss as a function of attaching gas concentration yields 

an absolute rate constant for the attachment of free electrons 

at thermal energy* To obtain rate constants for higher electron 

energies, the microwave power in the cavity is increased, 

thereby heating the flowing gas and raising the kinetic energy 

of the free electrons* 

II.B. Merits of Different Experimental Methods 

The various experimental methods for studying electron at¬ 

tachment outlined in section II.A each have their own 

advantages. The swarm and drift-dwel 1-drift methods are partic¬ 

ularly suited for measuring the cross section for electron at¬ 

tachment at energies above thermal* The quality of the data 

obtained by these techniques increases at higher electron 

energies because of the smaller relative width of the electron 

energy distribution. The uncertainty in the measured cross sec¬ 

tion arises from several factors. One of these factors is the 

error in the determination of the specific shape of the electron 

energy distribution. Early swarm measurements characterized 

this distribution as a Maxwellian, but later theoretical efforts 

showed that a modified Druyvesteyn profile was more accurate* 

Another source of error is the swarm unfolding procedure, which 

is basically just a numerical deconvolution* The difficulty in 

obtaining an accurate measure of the error associated with the 

unfolding procedure adds to the uncertainty in the final value 

of the cross section, 
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Perhaps the most difficult of the experimental methods men¬ 

tioned here is the TPSA technique. The generation of very low 

energy electrons is complicated by the fact that extremely small 

electric fields can quickly change the energy of the electrons 

and destroy the validity of the measurement. For this reason 

the region in which the experiment is performed must be virtu¬ 

ally field-free. Another contributing factor to the uncertainty 

in the measurement is the deconvolution of the slit function. 

The monochromator slit width defines the bandwidth of the 

photoionizing light, and thus the width of the electron energy 

distribution. By decreasing the slit width, one obtains better 

energy resolution but less signal. The resulting uncertainty 

due to low signal to noise ratio must be traded for energy 

resolution. 

The technique of electron cyclotron resonance is another 

method whose forte is the measurement of the attachment cross 

section at relatively high electron energies. The results ob¬ 

tained by this technique are somewhat less reliable than the 

other methods. The first problem is that the electrons must 

equilibrate with a flowing gas. Turbulent flow will result in a 

wider distribution of electron energy. Another source of 

uncertainty is the calculation of free electron concentration. 

This concentration is measured by monitoring the absorption of 

radio-frequency power from a tuned cavity. This calculation is 

complicated by not knowing the exact electron energy distribu¬ 

tion. Free electrons moving in their cyclotron orbits may also 
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undergo collisions with either the target or carrier gas and 

liberate more free electrons. The result could be an enhance- 

ment of the free electron concentration, and an underestimate of 

the attachment cross section. 

The work presented here was performed in a laboratory that 

is well-known for its pioneering studies of Rydberg atoms. It 

is only natural then, that we should study electron attachment 

by taking advantage of the 'free electron' characteristics of 

Rydberg atoms. With these atoms, electron attachment at 

energies all the way down to a few meV can be studied. In addi¬ 

tion, knowledge of the atom's quantum state exactly defines the 

electron energy distribution, and deconvolution can be done with 

confidence, yielding measurements of the attachment cross sec¬ 

tion that are limited mostly by the statistics of counting. 
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II.C Theory 

The theory of negative ion formation by electron attachment 

30 31 
of free electrons has been studied by many authors. A Since 

collisions of Kydberg electrons with attaching targets is 

expected to produce results through the same mechanism, a 

discussion of free electron attachment is instructive. 

When an electron incident on a neutral atom or molecule is 

attached for times longer than its normal transit time through 

the molecule, a negative ion resonance is formed. * These 

negative ion states have a characteristic lifetime against 

autodetachment, or dissociation, and decay by electron or 

negative particle emission. Three basic types of negative ion 

resonances have been identified, differing in the way that the 

electron is trapped on the molecule. 

Consider an electron incident on a neutral molecule in its 

ground state. A repulsive centrifugal potential results from 

the relative motion, and an attractive potential arises from the 

polarization interaction between the two particles. The 

combined effect of these two potentials is an effective poten¬ 

tial consisting of a shallow well and a small centrifugal bar¬ 

rier. A shape resonance is the trapping of the electron in this 

shallow well. Since the potential barrier is formed by the 

angular momentum of the incident low-energy electron, p, d, and 

f-wave resonances can be expected, with s-wave resonances being 

impossible. A shape resonance lies above the potential curve of 
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RADIAL DISTANCE OF ELECTRON —► 

Figure 1 * a) An illustration of the formation of 
negative ions via a shape resonance, 

b) Dissociation of the negative ion car 
occur along a repulsive region of the multi- 
dimensiona1 potential energy surface• 



the neutral molecule» and is the major form of negative ion 

resonance found in molecules with a negative electron affinity. 

Shape resonances decay primarily through two processes. 

Tunneling of the electron through the centrifugal barrier» or 

dissociation along a different direction on the potential 

surface result in lifetimes ranging from 10"*® to 10”*^ seconds. 

These short lifetimes against autodetachment give the shape 

resonance a broad energy profile. 

In an electron-excited Feshbach resonance» the incident 

electron is captured with the simultaneous excitation of one of 

the electrons in the molecule. In this type of resonance» the 

electron-molecule interaction is strong enough to support a 

negative ion bound state that lies below the ground state of the 

neutral molecule. The molecule thus exhibits a positive 

electron affinity. 

A nuclear excited Feshbach resonance is similar to the 

electron excited version. As in the latter» the negative ion 

ground state lies below the parent ground state in energy. In 

the nuclear excited resonance however» the loss of energy by the 

electron causes vibrational instead of electronic excitation. 

The Feshbach resonances are true bound states» and usually 

have a longer lifetime than the shape resonance. As with the 

shape resonance» decay of the negative ion can occur by 

autodetachment with lifetimes as large as several microseconds» 

or by dissociation into fragments. 
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INTERNUCLEAR DISTANCE 

Figure 2. a) Nuclear excited Feshbach resonance. 
The negative ion is formed in a highly excited 

vibrational state. 

b) Electron excited Feshbach resonance. 
The negative ion is formed in an electronically 

excited state, with relatively little vibrational 
excitation compared to the nuclear excited resonance. 
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À negative ion state may also undergo stabilization through 

radiative de-excitation or collision. The stabilization gives 

the negative ion very long lifetimes, sometimes as large as mil¬ 

liseconds, The probability for radiative stabilization is usur- 

ally too small to be considered. This can be seen from the 

expression for the Einstein coefficient for vibrational 

de-excitation from state a to b 33 

32*>P^b 
■ ab 3hcJ (11,8) 

where is the dipole matrix element of the a —> b transi¬ 

tion, and v ^ is the frequency of light emitted. Radiative 

stabilization is only considered important when the lifetime 

against autodetachment is rather long in the first place, or 

when the excess energy of the negative ion is large and 

radiative decay can take place to several lower energy vibra¬ 

tional states, 

Collisional stabilization has been seen to be an important 

34 
process at high pressures. The pressure needed to stabilize 

negative ions is a function of the nature of the stabilizing gas 

S, Since the cross section for vibrational to translational 

energy transfer is small, most of the excess energy of the 

negative ion must transfer to rotational and vibrational excita¬ 

tion of S, The density of states and the degeneracy of the 

excited states of S and the negative ion all play an important 

role in determining the overall effectiveness of collisional 

stabilization 
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In collisions of Rydberg atoms with attaching targets, the 

mechanism for the formation of the negative ions is thought to 

be identical to that for free electron attachment* The ’free 

electron’ model provides a theoretical basis for such Rydberg 

atom collisions* In this model, the Rydberg electron e^ and the 

atomic ion core A+ are treated as independent particles with 

respect to the molecular target BC* The large orbital radius of 

makes it improbable that the two interactions eg * BC and 

A+ * BC occur simultaneously* These two interactions, although 

they may co-exist in some collisions, are treated as being 

statistically independent of each other* Matsuzawa has used the 

’free electron’ model to relate the electron transfer reactions 

studied in this thesis, 

A** + BC --> A+ + BC” (II.9) 

A** + BC --> A+ +B + C" (II.10) 

and their free electron analogs 

e + BC --> BC" (II.11) 

e + BC --> B + C" . (11.12) 

13 14 
He found that by making a few reasonable assumptions, 9 

the reaction rates for the processes (11*9) and (11*10) are 

found to be identical to those for (11*11) and (11*12), 

respectively* 
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The electron transfer is most likely to occnr at large 

radii» where the electron probability density is highest. The 

internal state of the atomic core is therefore deemed 

unimportant to the electroxmolecule collision. In addition» 

the interaction between the core and the target molecule» which 

consists of mainly short-range molecular polarization» is 

neglected. It is also valid to treat the dissociative electron 

transfer process (11.10) as two separate steps» that of electron 

transfer given by process (II.9) and subsequent dissociation 

B(T —> B + Cf (11.13) 

The separation is a good approximation because the electron 

transfer is more rapid than dissociation» which occurs in a time 

on the order of a vibrational period. 

Matsuzawa's theory gives predictions for the rate constant 

for dissociative attachment k , 
n' 

k = <vo(v)> = c/n^ 
n n 

5c/n^ 

s-wave 

p-wave (11.14) 

d-wave 

where c is a constant» <•••> denotes an average over the Boltz- 

man velocity distribution» n is the atom's principal quantum 

number» v is the electron velocity» and o is the cross section 
n 

for the collision process. Note that the rate constant is 

independent of relative velocity within the approximations made. 

For Rydberg atoms with large n» the rate constant is seen to be 



primarily due to s-wave capture 

If we wish to calculate an approximate value for the at¬ 

tachment cross section, the expansion in terms of partial waves 

may be used, 

or 4n 
,2 

o0 

^M21+l) sin^8j 

1*0 

(11.15) 

where o is the electron transfer cross section, k is the 

wavevector of the incident electron, and 6^ is the phase shift 

of the I'th partial wave» If we only consider s-wave capture, 

we only need the first term of this sum, 

» - (11.16) 

For a Rydberg atom with n=30, the cross section for attachment 

—13 2 calculated using this formula is approximately 2»2xl0 cm • 
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III* Experimental 

III.A* Description of the Apparatus 

III.A.1. Rydberg Excitation 

Most work with Rydberg atoms involves alkali and alkaline 

earth atoms* Xenon is a more complex atom than the alkalis, but 

it possesses certain advantages to offset this complexity* Its 

availability as a monatomic gas alleviates the need for a hot 

oven to produce an atomic beam as is required in the case of 

alkalis. In addition, due to the large mass of xenon, a slow 

thermal beam may be formed* The low beam velocity provides 

several extra microseconds in which to perform experiments be- 

fore the atom exits the field of view of the detection system* 

A disadvantage of using xenon is the large energy required 

to excite the atom to a Rydberg state. Referring to the term 

structure illustrated in figure 4, one sees that the desired 

levels lie about 12 eV above the ground state* Photons of this 

energy are not available in this laboratory, making two-step 

excitation the only feasible approach* 

The ground state of xenon has the configuration 

[Kr]5s^4d*®5p^. The 5p subshell is closed, leading to a desig¬ 

nation of in l-s coupling notation* Exciting one of these 

5p electrons to the 6s orbital (in our case by electron impact), 

leads to 4 possible terms, 1P1 and 
3p
0#1#2* 

Two ot these terms, 

tbe and the P^ decay very quickly back to the ground state 
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Xe*(%2) 
108371 c«r»U3.4«V) 

Figure 3* Partial term diagram for xenon. Metastable 
atoms are excited via electron impact» and then 
undergo laser excitation to a Rydberg state. Only 
transitions to the f series are used in the present 
experiment. 



via emission of electric dipole radiation* For the other tvo 

terms however, radiative decay is forbidden by parity considera¬ 

tions* These are thus metastable and have lifetimes on the 

order of 0*1 second* 

Eigenstates of xenon are described rather poorly under 1-s 

coupling, and j-1 coupling is usually considered more 

appropriate* Under j-1 coupling, the total angular momentum of 

the core (which is itself described by 1-s coupling), is coupled 

to the orbital angular momentum of the excited electron* The 

notation for describing states in j-1 coupling is as follows* 

The configuration of the core state in 1-s coupling nota- 

9 c+1 
tion ( L ) comes first, followed by nl of tbe excited 

fj 

electron* Then [K]j follows, where K is the resultant of j and 

1, with J being the total angular momentum of the entire atom* 

Since the excitation of one electron leaves a 5p^ core 

configuration, the xenon core can be expected to have the terms 

2 2 
^1/2 an<* ^3/2* Tkus we can now vrite the two metastable lev¬ 

els in xenon as: 

5p5(2pi/2)6s[1/2l0 » 

5p5(2p3/2)6sI3/2l2 * 

(III.l) 

Occasionally these two states are written in the more common 1-s 

coupling notation for brevity* Written this way, the states are 

3 3 
PQ and Pj respectively* 



30 

The p3 configuration in the core leads to the same terms as 

a p* configuration. We can think of the missing electron as a 

'hole' that has spin 1/2, and is responsible for the p* 

configuration. Because of the large spin-orbit interaction of 

this hole, the two metastable levels are separated in energy by 

about 9000 cm~^, causing the two series of excited states aris¬ 

ing from each core configuration differ greatly in energy. For 

the same reason, the ionization limits of the two series do not 

coincide, with the states of the P^/2 core having n>6 lying 

2 
above the ionization limit of the P3/2 core. These states 

autoionize with lifetimes too short to be of use in this experi¬ 

ment. 

27 Stebbings et. al. have shown that Rydberg atoms may be 

produced via the transitions 

(2pi/2)6s11/210 ”> 

—> 

--> 

(2p3/2)nP[1/2]l* 

(2p3/2)nP[3/2ll* 

(2P3/2)nft3/2]1. 

(III.2) 

3 
Note that the transitions shown above all begin with the 

metastable level, but that in principle, optical excitation may 

proceed from either level. Because of the energy difference 

3 
between these levels however, excitation from the requires 

ultraviolet photons to access the Rydberg states, while photons 

of wavelength about 4640 Angstroms are sufficient if one excites 
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from the PQ level. The longer wavelegths are easily obtained 

with current dye laser technology, whereas the UV wavelengths 

must be produced by the more difficult technique of frequency 

doubling, Ve have chosen to excite from the PQ metastable 

level for the above reasons. 

Close inspection reveals that the transitions just chosen 

for Rydberg atom production involve a change in core configura¬ 

tion, Such transitions are in violation of the selection rules 

for j-1 coupling (Aj=0, AK=0,+1, AJ=0,+1), since they involve a 

unit change in j, the total angular momentum of the core. This 

violation suggests that while j-1 coupling may be more 
* 

appropriate than either 1-s or j-j coupling for describing these 

states, it is by no means entirely satisfactory. Furthermore, 

the s —> f transitions indicate that one or both of the levels 

involved would be better described by a superposition of 

configur ations• 

The exact wavelength of light necessary to excite a partic¬ 

ular level can be determined by the use of the Rydberg formula 

E nl 
-R 

(“"■Sj)2 

(III.3) 

This formula gives the term energy relative to the ioniza¬ 

tion limit, for a particular nl state, where R is the Rydberg 

constant (109737,32 cm and 8^ is the quantum defect. For 

this experiment, we produce only ( states, so the 



relevant quantum defect is 6j_g = 0.055, and En^ is measured 

2 —1 relative to the ionization continuum, which is 97834 cm 

3 
above the ground state. Since we excite the atoms from the P^, 

metastable level, which lies 76197 cm~* above the ground state, 

the energy needed to excite a given nf level is 

W = 97834 + Enl - 76197 (cm"1.) (III.4) 

O 
corresponding to a vacuum wavelength of X=10 /W Angstrom units. 

The above mentioned wavelengths are produced by a N^-laser 

pumped dye laser in the configuration illustrated schematically 

_3 
in figure 5. A cuvette containing a circulating 5x10 M solu¬ 

tion of Coumarin 460 in ethanol is pumped transversely by a NRG 

nitrogen laser operating at a repetition rate of 60 Hz. A 

diffraction grating/mirror combination mounted in the grazing 

incidence configuration provides wavelength selective feedback 

in the dye laser cavity. The laser has an output energy of 

approximately 20 microjoules per pulse and a linewidth of less 

than 10 GHz. Adjustment of the angle the mirror makes with the 

grating varies the laser wavelength and allows excitation of the 

desired Rydberg state. 

III.A.2 Vacuum chamber and TIC 

Except for small modifications to the interaction region, 

the apparatus used for these measurements is very much the same 

29 as described in Foltz, et. al. Figure 6 gives a schematic 

view of the apparatus• 



END MIRROR 

Figure 4. Schematic illustration of the dye laser. 
This laser provides the radiation necessary for 
transitions to the Rydberg levels. The wavelength 
used is approximately 4640 Angstroms. 



34 

Figure ? , Schematic \ iev ci the apparatus. 



Xenon gas admitted into the metastable source through a 

leak valve effuses through a multi-capillary array pointed down 

the beam line* Coaxial vith the xenon path is an electron beam, 

which is accelerated along the beam axis to 150 eV, and is 

confined to the beam line by a solenoidal magnetic field* In 

this field region, many of the xenon atoms are excited by 

electron impact to various states or are ionized. After leaving 

the electron bombardment region, most excited state atoms will 

decay radiatively to the ground state or to one of the two 

metastable levels* Deflection plates just outside the source 

chamber serve to deflect ions and electrons out of the beam, and 

provide a field to ionize most unwanted high Rydberg atoms pro¬ 

duced in the metastable.source. The beam leaving the deflection 

plates consists of primarily ground state xenon atoms with 

approximately 10* metastable atoms per cm * After passing 

through 2 differential pumping chambers, the metastable beam 

enters the main chamber, where the experiment takes place* 

The metastable beam is collimated to a cross section of 

about 4 mm. square by a set of apertures and then passes into 

the interaction region. There it is intersected at right angles 

by the pulsed laser beam, which excites some of the metastable 

atoms to the desired Rydberg level. 

The interaction region itself is located between two 

oxygen-free, high-conductivity copper mesh grids mounted in a 

chassis called the TIC (total ion collector). The mesh grids 

define the local electric field seen by the atoms during 



excitation and their subsequent collisions, DC or pulsed 

voltages may be applied to these grids as required by the 

experiment. 

Normally, the entire main chamber is evacuated to a pres- 

sure below 10 ' torr. During collision experiments however, 

target gases are admitted into the chamber at a much higher 

pressure, typically 10"^ torr. This gas pressure is monitored 

with an ionization gauge, previously calibrated against a 

capacitance manometer for the particular gas under study, A 

secondary electron detector downbeam from the interaction region 

gives an estimate of xenon metastable flux by measuring the cur¬ 

rent of electrons ejected from a stainless steel surface by 

xenon metastable impact. 
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III.B. Measurement of the Collisional Ionization Rate 

III.B.l. Procedure 

The method used to measure the reaction rates in this work 

requires determination of several quantities. 

o The initial quantum state of the xenon Rydberg atom 

o the time of Rydberg atom formation, 

o the target gas density 

o the amount of time during which the Rydberg atom and 

target molecule interact 

o the reaction products 

Since Rydberg production, reaction, and detection all happen in 

the span of a few microseconds, it is clear that relatively 

sophisticated electronics must be employed to record the various 

parameters. 

As discussed before, the wavelength of the laser determines 

the initial Rydberg state produced. For all values of principal 

quantum number used in this work except the largest, the value 

of n was determined absolutely by measuring the laser wavelength 

with a Spex model 1704 1-meter spectrometer. For the largest 

value of n, resolution of the spectrometer allowed determination 

of n to an uncertainty of +1. 
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The laser pulse used to excite the Rydberg atoms is only 5 

nsec. long. Because this pulse is short compared to the 

several microsecond reaction times used in the experiment» the 

time of formation of the Rydbergs is taken to be instantaneous. 

A fast photodiode senses the laser pulse and begins the 

electronic data acquisition sequence. 

A computer controlled delay determines the reaction time» 

ie. the amount of time between laser pulse and product detec¬ 

tion. This delay is varied over a range extending from 1 to 15 

microseconds in five or ten discrete steps. At each time step» 

collision results for 100 laser shots are accumulated and stored 

in computer memory before moving to the next time step. This 

procedure minimizes effects of long term drifts in laser power 

or wavelength. Each time step is visited repeatedly until 

enough data have been acquired for a good signal to noise ratio. 

During the accumulation process» data are available for display 

on the computer graphics terminal» allowing the experimenter to 

monitor the quality of the results. 

Two detection methods provide the experimental results. 

Selective field ionization (SFI) enables measurement of both the 

total destruction rate of Rydberg atoms and the distribution of 

final states of atoms not ionized by the target. Identification 

of the negative ion species formed by the attachment process is 

accomplished by configuring the TIC as a time-of-flight (TOF) 

mass spectrometer. Experimentally» the two methods of detection 

are essentially the same» differing only in the magnitudes of 
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Figure 6. Experimental electronic arrangement. 
The electronics for both SFI and TOF detection 
are shown in the figure. 
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certain applied voltages» 

In SFT, a signal at the end of the reaction time simultane¬ 

ously triggers a high voltage ramp generator and a multi-channel 

analyzer operating in the time mode. The ramp generator 

provides a negative-going voltage ramp to the top grid of the 

interaction region. This ramp typically reaches -4000 volts in 

about 1 microsecond. The spacing between the grids is 2.0 cm., 

so the atoms in the interaction region experience a ramping 

electric field from 0 to 2000 V/cm. The Rydberg atoms will 

field ionize at a field strength that depends on their quantum 

state. 

Upon ionization, the electric field serves to accelerate 

the liberated electron to a Johnston MM-1 electron multiplier. 

The amplified multiplier pulse gives a stop signal to the MCA, 

which records a spectrum of electron arrival times, referenced 

to the beginning of the ionization ramp. 

The MCA can only record the arrival time of the first stop 

signal after each start trigger. In order to get an accurate 

representation of the actual Rydberg state distribution, experi¬ 

mental conditions must be adjusted so that the probability of 

having more than one field ionization event per laser shot is 

small. The average Rydberg production rate during the experi¬ 

ment is typically 0.1 to 0.2 atoms per laser shot. 



TOF mass spectrometry determines tlie negative ion products 

of the collision process. The Rydberg atoms collide with the 

target gas for a 5 microsecond long period, after which a -40 

volt, 5 microsecond extraction pulse is applied to the top grid 

of the interaction region. An elapsed time counter (ETC) starts 

with the extraction pulse. The ETC, like the MCA, accumulates a 

flight time spectrum, but allows observation over much longer 

times. The extraction pulse sweeps negatively charged particles 

through the grounded bottom grid of the interaction region into 

an acceleration region. The acceleration potential is adjusted 

to mitigate the reduction in flight time resolution arising from 

the fact that the negative ions fill a finite volume in the 

interaction region at extraction time. As shown in Appendix I, 

all ions of a given mass arrive at the particle multiplier with 

the same flight time, regardless of their position at extraction 

time. The flight time of an ion depends upon its mass in a 

known way, so the flight time spectrum yields information on the 

identity of the negatively charged collision products. 

I1I.B.2 Measured quantities. 

There are many potential channels by which xenon Rydberg 

atoms react with the attaching target gases studied in this 

work. The most important of these reactions are 

(III.5) Xe(n,f) + AB —> Xe(n, l*f) + AB 

Xe(n,f) + AB --> Xe+ + (AB+e) (III.6) 



Reaction (III.5) describes inelastic collisions in which 

the angular momentum of the Rydberg atom is changed. Since 

**1=3 *s small* the xenon nf states are nearly degenerate with 

those of higher 1, making such collisions energetically possi¬ 

ble. Reaction (III.6) describes collisional ionization of the 

Rydberg atom, in which the target molecule attaches the excited 

Rydberg electron, forming a positive xenon ion and a negatively 

charged target ion. This target ion is not necessarily stable 

and may either autodetach, liberating the electron, 

The latter process is the major one if the electronegativity of 

B exceeds the bond strength of AB. An example of such a target 

is CCl^, which dissociates to form Cl , whereas SFg attaches an 

electron to form quasi-stable SF^-, which has a long lifetime 

against autodetachment. 

To measure a rate constant k for collisional ionization, 

one uses the expression 

(AB+e) —> AB + e (III.7) 

or dissociate 

(AB+e) —> A + B (III.8) 

N( t ) = N(0)exp(-1/T —pk) t (III.9) 

where N(t) is the number of xenon Rydberg atoms left after a 

period t following the laser pulse, N(0) is the initial number 
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of Rydberg parent atoms* x is the parent state radiative life¬ 

time* and p is the target gas number density* 

The rate constant is determined in two steps* the first of 

which is accumulation of SFI spectra at several different times 

after laser excitation* with no attaching gas in the apparatus* 

Integration of the region of the SFI spectrum corresponding to 

laser-produced parent Rydberg atoms provides a measurement of 

N(t) at each t used* Setting p^O in expression (III*9) and fit¬ 

ting to the experimentally determined N(t) yields a value for 

the radiative lifetime x of the parent State* In the next step* 

the attaching gas is introduced at a known pressure* SFI spec¬ 

tra are again taken at several times after excitation* The 

gas-in SFI spectra are usually taken at shorter times after the 

laser pulse than the gas-out spectra* This is done to minimize 

the amount of 1-changed product occuring in the data* The long¬ 

est reaction time is chosen so as to have an 1-changed popula¬ 

tion of less than 20% of the total Rydberg signal* The second 

fit of N(t) to expression (111*9) determines k* since x and p 

are known quantities* 

State sensitive information contained in the SFI spectra 

permits determination of a rate constant for 1-changing colli¬ 

sions k^. The differential equation for the amount of 1-changed 

collision product N^t) as a function of time t is 

dN«(t) 
—^—= pkjNCt) - (l/T1+pki)N1(t) (III.10) 

where k^ is the rate constant for 1-changing collisions* N(t) is 
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Figure 7. Typical data obtained by the SFI technique. 

The target gas pressure in these spectra was made 
intentionally large to enhance the ionization 

feature due to 1-changed Rydberg atoms. 



defined by (III.9), is tbe collisional ionization rate of the 

1-changed population, and is the lifetime of the 1-mixed 

product. The solution of this equation is 

Nx(t) 
. ü(_°2-pkl . . -bt_ (pk.+l/r.) t] 
P^+I/Xfb1 e 811 

(III.11) 

where the term b is the total parent state decay rate, given by 

the sum of the contributions from radiative decay, 1-changing 

collisions, and collisional ionization, 

b - pk + pkj + 1/T (III.12) 

The amount of 1-changed product observed as a function of time 

is numerically fitted to this model expression to determine k^. 

In the fitting procedure, Tj is assumed to be infinite, and 

k^ is assumed equal to k. 

Identification^ the major collisionally-produced negative 

ion species was accomplished by sweeping the ions that had ac¬ 

cumulated 5 microseconds after the laser pulse into the TOF mass 

spectrometer. The arrival time spectrum indicates which 

negative ions were formed during the collision. Free electrons 

can also be detected by this method, as they are the first 

particles to arrive at the detector. 
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Figure 8. Negative ion flight time spectrum for 
Xe(33f) + Çç-Fg* The peaks in the spectrum are 
due to C^Fg* (mass 212) and F^~ (mass 38) • 
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IV. Results and Discussion 

The rate constant for collisional destruction of Rydberg 

atoms is the sum of two processes» collisional ionization and 

collisionally induced radiative decay. Since the latter process 

is equivalent to collisional broadening of the decay transition» 

which is unimportant for target gas pressures of less than 100 

torr» collisional ionization is the major cause of Rydberg atom 

destruction. As mentioned previously» target gas pressures were 

kept low and measurements of the laser-produced Rydberg parent 

population were made with reaction times such that the number of 

1-changing events was small. This is important» because the 

1-changed collision product has a different electronic momentum 

distribution» and may therefore have a different rate constant 

for collisional ionization. In fact» a measurement was made at 

a high target gas pressure and at reaction times for which a 

statistical distribution of 1 states was populated. The meas¬ 

urement yielded a collisional ionization rate constant that was 

half as large as that measured for the pure parent Rydberg 

states. 

The 1-changing rate for both target molecules was observed 

to be on the same order of magnitude as the ionization rate. 

This fact indicates that electron transfer is just as likely to 

occur as an inelastic collision that changes the angular 

momentum of the Rydberg atom. If attachment of the Rydberg 

electron occurs for times that are short compared to the 
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electron's orbital period, the electron can detach bach into a 

Rydberg state. This state could be expected to have a principal 

quantum number and angular momentum different from the initial 

state. The SFI spectra show no detectable n-changing events, 

and we may infer from this that no short-term attachment takes 

place. 

Collection of the negatively charged products of the colli¬ 

sions yields more information on the importance of different 

reaction channels. Xe(30f) collisions with l^l-C^ci^Fj result 

in the formation of Cl~ ions. In addition, very few free 

electrons were observed even at moderately long times after the 

laser pulse. The conclusion is that the processes 

Xe(30f) + C2C13F3 —> Xe
+ +C2C12F3 + Cl + e 

—> Xe+ +C2C13F3 + e 

C1‘ —> Cl + e (IV.l) 

are relatively unimportant compared to the major reaction 

Xe (30f) + C2C13F3 —> Xe
+ + C2C12F3 

+ C1~ <IV*2> 

This reaction may be a Feshbach resonance whose negative ion 

state is dissociative, yielding a neutral fragment and Cl”. 

Collisions of Xe(30f) with C^Fg produced mainly CjFg ions, 

although a small signal, attributed to F^” was also observed. 

The F^” has not been seen in collisions with free electrons, 

which produce only C^Fg~* Again, few free electrons were 

observed, indicating that the autodetachment lifetimes of C.F0~ 5 o 
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and are long compared with the mass spectrometer flight 

times of abont 10 microseconds. 

Since production of free electrons was not observed with 

either target, and the negative ion species closely match those 

identified in free electron attachment studies, it follows that 

collisional ionization of the Rydberg atom proceeds via electron 

transfer to the target molecule. Measurements of collisional 

ionization can thus be compared with measurements of free 

electron attachment obtained by the various techniques described 

in section II of this thesis. 

The rate constants for 1-changing and collisional ioniza- 

tion of Xe(nf) in collisions with C5Fg and 1,1»1~C^C13F3 are 

presented in Table I, The rate constant for collisional ioniza¬ 

tion k is converted to the cross section for Rydberg electron 

attachment by the expression 

% - 1 ' Tm» <"-3> 

where v s is the rms velocity of the xenon Rydberg electrons 

v 
rms 

,(2R/m)1/2 

n 
2.2xin8 

n cm/sec, (IV,4) 

n is the principal quantum number, R is the Rydberg constant, 

and m is the electron mass. Table I also includes the average 

kinetic energy of the Rydberg electron, and the radiative life¬ 

time of each state. This lifetime is calculated from a numeri¬ 

cal fit to the experimentally determined radiative decay rate 

versus n. The empirical formula obtained is 
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PRINCIPAL QUANTUM NUMBER 

Figure 9. Radiative lifetime vs n 
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2b 20.1 ! t.6 *2.1 t O.fi 3.2 + 1.0 

27 lb.7 12.9 2.7 2 3.3 2 1 .f 

2H 17.4 U.s -t. -4. 1.3 3.6 t 

29 16.2 16. i . 7 2 1 .4 6.2 ± 1.9 

31 14.2 19.9 S.i + i.b 7.6 t 7. • 

33 12.3 24.- 4 • / i 1 .- 7.1 t 

34 11.8 <16. 5 3.g + i.: 6.1 X l.f- 

39 8.9 *0. * 3.7 — i ^ i 6.5 t 2.4 

n e(raeV) 

Xe(nf) * 

T --(nsec) 
err 

l.i.l—C«0L-, * ? 

o (10""*** cm*1 Ï e 

29 16.2 16.1 4.9 ± 1.5 6.4 x 1.9 

31 14.2 19.9 4.8 ± 1.4 6.8 ± 2.C 

34 11.8 26.5 4.2 ± 1.3 6.5 ± 2.C 

39 8.9 40.8 

00 

•H 10.7 ± 3.2 

43 7.4 55.4 6.3 ± 1.9 12.4 ± 3." 

Table I. Measured rate constants k for collisional ionization. Also included 
are Che corresponding Rydberg electron attachment cross sections ae obtained 
using equation (4), the effective lifetime of each parent nf state and the 
corresponding time-averaged kinetic energy of the Rydberg electron. 
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T = (4.3X10~4)H3*13 +6% [usee.] (IV.5) 

Figure 11 shows the cross section for collision&l ioniza¬ 

tion for the gases studied in this work, in addition to cross 

sections obtained by the swarm technique* The swarm data used 

in this figure are the 'unfolded9 mono-energetic cross sections 

for electron attachment* Comparison to the raw swarm attachment 

cross section (before the 'unfolding' procedure) would probably 

be more valid, since the collisional ionization data are not 

corrected for the Rydberg electron's broad momentum distribu¬ 

tion* Unfortunately, these data were not published* In any 

case, it is seen that agreement is good, with the Rydberg colli¬ 

sion data representing a reasonable extrapolation of the swarm 

data 
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ELECTRON ENERGYfmeV) 

Figure 10* Electron attachment cross section as 
a function of electron energy* The solid circles 
represent data obtained by the method of 
Rydberg atom collisions, and the open circles 
are unfolded cross sections from recent swarm 
measurements. 
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V. Conclusion 

Measurements of the rate constant for collisional ioniza- 

tion of Xe(nf) Rydberg atoms by 1,1^ and CjFg have been 

made. For targets that have large rate constants for the at¬ 

tachment of free electrons, such as these, Rydberg atom colli¬ 

sion studies yield information on electron attachment at very 

low electron energies. Interesting extensions to this work 

could be obtained in further experiments by: 

o taking into account the momentum distribution of the 

Rydberg electron, thereby increasing the energy résolue 

tion. This would result in a more meaningful compari¬ 

son with 'unfolded* swarm data and mono-energetic 

measurements of the attachment cross section. 

o extending measurements to high-n, where the Rydberg 

electron energies are lower. Narrow resonances have 

recently been observed in free electron attachment in 

0 A 
the near threshold region. * 

o The production of Rydberg states with l=n-l has 

recently been demonstrated. Such circular states have 

a sharp electron momentum distribution, and could 

eliminate the need to unfold the measurements to 

extract a mono-energetic cross section. 
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o Collision studies at low-n, where the formation of 

negative ions occurs within the coulomb well of the 

Rydberg core, could lead to bound ion pairs. The 

structure of such complexes is very interesting. 

Another possibility in low-n collisions is the stabili¬ 

zation of otherwise short-lived negative ions by vibra¬ 

tional energy transfer to the nearby core. Preliminary 

results along these lines indicate that the autodetach¬ 

ment lifetime of SFg“ is lengthened in Rydberg atom 

35 collisions by such a process. 



Appendix 

A Mathematical Analysis of 

Time of Flight Mass Spectrometry 

Consider the mass spectrometer arrangement illustrated in 

figure 12. Ions are formed in the region between grids G1 and 

G2. At time t-0, an electric field pulse of magnitude is 

applied in the region, sweeping positive ions downward into re¬ 

gion 2, bounded by grids G2 and G3• A constant field E^ in this 

region accelerates the ions into region 3, which is a field free 

drift region. After traversing the drift region, the ions 

strike a detector, Ve wish to know what the flight time of an 

ion with given mass is, and how to correct for the effects of 

its initial velocity and position, which tend to lower the 

resolution of the instrument. 

In this analysis, the subscripts 1,2,3 denote quantities 

inherent to that particular region. The subscript 0 is reserved 

for quantities defined at extraction time t-0. 

The total flight time T of an ion of mass m and charge +e 

is just the sum of the time spent in each region. 

T * + t2 + t3 (A.l) 

If the ion has an initial kinetic energy W , and is at a posi¬ 

tion s at t=0 
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Figure 11. Schematic diagram of the time of f1ight 
mass spectrometer. 
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tj = (2m) 
1/2 (ff0 + esE^)

1/2 + (Wp)
1/2 

eE„ 

,1/2 

h = t<W1/2 - <VesEi)1/2] 

(A.2) 

(A. 3) 

and 
d3(2m) 

1/2 

2 (V )1/2 

tot' 

(A.4) 

In the expression for t^, the initial velocity is assumed to be 

away from the particle detector. Since the ion does not ac¬ 

celerate after leaving region 2, we can say that its total 

kinetic energy W is equal to Wj. 

Ideally, for the best resolution we would like Wo«=0 and 

s=so=d^/2, resulting in, 

Wtot " eElso + eE2d2 (A*5)* 

The total flight time under these ideal conditions now becomes 

2d k 1/2 

T = (m/2W )1/2(2s k 1/2 + ■ 2 °/t> + d-) (A.6) 
tot o o ^ l/2+j 3 

where 

k o 

soEl + d2E2 

SoEl 
(A.7) 
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In order for ions made at s £ s to reach the detector with 
o 

the same total flight time (simultaneously), the following must 

be true 

dT 
ds and 

H2T 

ds2 s=s 
< 0 (A.8). 

Now the condition for spatial focusing is 

3/2, ..   
d3"2ko V1- 

s (k +k 2^2) o o o 

) (A.9) 

and the condition for maximum flight time is 

. < 2, t 
o o o 

The condition for spatial focusing reduces to finding the 

roots of the quartic equation below. 

2s„k„2 - 2s^J/2 ~ 2kod2 - d3k01/2 + d3= 0 (A. 11) 
o o o o 

The values of that satisfy the quartic define the ratio of 

to ^1* an<* determine the operating voltages. 



For the interaction region grid spacings 

dj=5 mm. d2=12 mm. dj=74 mm. sQ=2#5 mm. (A.10) 

was evaluated by Newton approximation as 10*39» resulting in 

V2 
7" = 4.695 (A.13) 
V1 

For a specific geometry» it is useful to calculate the mass 

resolution* The mass resolution is defined as the maximum mass 

that can be completely resolved from its adjacent mass* For 

ions produced in a region As wide» centered about Sq# the mass 

resolution can be shown to be approximately 

M
AS 

= 16k0(s0Ms)2 (A. 14) 

For As=2 mm» the mass resolution is calculated to be M. = 260* 
As 

This means that heavy ions such as Xe+ can easily be resolved* 

If the ions are formed with an initial kinetic energy» the 

spread in flight time of ions with the same mass is due mainly 

to the ion turn-around time» 

2(2mW0)1/2 

-  ^  (A.15) 

For ions that are all formed at s , but with initial kinetic o 

energy the mass resolution can be shown to be 
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In reality, ions are formed with some initial kinetic 

energy and in different initial positions. Trying to take both 

of these conditions into account together is extremely dif¬ 

ficult. An estimate of a lower bound for the effective mass 

resolution can be found however, by using the following 

equation, 

M^, thereby increasing the overall resolution. 

For the sample interaction region, and 90meV., the ef¬ 

fective mass resolution is calculated to be approximately 

^eff “80* This resolution is probably sufficient for most 

experiments that do not involve heavy and complex molecules. 

Operating parameters can be adjusted to maximize both and 
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