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ABSTRACT 

COLLISIONS INVOLVING XE(nf) RYDBERG ATOMS: 
|nt£ | -CHANGING AND THE INFLUENCE OF 

AN EXTERNAL ELECTRIC FIELD 

BY 

MORGAN PAUL SLUSHER 

Thermal energy collisions between xenon Rydberg atoms in n ■ 31, 

t > 3 states and CO2 are reported. The rate constant is derived for 

those collisions that result in a change in Im^l. The value so 

obtained is similar to that obtained previously for 

Xe(nf) - CO2 collisions that result in a change in & . It is argued 

that these observations imply that collisions result in simultaneous 

changes in A and Im^l. In addition, the influence of an applied 

electric field on state-changing in collisions between laser-excited 

Xe(nf) atoms and xenon target gas is described. The presence of the 

field- results in marked changes in both the rate constant for 

collisional state-changing and in the final state distribution. The 

changes can be accounted for by use of energy transfer arguments based 

on the "essentially-free" electron model, although the degree of 

spatial overlap between wavefunctions associated with the initial and 

final states may also be important. 
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CHAPTER 1 

High Rydberg Atoms 

Section 1.1 The Properties of Rydberg Atoms 

Atoms in highly excited states with large principal quantum 

number n are termed Rydberg atoms. The Bohr model is adequate to 

describe many of the characteristics of these atoms. In fact, the 

three properties most relevant to many studies of Rydberg atoms are 

best discussed within the framework of the Bohr model for hydrogen. 

The first of these properties is that of size, enormous by atomic 

standards. The classical radius of the electron orbit in a hydrogen 

atom scales as n^ and with n ■ 100 is 5300 Â, four orders of magnitude 

greater than the ground-state radius. The great separation between 

the electron and the atomic core has allowed theorists to describe 

collision processes in terms of either the electron-target or 

core-target interaction separately. Rydberg atoms are also extremely 

fragile because the binding energy of the electron scales as 1/n^. 

The familiar 13.6 eV binding energy of ground-state hydrogen is 

reduced to only 1.36 meV for n * 100. Such a low binding energy 

allows ionization due to thermal collisions with certain molecules or 

due to moderate electric fields. A further characteristic of highly 

excited atoms is an extremely small energy separation between adjacent 

states. This allows the possibility of state-changing in inelastic 

collisions even for processes involving small energy transfers. 

1 
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Although discussed for hydrogen, the above properties are 

generally true in highly excited atoms of other elements as well. 

Given sufficient angular momentum to effectively decrease core 
/ 

penetration, an electron in a high-n state is so distant from the core 

that the core appears as a point charge* Furthermore, the core 

electrons effectively screen all but one nuclear charge, so the 

electron essentially moves under the influence of a single point 

charge and the system behaves very much like hydrogen. 

Although the unique properties of Rydberg atoms are quite 

interesting in themselves, the motivations for studying them involve 

applications in a number of fields. Among these are radio astronomy, 

where observations have indicated the presence of high Rydberg atoms 

in gaseous nebulae as well as some extragalactic objects, and plasma 

diagnostics, useful in analyzing tokomak experiments. Other fields 

utilizing information about Rydberg atoms include laser isotope 

separation, laser development, and flame studies. 

Section 1.2 Previous Studies Involving Rydberg Atoms 

In the past decade, interest in the study of Rydberg atoms has 

been increasing rapidly as experiments exhibit ever greater depth and 

sophistication. Early experiments were primarily concerned with 

techniques for producing and detecting Rydberg atoms. As noted 

earlier, the states of such atoms are very close in energy, and the 

first techniques created atoms in a broad spectrum of excited states. 
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Riviere and Sweetman^ produced hydrogen atoms in states with n * 9 to 

23 using charge transfer collisions between protons and a gaseous 

target. Bayfield and Koch^ used the same technique to study hydrogen 

in states of the range 43 < n < 70 and II'in et al.^ observed helium 

with 8 < n < 18 produced in a similar manner. Electron impact 

excitation was also extensively used, as reported by Cermak and 

Herman^, Hotop and Niehaus^, Kupriyanov®, and Shibata et al.^ These 

studies involved high Rydberg atoms in various mixtures of states in 

the range n * 20 to 40. 

Since the development of the tunable dye laser, experimenters 

have focused both the lasers and their attention on the production of 

Rydberg atoms in single well-defined states. The technique of optical 

excitation affords sufficient energy resolution to populate a single n 

state. Furthermore, dipole selection rules apply to optical 

transitions, defining the possible angular momentum states the Rydberg 

atom may possess. With the ability to produce beams of Rydberg atoms 

with single n and angular momentum quantum number & , the 

experimentalists could begin detailed spectroscopic and collisional 

studies. 

Spectroscopic studies have investigated the detailed state 

structure of various Rydberg atoms, particularly those of the alkali 

elements. While these studies confirmed the basically hydrogenic 

characteristics of these atoms, they also provided essential 

information on nonhydrogenic aspects such as quantum defects and fine 

structure splittings. MacAdam and Wing® studied the fine structure of 

highly excited helium, while Gallagher et al.9 reported microwave 
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resonance measurements of the d - f splittings in Rydberg states of 

sodium* Fabre et al.*^ measured the fine-structure intervals of a 

series of highly excited d states, again for sodium, and Cooke 

et al.l* studied quantum defects in lithium. Hyperfine spectroscopy 

of highly excited states of rubidium and cesium has been done by 

Svanberg et al.*^ 

The effects of applied electric fields upon the Stark structure 

of Rydberg atoms are of particular importance for the work presented 

in this thesis. Because these atoms possess large dipole matrix 

elements, they are greatly perturbed by relatively small fields and 

may be ionized by fields readily available in the laboratory. The 

gross effects of an electric field on bound states are described by 

the hydrogenic Stark effect. Otherwise degenerate states of a single 

n experience a shift in energy as a field is applied so as to break 

most of the degeneracy. Beyond the usual perturbation treatment*^, 

theoretical studies of the Stark effect in hydrogen have been reported 

by Bailey et al.*^. Rice and Good*^, and more recently by Damburg and 

Kolosov*’*’. Komarov et al.investigated important nonhydrogenic 

aspects of the Stark structure of alkali Rydberg states brought about 

by the influence of the atomic core. Zimmerman et al.*** have provided 

the most extensive theoretical and experimental spectroscopic study to 

date on the Stark states of alkali Rydberg atoms. 

The detection of Rydberg atoms is accomplished in this and many 

other laboratories by ionizing the atoms with an electric field. Just 

as the advent of dye lasers revolutionized the study of Rydberg atoms 

by providing a state-selective excitation technique, the development 
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of field ionization as a detection technique has proved most valuable 

to Rydberg studies* Other detection techniques* such as collisional 

ionization* cannot provide detailed information on the state of the 

Rydberg atom. Though long-lived by atomic standards* atoms in Rydberg 

states do spontaneously decay* emitting photons which may be detected 

and analyzed to identify the initial Rydberg state. However* since 

photons are emitted in all directions* their detection is only 

practical when they are produced in large numbers. The technique is 

limited to states of relatively low n as well, since the radiative 

lifetimes of Rydberg states scale as n^*^. Unlike photons* the 

charged particles resulting from field ionization are easily guided 

toward the detectors* making the technique very efficient and ideally 

suited to experiments where small signals are expected. Furthermore* 

as the electric field is increased at a given slew rate* atoms ionize 

at various thresholds of field strength forming the peaks of a field 

ionization spectrum. The arrangement of such features forms an 

identifiable signature of the Rydberg states present* making detection 

by field ionization a very state-selective technique. The 

interpretation of field ionization signals has become increasingly 

refined* particularly in light of work by Gallagher et al.*9 an<i jeys 

et al.20 

The effects of collisions upon Rydberg atoms have also been 

extensively studied. Since Rydberg atoms are both large and fragile* 

it is not surprising that the effects are substantial. Collisions 

have been observed to change both the orientation and magnitude of the 

orbital angular momentum of the excited electron* to change the 
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principal quantum number, and even to strip the electron away from the 

atomic core, ionizing the atom. Target species of particular interest 

have included ground-state atoms as well as polar molecules and 

electron-attaching molecules. 

The results of these experiments have been interpreted within the 

framework of the "essentially free" electron model developed by 

Matsuzawa^lThe model asserts that the separation between the 

high Rydberg electron and its ionic core is so large that the target 

particle does not simultaneously interact with both core and electron. 

The excited electron behaves as though it were free, except that its 

momentum distribution is determined by its quantum state. It is 

indeed confirmed in the studies below that the formation of the 

negative molecular ions in Rydberg atom-molecule collisions is 

consistant with the thermal electron attachment cross section of the 

molecules. 

Colli8ional ionization of high Rydberg atoms incident on 

molecular targets was first observed by Hotop and Niehaus^ in 1967. 

Depending upon the target involved, the Rydberg electron was observed 

to either become free or to attach to the target molecule. Chupka^ 

was the first to perform such studies using atoms optically excited to 

well-defined Rydberg states. His work produced relative ionization 

rates for various rare gas Rydberg atoms. Absolute measurements of 

ionization rates were first reported by West et alof this 

laboratory, with subsequent experiments by Foltz et al»^5 and 

Hildebrandt et al.^ 

In collisions of Rydberg atoms with polar molecules, Kellert 



et al have observed a quite different mechanism responsible for 

collisional ionization as well as n-changing. Studying collisions 

between Xe(nf) Rydberg atoms and NH^ molecules, they observed discrete 

energy transfer between the rotational energy of the molecules and 

electronic energy of the atom. Depending of the amount of energy 

transferred, the atom could change n or be ionized. Higgs et al. 

reported similar results for Xe(nf)-HF and Xe(nf)-HCl collisions. 

Collisions with atoms and nonpolar molecular targets have also 

been observed to change the angular momentum of Rydberg atoms. 

Gallagher et al.^9 observed that the cross section for )l -changing 

scales with the geometric size of the Rydberg atom for n < 10. This 

lends support to the view that collisions involve short-range 

electron-target interactions. An interaction which is long-range on 

the scale of the geometrical cross section would not be so sensitive 

to changes in that cross section with successive n. Kellert et al.30 

observed that &-changing in Na(nd)-Xe collisions populates states with 

a broad distribution of & and 1m I. Higgs et al.3* studied Jt-changing 

collisions between Xe (nf) and a variety of neutral targets in an 

effort to ascertain the validity of the "essentially free" electron 

model. The model satisfactorily predicted f-changing rates for the 

targets Xe, Kr, and CO2, and inclusion of core effects provided 

satisfactory agreement for all targets studied. 

Since a broad range of A and |m^I states were observed to be 

populated in Jt -changing collisions, it is apparent that the 

orientation of the angular momentum (or at least the projection along 

a given axis) is changed as well as the magnitude. However, the 
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experiments were not designed to ascertain whether % and Im^ I change 

in a single collision or in sequential collisions. As detailed in 

Chapter 3, one aspect of the present work is to make this distinction. 

The results indicate that a single collision is responsible for 

changing both i and |m^I. 

The consequences of a given collision cannot be viewed as 

independent of the environment in which the interaction takes place. 

Of particular interest is the effect of an externally applied electric 

field. West et al.^ observed that the rates for collisional 

ionization in Xe(nf)-SFg interactions decreased in the presence of an 

electric field. Collision experiments have been performed both with 

and without fields present, but little effort has been expended in 

determining what, if any, differences result. Furthermore, in the 

previously mentioned studies of astrophysics and plasma diagnostics 

where Rydberg atoms play a role, electric fields must certainly be 

accounted for as well. 

A systematic study of state-changing in Xe(nf)-Xe collisions in 

the presence of an external electric field is unveiled in Chapter 4 of 

this thesis. The results indicate that as states shift in energy in 

response to the field, the distribution of states populated through 

collisions is changed. As energy splittings between states increase, 

the number of states energetically accessible from the parent state 

decreases. The rate constant for collisional state-changing drops 

accordingly in the presence of a field. 



CHAPTER 2 

Experimental Considerations 

The collision studies at the heart of this thesis are a natural 

outgrowth of work previously completed at this laboratory. As such, 

they were undertaken using apparatus and techniques which have been 

reliably used in past experiments. Both the design and operation of 

this apparatus have been extensively documented elsewhere (see, for 

instance, Kellert et al.3^) and so will only be briefly reviewed. The 

sequence of events which comprise the typical collision experiment is 

established in Section 2.1. Each step is then more fully described in 

the sections which follow. 

Section 2.1 The Experimental Apparatus 

Any apparatus for the study of collisions between Rydberg atoms 

and a target gas must provide three basic capabilities. First there 

must be some means of producing highly excited atoms in the presence 

of a target gas. Second, the apparatus must provide for a region in 

which Rydberg atoms and target gas can interact in a controlled 

environment. And finally, it must be possible to detect and analyze 

the products of the interactions. 

9 
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Laser beam 
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Fused quartz window 
Surface detector 

Interaction region 

Electron gun -Vacuum wall 

• Charged particle deflector 

"''•Vacuum wall 
'Solenoid 

Xenon beam source 

Figure 2-1. Schematic view of the apparatus. 

The apparatus used in this work, illustrated in Fig. 2-1, is 

designed to provide each of these capabilities. A thermal atomic beam 

of ground-state Xe is formed by effusion through a glass multichannel 

array into an evacuated chamber. It is intended that some fraction of 

these atoms eventually be excited to Rydberg levels. However, direct 

optical excitation of ground-state xenon is not technically feasible. 

Instead, a two-step process is used, the first step being electron 

impact excitation to one of the metastable levels of xenon, followed 

by laser-induced photoexcitation to a Rydberg level. To this end, the 
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Xe beam passes into a coaxial, magnetically confined beam of 100 eV 

electrons. The subsequent collisions populate some mixture of Rydberg 

states and short-lived low-n excited states, as well as producing 

collisional ions and metastable atoms. Atoms in low-n excited states 

rapidly decay to a metastable level or to the ground state. Charged 

particles, including ions and the electrons themselves, are deflected 

from the beam by applying an electric field across the beam path. 

This field also serves to ionize and remove unwanted Rydberg atoms. 

This leaves only metastable and ground state Xe in the beam as it 

enters the interaction region. 

The output beam of a pulsed, tunable dye laser is also directed 

through the interaction region, aimed so as to intersect the atomic 

beam. In the region where the two beams intersect, metastable Xe 

atoms may be photoexcited to selected high-n states. The dye laser is 

pumped by an NRG nitrogen laser, typically operated at 60 Hz, with a 

pulse length of 5 nsec. Photoexcitation may occur only for the 

duration of each pulse. Since typical collision experiments involve 

times on the order of microseconds, the excitation time is negligable 

relative to the collision time. In practice, the time at which 

excitation occurs and the Rydberg atoms come into being is taken to be 

precisely known. Furthermore, adjustments may be made in the 

metastable current and laser power output so that only zero or one 

metastable atom is likely to be excited in a given laser pulse. Thus 

it is that single Xe Rydberg atoms are created in the interaction 

region at precisely known times. 

The interaction region itself is located between two parallel 
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grids, themselves enclosed within a grounded copper box. Normally the 

region is evacuated to a pressure below 5 X 10 ° torr. However, 

during collision experiments a target gas may be introduced into the 

chamber containing the interaction region. At such times, the 

pressure of target, gas in the interaction region is maintained at a 

few microtorr, and continuously monitored by use of an ion gauge 

calibrated against a capacitance manometer. Laser excitation of the 

metastable Xe takes place in the presence of the target gas and 

subsequent collisions occur in a controlled environment, at least in 

terms of electric fields. The copper box minimizes stray electric 

fields, while the grids may be used to apply precisely controllable 

fields. 

At some selected time following creation of a Rydberg atom, it is 

necessary to determine whether it has collided with a target atom and 

if so, how it has been affected. The weakly bound Rydberg electron is 

easily removed by a moderate electric field, and the value of the 

field necessary for ionization can be correlated to the state of the 

atom. This forms the essence of the detection technique, selective 

field ionization (SFI). After an appropriate collision time, 

typically several microseconds, any excited atom present in the 

interaction region is ionized by application of a ramped potential to 

the lower grid of the interaction region. The resulting field, which 

typically rises from 0 to 1000 V/cm in ^1 y sec, also serves to 

accelerate the liberated electron toward the ion collector, a Johnson 

particle multiplier. Since Rydberg atoms in different quantum states 

ionize at different field strengths, measurement of the field 
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dependence of the ionization signal enables, in principle, the excited 

state present in the interaction region to be identified. Summing the 

results over many laser pulses produces a field ionization spectrum 

with a peak corresponding to each state populated by the collisions. 

While the Rydberg atoms are ionized before their thermal velocity 

can carry them out of the field-of-view of the multiplier, the 

metastable and ground state Xe atoms are unaffected. They pass out of 

the region and enter the surface detector which provides a measure of 

the metastable flux. 

Section 2.2 The Term Structure and Excitation of Xenon 

It is not immediately obvious that a rare gas atom such as xenon 

is well suited to Rydberg studies. One would expect that alkali 

atoms, with their single electron outside a closed shell, would more 

closely resemble the structure of hydrogen, thus facilitating 

comparison between theory and experiment. Indeed, while the Rydberg 

states of the alkalis are often studied, Xe does offer certain 

advantages to offset its more complex coupling and term structure. 

Being inert, it is readily available as a monatomic gas, eliminating 

the need for an atomic oven, and providing a slow thermal beam. The 

slower the beam, the longer a Rydberg atom will remain in the 

interaction region before passing out of the field-of-view of the 

detection system. Another distinct advantage of Xe is the magnitude 

of the electron binding energy which is quite close to that of 
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hydrogen. Processes such as Penning ionization which occur for 

hydrogen are therefore expected to procédé for Xe as well. However, 

the associated disadvantage is that the internal energy is too large 

to allow photoexcitation directly from the ground state to Rydberg 

states by any feasible method. Whereas high densities of ground-state 

atoms are available, metastable atoms required for the two-step 

excitation process described above can only be produced in low number 

densities. Thus Xe Rydberg atoms may only be produced in small 

quantities. Fortunately, xenon has a long-lived metastable state 

ideally situated in its term structure. Once populated through 

electron impact excitation, this metastable level provides a 

"jumping-off" point for photoexcitation to the Rydberg levels using 

photons in the visible blue range. Light in this frequency range is 

easily obtained with present dye laser technology and such a visible 

beam is readily aligned. 

Xenon in the ground state has the closed shell configuration 

(Kr)5s^4d*®5p®. Using ts coupling, the term of this configuration is 

designated *SQ. Placing one of the 5p electrons into a 6s orbital 

1 •» 
leads to four possible terms, Pj and ?o,l,2* 700 tbese terms, 

the Pg and ^Pj, represent metastable states with lifetimes of 'V'O.l 

second. It is these levels which are populated in the first step of 

the Xe Rydberg excitation process. 

Once a single electron is excited, the Xe atom may be viewed as a 

core with configuration (Kr)5s^4d*®5p^ and an orbiting electron. 

Since the core is not itself a closed shell it has a net spin and 

orbital angular momentum. The p^ configuration leads to terms 
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identical to those of a p* configuration» ^1/2 an<* ^3/2* 

The ts coupling scheme is inadequate for describing the coupling 

between such a core and its orbiting electron. Instead j& coupling is 

appropriate» since it considers the coupling of the total angular 

momentum of the core (itself described by £s coupling) with the 

angular momentum of the excited electron^. The notation adopted for 

this coupling first specifies the term of the core configuration in le 

coupling» e.g.» (^Pj^)» then n& for the orbiting electron» and 

finally [K]j where K is the resultant of £ and the total core angular 

momentum and J is the total momentum of the atom. 

As seen in Fig. 2-2» the two metastable levels of Xe have 

different core configurations. The excited levels of the two cores 

differ a great deal in energy» and indeed» most of the excited states 

associated with the ^1/2 core lie above the ionization limit for the 

P3/2 core. Such states are autoionizing and have lifetimes much too 

short to be useful in the present experiments. Thus it is the excited 

states associated with the ^3/2 core which are utilized» but not by 

excitation from the ^Pj metastable state. Such transitions would 

require ultraviolet photons not easily produced or handled. However» 

because of configuration interaction» core switching transistions can 

produce high Rydberg states associated with the ^3/2 core» excited by 

visible photons from the JPg metastable state. 
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iiitiiiti *************** Xe*(2l^t) 

3pS(2(i/t)6« 

Figure 2-2. Partial term diagram for xenon. Arrows 
indicate high Rydberg production via photoexcitation. 
Only transitions to the f series are utilized in the 

present experiment. 

Thus it is evident that even j I coupling is not fully adequate to 

describe the terms of xenon, since transitions involve Aj - 1 in 

violation of the appropriate selection rules Aj “ 0; AK ■ 0, ±1; 

A J “ 0, ±1,0 Furthermore, the occurrence of transitions between 

an s state and Rydberg f states indicates that one or both of the 

levels involved would be better described by a superposition of 

configurations. 
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Stebbings et al.34 i^yg determined the three electric dipole 

allowed transitions which are relevant: 

XèP*y26s[l/2]0 -► Xe(2p^np[l/2]I 

-»■ Xe(
2
I^)nf[3/2^ 

It is fortunate that for n & 20, only the nf series is excited. The 

oscillator strength for the excitation of p states is reduced by 

configuration interaction with a nearby p state of the ^Pj/2 core. In 

the present work, only f states are produced through laser 

excitation^. 

The frequency of light needed for photoexcitation to a particular 

nf level can be determined with knowledge of the term energies of the 

f states. In general the term energies are given by the Rydberg 

formula 

W(nA) - “S»/(n _ 5^)2 (2-1) 

where W(n£) is the term energy relative to the ionization limit for 

the ^3/2 core, R^ is the Rydberg constant (109737.32 cm”*), and 

&£ is the quantum defect in Xe for a given &. The quantum defects of 

the s, p, d, and f series are 4.02, 3.53, 2.42, and 0.055 

respectively^®. For higher jt's, is taken to be essentially zero. 

It is important to note that the f states lie very close in energy to 

the higher % states of a given n. This will be seen to be crucial 

when considering possible products of thermal collsions in which only 

very small energy transfers are possible. 
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Section 2.3 The Study of Collisions 

The present work involves the collision of Rydberg atoms with the 

atoms or molecules of a target gas. The interaction region of the 

apparatus provides a controlled collision environment within the 

field-of-view of a detection system. 

The interaction region is defined by two parallel fine-mesh grids 

placed horizontally above and below the atomic beam, as shown in 

Fig. 2-3. These are separated by 0.34 cm and mounted as an integral 

part of a grounded copper box, though electrically isolated from it. 

The box consists of a number of concentric copper rings stacked 

together and provides entrance and exit aperatures for both the atomic 

and laser beams. 

The ability to apply or eliminate electric fields within the 

interaction region is essential. Biasing the grids in a controlled 

manner provides this capability. Unwanted stray fields are minimized 

(but not eliminated) by the shielding of the box and mesh grids. 

A hole in the top of the box provides a Johnson MM-1 particle 

multiplier with a view of the interaction region. Used only for the 

detection of electrons in these experiments, the first dynode of the 

multiplier is maintained at +300 V. Grids located in front of the 

multiplier help reduce field penetration into the interaction region. 
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Figure 2-3. Cross sectional view of the interaction 
region. Concentric rings form the grounded copper 
box. Potentials are applied to the upper and lower 
grids to control the electric field experienced by 

Rydberg atoms. Electrons liberated by field ioni¬ 

zation are accelerated through an aperature at the 
top of the box and detected by the MM-1. 

The Rydberg detection and analysis technique is diagramed in 

Fig. 2-4. A photodiode detects the laser pulse which creates Rydberg 

atoms within the interaction region. After a set delay, during which 

the Rydberg atoms may collide with target gas, a negative biased 

voltage ramp is applied to the bottom grid of the interaction region. 

A time-to-amplitude converter (TAC) is instructed to start in 

coincidence with the beginning of the ramp. 
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Figure 2-4. Schematic of the counting electronics used 
in the present experiments. The graphical inset 
shows a typical time-dependent ramp applied to grid B 
for inducing field ionization. The pulse height 
analyzer records an SFI spectrum. 

The field increases with time in the region. Each excited atom in the 

region is ionized at a critical field characteristic of its state* 

The first liberated electron to reach the multiplier triggers a pulse 

which stops the TAC. The time interval information from the TAC is 

stored in a multichannel analyzer (MCA). Having determined the time 

dependence of the field, one can correlate each channel of the MCA 

with a unique field strength. Summing the data over many laser pulses 

(10,000 to 50,000 to obtain good statistics for a typical experiment) 

will lead to peaks in those channels which correlate to states which 

are populated. 

Note that only one Rydberg atom may be detected per laser pulse. 

If many such atoms were present at a time, the one which ionizes in 

the weakest field would be detected and the others would not. As 
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noted in Section 2.1, parameters are adjusted to minimize the 

likelyhood of exciting more than one Rydberg atom in a single pulse. 

Under these conditions, the relative sizes of peaks in the spectrum 

truly indicate the relative populations of the corresponding states. 

The detection efficiency has been shown to be independent of the 

impact energy with which the electron strikes the multiplier. 

The detection technique discussed here is called selective field 

ionization (SFI) and depends critically upon the behavior of Rydberg 

atoms in an increasing electric field. Such behavior is the topic of 

the next section. 
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Section 2.4 The Rydberg Atom in an Electric Field 

The reaction of discrete atomic states to the presence of an 

electric field is known as the Stark effect. In general, the 

application of a field will shift the energy of a state and at high 

fields will broaden the state to a narrow band of a continuum, the 

width of which increases with the intensity of the field. A 

particular quantum state in a field F can be characterized by the 

central energy of the band, W, and the band width I . The technique 

of selective field ionization used in the present work depends 

critically upon the behavior of various atomic states as an increasing 

electric field is applied. At a sufficiently large field value, the 

atom ionizes and the freed electron is available for detection. In 

hydrogen the ionization probability of a quantum state in a given 

field is simply equal to the bandwidth r 

Numerous references apply quantum mechanical perturbation theory 

to the problem of the Stark effect in hydrogen*®»38,39^ Because of 

the dynamical symmetry of the Coulomb potential, the method is very 

good for the hydrogen atom. In more complex atoms such as xenon, this 

symmetry is broken. However, even complex atoms exhibit a Stark 

structure very similar to that of hydrogen for those states with 

near-integer quantum defects*®. Thus one can approximate the Stark 

structure using hydrogenic theory. 

Neglecting nuclear and electron spin, the nonrelativistic 

Schrodinger equation for the hydrogen atom in a field is 
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[ _iv2 - ï + Fz ] H'(r) * W ^(r) (2-2) 

in atomic units. The electric field of magnitude F is directed along 

the z-axis and W is the energy. 

Equation (2-2) is most readily analyzed in parabolic coordinates. 

The unperturbed states in the parabolic representation are specified 

by the quantum numbers (n.nj, ,n2»|m^|) where n and m^ are the principal 

and magnetic quantum numbers respectively and n^ and n£ are 

nonnegative integers such that 

ni + n2 + lm^| + 1 - n (2-3) 

The states |n,n^,n2,lm^|> are analytical solutions of (2-2) with 

F ■ 0. Even with F t 0, (2-2) is separable and the resulting ordinary 

differential equations may be treated by perturbation theory. 

(n»n,,n2»lm „l) remain the appropriate quantum numbers for the 

perturbed states. The energy to first order is given by 

w „ - _L_ + 3 n (n - n ) F (2-4) 

2nZ 2 A 1 

where the unit of energy is equal to twice the Rydberg constant» i.e.» 

2.19 X 105 cm”*. Thus» the linear Stark effect is proportional to n 

(making it a sizable effect for Rydberg states) as well as the 

quantity n^ - n2 known as the electric quantum number. For a given n 

and Im^l, it is the various states with electric quantum numbers 

between -ln^ - and |n^ - ^1 which form a Stark manifold. 
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ELECTRIC FIELD STRENGTH, kVcm*1 

Figure 2-5. The ■ 0 Stark states in the vicinity of n ■ 15. 
The heavy solid lines show examples of adiabatic passage to 
ionization, while the heavy dashed line shows diabatic pass¬ 
age, The inset show the potential energy of the Rydberg 
electron in (a) the absence and (b) the presence of a field 
directed along the z-axis. The height of the resultant sad¬ 
dle point as a function of applied field is shown by the 
line labeled Vg^. 
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Figure 2-5 shows the hydrogenic Stark manifolds in the vicinity 

of n ■ 15 to the accuracy of fourth-order perturbation theory. Even 

to this order the energies tf demonstrate essentially the pattern 

expected from (2-4). The broadening of the states does not manifest 

itself in perturbation theory» though it may be calculated by other 

methods,and is not explicitly shown in Fig. 2-5. However, as 

discussed below, the band width T is equivalent to the ionization 

probability and the region where each state becomes highly-ionizing 

( T > 109 sec-*) is represented by a light dashed line in the figure. 

In the presence of a field, the potential energy assîmes the form 

field-free Coulombic potential, V tends to - 00 both in the vicinity of 

the nucleus and as z approaches -«* , This leads to a saddle point in 

the potential located on the negative z-axis. 

Classically, the electron should be able to escape from the 

potential well of the nucleus when its binding energy is less than or 

equal to the potential of the saddle point, VSAD* From (2-5) it is 

easily shown that 

V ** -- + Fz 
r 

(2-5) 

This potential is plotted in the inset of Fig. 2-5. Unlike the 

(2-6) 

Setting the binding energy W equal to VSAD shows the critical field 

for classical ionization to be given by 
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F » —atomic units. (2-7) 

Although W itself has a functional dependence upon field, it is not a 

bad approximation to use the field-free value, i.e., the first term of 

(2-4), to give 

F * —(2-8) 
16n 

This is the equation of the line labeled Vg^ in the figure. 

In light of the existence of this classical ionization limit, it 

should be reemphasized that the ionization probability of a given 

state in a strong electric field is quantum mechanically equivalent to 

its bandwidth T . The ionization is not classical due to the 

possibility of quantum mechanical tunneling through the potential 

barrier. The bound states of the atom actually become metastable and 

the uncertainly principle requires the states to broaden. It is 

interesting that states displaced upward in energy by the field can 

actually have a lower probability for ionization than those displaced 

downward (see the dashed lines in Fig. 2-5). These states are in fact 

relatively stable in regions where ionization is energetically 

possible, due to their very low probability density in the vicinity of 

the saddle point. 

A complex atom such as xenon cannot, of course, be expected to 

strictly follow the patterns set forth above. Certain aspects of the 

discussion do carry over, however, and these may be blended with 
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empirical observation and knowledge of the field-free term structure 

to provide an understanding of the response of xenon atoms to an 

electric field. In the present work, such atoms are subjected to 

fields which increase from essentially zero to values at which 

ionization occurs. Three distinct ranges of field are important, and 

are referred to as the zero-field, intermediate-field, and and 

high-field regimes. The atom may be expected to respond differently 

in each field regime, depending on which interactions dominate. 

In zero field, the perturbation of the Stark effect vanishes. 

However, in all atoms except hydrogen, the Stark effect resulting from 

weak fields is proportional to the square of thé electric field 

intensity^. The linear perturbation term vanishes since the levels 

of complex atoms are not degenerate with respect to the orbital 

angular momentum quantum number % • This is true as long as the energy 

splittings between neighboring states due to the Stark effect are 

small compared to the zero-field splittings characterized by the 

quantum defects <5^ (see Section 2.2). This quadratic behavior is 

characteristic of the intermediate field regime. 

The Stark perturbation of neighboring l states of the same n 

exceeds the field-free energy difference for a sufficiently large 

field. In this strong-field regime, the energy dependence is 

dominated by a term linear in field strength. Provided the field is 

not sufficiently strong to cause overlap between states of neighboring 

manifolds of different n, the energy levels are well approximated by 

the hydrogenic perturbation theory^. The quantum numbers 

(n,n^,n2,Im^l) are appropriate for states in this regime. 
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For an electron in a pure Coulombic potential, a further increase 

in the field leads to the crossing of levels from adjacent Stark 

manifolds. However, in complex atoms, such effects as core 

penetration and core polarization break the symmetry of the Coulomb 

potential. States of different n but the same Im^l are coupled 

through the noncoulombic terms of the Hamiltonian. Two such states 

cannot cross, but rather form an avoided crossing with an associated 

energy gap. The width of that gap is greatest for low-lm^l states, 

which possess some of the character of highly penetrating zero-field 

states with low Z . With increasing Im^l or larger n, core 

penetration decreases, leading to a narrowing of the gaps. 

Now consider how the states of a xenon atom evolve in a 

dynamically increasing field. In zero field, the states must be 

characterized in jJl coupling (see Section 2.2). Although Z may be 

defined for the single outer electron, the complete atomic states are 

described by the total angular momentum J. Thus it is the projection 

of this total angular momentum upon the field axis which is quantized, 

labeled by mj. These states evolve, as a field is applied, into the 

states In,n^,n2,lm^|>. Each of the latter states is formed of a 

linear combination of the former. States with Z > 3, being nearly 

degenerate in zero field, display a linear Stark effect even for 

extremely small fields. The nf states are separated from the manifold 

via the quantum defect 63" .055, and display a quadratic Stark effect 

to higher fields, %5 V/cm for n * 31 as an example. Beyond this 

"partial transition region" the nf and all higher Z states are 

described by the linear Stark effect. 
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As the field increases the atom must approach avoided crossings. 

Depending upon the rate at which the field changes and the energy gap 

associated with a particular crossing, the atom may traverse the 

crossing diabatically or avoid the crossing adiabatically. Completely 

diabatic field ionization implies that an atom traverses all crossings 

diabatically, retaining the character of the original state, and 

follows the hydrogenic path to ionization at the quantum mechanical 

limit. Such a path is shown as the heavy dashed line in Fig. 2-5. 

The arrows at the bottom of the figure indicate the complete field 

range over which various n « 15, Im^l ■ 0 states diabatically ionize. 

Completely adiabatic field ionization implies adiabatic avoidance of 

all crossings, with the atom successively assuming the character of 

many different states including, ultimately, one which is highly 

ionizing. Heavy solid lines in Fig. 2-5 indicate adiabatic paths for 

the extreme members of the n • 15, Im^l" 0 manifold. At points A and 

B respectively, these states assume the character of highly ionizing 

states of higher n manifolds. The latter states are necessarily 

downward-going, with nj > n^, and as such have charge densities 

concentrated near the potential saddle point and thus ionize close to 

the classical limit. For this reason, adiabatic ionization occurs at 

the classically predicted field intensity, indicated by the line VRAn. 

Arrows show the range over which n - 15, Irn^l « 0 states may 

adiabatically ionize. 

States of xenon do not in general undergo completely adiabatic or 

diabatic ionization, but rather some combination thereof. As 

previously discussed, behavior at each avoided crossing is dependent 
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on n, Im^ I, and the slew rate of the electric field. Fortunatelyf for 

the slew rates used and the n values studied in the present work, 

xenon states with Im^I ^ 3 ionize along predominantly adiabatic paths, 

while those with Irn^ I > 3 ionize along predominantly diabatic paths. 

Selective field ionization exploits differences in field 

strengths characteristic of adiabatic and diabatic ionization. 

Laser-produced Xe(nf) states correlate only with |m^ I 3 high-field 

states and therefore only display adiabatic ionization. States 

populated through collisions often correlate to high-lm^l states which 

ionize diabatically and in much more intense fields. 



CHAPTER 3 

Im^I-changing in Xe(nf)-C02 Collisions 

Section 3.1 Introduction 

Collisions of highly-excited Xe(nf) Rydberg atoms with C02 have 

been observed to populate different Rydberg states within the parent 

n-manifold, and the rate constant for transitions from parent nf 

states to states of different Jl have been determined^. This process 

is termed "5,-changing" even though the collision products have a broad 

range of mj values as evidenced by the fact that they evolve under an 

increasing electric field into states with a wide, perhaps complete, 

range of values of Im^l. In fact the majority of the collision 

products are observed to have values of Im^l >3, whereas the parent 

nf states necessarily have Im^l 4 3. Evidently then, both a and |m^| 

change, although in these experiments it was not determined whether 

the changes in % and |m^| occurred simultaneously in a single 

collision, or sequentially through multiple collisions. Two reaction 

schemes are thus consistent with these datas 

•tCO. 

le (n, &, ImJ ) 

+C0s* „ , x f+CO, 
2 Xe(n,£ ,Im^l) ? 

» _Xe(n,fT,lm I'). 
(3-1) 

It would be possible to distinguish (unequivocally) between these 

two possibilities if the rate constants for collisions in which only 

% or Im^l changes were known. At the present time, however, these 

rates cannot be determined. 

31 
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As will be discussed in Section 3.4, it is known that the 

two-step process shown in (3-1) satisfactorily fits the data of 

{.-changing experiments only if the collision rate for the second 

process is exceedingly large. This rate, for the changing of |m^ I 

alone, must have an upper bound less than or on the order of the rate 

for a less restricted problem, that in which |mgI changes irrespective 

of whether or not £ changes as well. It is the latter rate which is 

measured in the present experiment, establishing the upper limit to 

the rate for the second step of the two-step process. That rate is 

not exceedingly large, leading to the conclusion that £ and |m^ I do 

indeed change simultaneously. Such a result is not totally 

unexpected. Viewed classically, Im^ I-changing corresponds to 

scattering of the electron out of the plane of the Bohr orbit, while a 

change in £ alone would require scattering within the plane. There 

is no apriori reason to expect preferential scattering within this 

plane, so it is not surprising that Im^ I changes along with £. 

The method of the experiment may be briefly summarized. Xe(nf) 

Rydberg atoms are photoexcited in the presence of COj gas. Collisions 

soon populate other £ states with a broad range of Im^ I • A short 

electric field pulse ionizes the laser-produced states and collision 

products with Im^. I 3 and removes them from the region. The Rydberg 

atoms which remain have |m^ I >3, and continue to undergo collisions. 

Some of those collisions repopulate states with |n^ I 3 without 

necessarily changing the value of £• Monitoring the repopulation of 

these states provides the information needed to determine the rate at 

which |m^ I changes irrespective of changes in £ . 
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Although many target gases induce 5,-changing in collisions with 

Rydberg atoms, COj was chosen £or this study because it has been 

previously studied in this laboratory. Having measured il-changing 

rates for a number of gases, Higgs et al.3* report the largest rates 

for C(>2 and indicate that complicating factors such as n-changing or 

colli8ional ionization are not observed. CO2 also offers the 

advantages of being noncorrosive and nontoxic, making it the logical 

target for this experiment. 

Section 3.2 A Mathematical Model of the Experiment 

This model endeavers to predict the evolution of a system in 

time, given the initial conditions established in the experiment and a 

set of rules under which it can evolve. These may be stated as 

follows: 

1. .Initially, only excited states with n ■ 31 and Imj, I > 3 

exist. 

2. Each n ■ 31 state has the same probability of being 

populated in a given Xe-CC^ collision (a proviso justified by 

experiment)• 

3. Since primarily highHl states are involved, all states may 

be taken to radiatively decay with the common lifetime T which is 

long relative to collision times. 
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Let us first examine the nature of n ■ 31 states. 

Straightforward tabulation shows that 21% of n * 31 states have 

Im^ | 4 3 while 79% have Im^ I >3. Thus if collisions which change 

IttgJ populate all states with equal probability, only 21% of such 

collisions involving Im^I > 3 atoms yield Im^ I 4 3 states, whereas 79% 

of such collisions involving Im^l 4 3 states result in Im^l > 3 

states. Let D(t) denote the time-dependent population of 

diabatically-ionizing Im^l > 3 states. This population may change by 

three processes: i) radiative decay; ii) depopulation via 

collisions that result in |m^ I 3 products (only comprising 21% of 

the total collisions); iii) population via collisions that result 

in |m^ | >3. Thus, the time dependence of the population D(t) is 

given by 

= - { i + 0.21 p kAm } D(t) + 0.79 p kAm A(t) (3-2) 

where is the rate constant for a collisionally induced change in 

|m^ |, A(t) is the adiabatically-ionizing Im^ | 4 3 population and p is 

the target gas density. 

The average lifetimes of the states comprising the diabatic and 

adiabatic features are approximately equal, since the states differ 

principally in their values of Im^l, and both are assigned the value 

T . The time dependence of the total Rydberg population T(t) is thus 

T(t) = A(t) + D(t) = TQ e (3-3) 
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where TQ i8 the initial (t=0) Rydberg population, i.e., D(0). 

Substituting A(t) from (3-3) into (3-2) yields an inhomogeneous linear 

differential equation with constant coefficients, 

+ { i + p kAm } D(t) = 0.79 D(0) p kAm e_t/T. (3-4) 

The particular solution to this equation is 

D = 0.79 D(0) 
P 

e-t/T 

while the complimentary solution is 

D 
c 

C e 

-(i+pk
toit 

= 0.21 D(0) e 

.1 . Am. . 
- (-+pk )t 

(3-5) 

(3-6) 

The constant C is fixed by the requirement that the complete solution 

D(t) = D + Dc = D(0) { 0.79 + 0.21 e 
Am. 

-pk t -t/T (3-7) 

yields D(t) « D(0) at t*0. A(t) is readily determined from (3-3) and 

the ratio of the populations is given by 

R(t) 
A(t) 1_ 
D(t) 

3.7 + e 

(3-8) 

Thus, the model predicts R(t) for a given gas density with a single 

adjustable parameter, * Note that R(t) is completely independent 

of T and requires absolutely no knowledge of the initial population 
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D(0). Therefore an experiment designed to measure R(t) yields an 

unambiguous value for k^°. 

Section 3.3 Experimental Method 

The experimental method is designed to physically create the 

initial conditions suggested in Section 3.2, measure R(t), and 

determine k^11. 

The initial population of Rydberg states required (a ■ 31, 

lm^| > 3 only) cannot be obtained through laser excitation. However, 

as Xe(31f) atoms interact with CO2, the necessary states are 

populated. For this reason, the preliminary stages of this experiment 

are allowed to procédé exactly as a typical collision experiment 

described in Chapter 2. After a 5 ysec collision period, some of the 

laser-produced 31f atoms remain, together with collisionally induced 

higher-2, states with a broad range of Im^l. At this point, a 

negative-biased voltage pulse of short duration Ovl ysec) is applied 

to the top plate of the interaction region. Such a pulse with an 

amplitude of 200 V is not readily available from commercial pulse 

generators found in this laboratory. Instead, it is obtained using a 

differentiating circuit operating on a fast ramp input. The magnitude 

of the pulse is tailored to provide exactly the proper field strength 

to adiabatically ionize all |m^I ^3 states present without 

diabatically ionizing Irn^ | >3 states. The liberated electons and 

ions are accelerated from the interaction region and play no further 



37 

role in the experiment. The remaining Rydberg atoms comprise a 

population of Irn^I >3 states, exactly the states called for at t=0 of 

the model experiment. 

From this point, the experiment again procédés as a typical 

collision experiment, with the remaining Rydberg atoms continuing to 

interact with CC^. After a selected delay, a negative voltage ramp is 

applied to the top plate, ionizing the excited atoms and producing an 

SF1 sprectrum. The ratio of counts in the adiabatic feature to those 

in the diabatic feature determines R for each selected time. Equation 

(3-8) is superimposed upon the data and lA1 is adjusted for the best 

fit. 

Two cautionary notes are in order here. It is of course 

necessary to ensure that the reappearance of an SFI feature indicating 

adiabatic ionization of |m^| 3 states does - indeed result from 

collisions of Im^l > 3 states with C0£ and not from some spurious 

effect associated with the application of the pulsed electric field. 

The investigation of this potential difficulty is covered in Appendix 

I. The conclusion drawn there is that the pulse does not affect |m^| 

of the remaining states. However, if atoms are allowed to sit in the 

presence of stray off-axis fields subsequent to the pulse, the angular 

momenta of the high-lm^l states precess, repopulating Im^l < 3 states. 

For this reason, a 5 V/cm DC field is maintained across the 

interaction region as collisions procédé after the pulse. This serves 

to define the field on the same axis at all times. 

Secondly, it should be noted that negative-going voltages are 

applied both above and below the region at some point during the 
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experiment. As the field reverses polarity, the possibility of 

state-changing via diabatic behavior at zero field most be considered. 

Appendix II affirms this possibilty, but shows that the present 

experiment is unaffected. 

Section 3.4 Results and Conclusions 

Figure 3-1 displays SFI spectra taken at various times following 

application of a pulsed field of 600 V/cm. The adiabatic features - 

comprising states with Im^l < 3 - become increasingly evident with 

time. The ratio R of the population of |m^| ^3 to |m^| > 3 atoms is 

shown as a function of time in the inset of the figure. At late times 

the ratio approaches a value close to 0.27, which is appropriate to a 

mixture containing equal numbers of atoms in each n « 31 Stark state, 

21% of which have |m^| < 3, 79% Im^l > 3. This confirms the validity 

of the proviso used in the model (see Section 3.2) stipulating that 

each n ■ 31 state has the same probability of being populated in a 

given Xe-COj collision. 

The vertical error bars on R(t) reflect the Poisson uncertainty 

in each peak of the SFI spectrum. A peak containing N counts has an 

uncertainty of N*/2. The horizontal error bars reflect uncertainty in 

defining t“0. The times indicated are taken from the peak of the 

field pulse, but the error bars indicate the width of the pulse. 
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Figure 3-1. Time development of the Rydberg population 

resulting from collisions with C0« following removal 

of adiabatically-ionizing low-lm^t states. The inset 
shows the time development of the ratio of adiabatic 

to diabatic ionization signals. 



40 

The solid line in the inset in Fig. 3-1 shows the best fit of 

Eq. (3-8) to the data. It is obtained with the value 

l^111 (31) ■ 2.0 X 10"7 cm^ sec”*. Equation (3-8) is sufficiently 

sensitive to the value of that an error on the order of 15% may 

be assigned to this number. 

As noted previously k^m is determined in the presence of a small 

DC field which is applied to prevent changes in |n^ I due to precession 

about off-axis fields. The rate for il-changing in 

XeOlO-COj collisions in such a field is determined in an auxiliary 

experiment to be k^(31f) * 2.0 ±1.0 X 10”^ cm^ sec”*, essentially 

unchanged from the field-free value^*. This implies that the small 

Stark splitting of states in a 5 V/cm field does not affect the 

conclusions of this experiment. 

Consider once again the two-step reaction scheme for il-changing 

envisioned in Eq. (3-1) and the ways in which such a process would be 

manifested on an SFI spectrum* Denoting the peak due to adiabatically 

ionizing |m ^1 3 states as PQ and that of diabatically ionizing 

|m^| >3 states as Pj, it is apparent that the first collision can 

only populate PQ. Actually it leads to the broadening of PQ. 

Products of the second collision with Im^l' > 3 populate Pj. 

Experiments show that the broadening of PQ and the growth of Pj occur 

simultaneously and this demands that, if the two-step process is 

indeed operative, the collision rate for the second process must be 

extremely fast. The measured £-changing rate would then be 

effectively that of the first process which would be the rate-limiting 

step. A very large rate constant for collisions in which |m^| alone 
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changes is not implausible since the Im^l levels associated with a 

given Z value are degenerate. 

As discussed earlier» the limiting value of 0.27 observed for R 

strongly suggests that all the n m 31 states are populated in 

collisions. Of the |m^| ^ 3 atoms which contribute to the lower field 

features in Fig. 3-1» the majority (^95%) of them must have & >3 

and thus could have been produced in collisions in which only |m^| 

changed. 

Xe(31»&» Im^l ) + C02 Xe(3M,|mAD + «>i 

The rate constant for collisions in which Im^l alone changes cannot 

therefore exceed 0.93 k^Ol). Thus the sequential collision 

mechanism of Eq. (3-1) does not appear tenable. - This» coupled with 

the fact that the rate constant» k^» for collisions in which & is 

known to change» is observed to be the same as that» k^10, for 

collisions in which |m^| is known to change seems to demand that 

Z and Im^l change simultaneously. It then follows that k^ and 

kAm are merely alternative measurements of the rate constant for 

simultaneous changes in Z and |m^| 



CHAPTER 4 

State-changing Xe(nf)-Xe Collisions in an Electric Field 

Section 4.1 Introduction 

As discussed in Section 3.1» collisions involving highly-excited 

Xe(nf) Rydberg states have been observed to populate different Rydberg 

states in the same n-manifold in a process termed collisional 

"^.-changing." This process has been previously studied in this 

laboratory by Higgs et al.^l with xenon gas serving as one of several 

targets. The present work is a study of the influence of an applied 

electric field on state-changing in thermal energy Xe(nf)-Xe 

collisions. The data indicate that the presence of an applied field 

changes both the rate constant for collisional state-changing and the 

final state distribution. In fact, there is evidence that collisions, 

which result only in ^-changing at low fields, may also change n at 

sufficiently high fields. 

The results of this experiment may be of far-reaching importance 

to those who wish to use results of Rydberg collision experiments in 

other work. Whether in the natural environment or in other 

experimental settings, atoms in highly excited states often exist in 

the presence of electric fields. The present results show that 

caution should be used in applying field-free collision data in these 

circumstances. 

42 
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Section 4.2 Final State Distribution of Collision Products 

The first goal of this experiment is to determine how an applied 

electic field affects the final state distribution of collision 

products. The apparatus used is that described in Chapter 2. Xe 

atoms are laser-excited to nf states in the presence of Xe target gas. 

Immediately following excitation (<1 psec), an electric field is 

established across the interaction region by application of a suitable 

potential to the upper grid of the interaction region. Collisions are 

then allowed to occur in the presence of this field. After a selected 

time ('vA to 8 psec) the excited atoms present in the interaction 

region are analyzed with SFI by application of a ramped potential to 

the lower grid. As discussed previously, selective field ionization 

enables determination of the distribution of states present in the 

interaction region* 

SFI spectra pertaining to collisions involving parent Xe(31f) 

atoms are shown in Fig. 4-1. Each spectrum results from the same 

number of laser-excited 31f atoms. As shown in Fig. 4-lg, a single 

relatively sharp ionization feature is observed in the absence of 

target gas. This results from the predominantly adiabatic ionization 

of the parent atoms. The data in Fig. 4-lg are characteristic of the 

SFI spectra observed at all applied fields in the absence of target 

gas 



44 

Figure 4-1. SFI spectra obtained following the interaction of_ 
Xe(31f) atoms with xenon target gas at a pressure of 2 x 10~5 

torr for 8 y sec in the presence of various applied fields. 
The data are for equal initial 31f populations. The inset in 

(a) indicates the relative sizes of the features P0, P1 re¬ 
sulting from adiabatic and diabatic ionization respectively. 

The spectrum in (g) is obtained in the absence of target gas. 
The horizontal bars show the range of electric fields over 

which n “ 30 and n « 31 states are expected to ionize 
diabatically. 
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Introduction of target gas leads to the appearance of new SFI 

features that result from state-changing collisions. Data similar to 

those obtained in zero applied field, Fig. 4-la, have been previously 

discussed^. The feature PQ results from ionization of remaining 

parent atoms plus the low-lm^l products of ^-changing collisions that 

ionize adiabatically. The feature P^ results from the Im^t > 4, 

diabatically ionizing products of such collisions. The profile, as 

well as the width, of P^ is similar to that calculated for diabatic 

ionization of a mixture containing equal numbers of atoms in each 

n ■ 31, Im^l > 4 Stark state. The calculated profile, obtained as 

described elsewhere,28,30 £s 8hown in Fig. 4-2 for an electric field 

slew rate of 10® V/cm/sec. For comparison purposes the extreme 

members of the n * 31, and n • 30, Im^l ■ 4 manifolds are included 

together with a series of points, each of which represents the 

location at which one of the Irn^l ^ 4 Stark states achieves an 

ionization rate of 10^ sec-*. The similarity between the calculated 

and observed profiles shows that, in zero field, collisions populate 

states which have a broad (possibly complete) range of values of 

% and |m^ I. The data and discussion of Chapter 3 further support the 

contention that a broad range of states is populated. No SFI features 

resulting from ionization of the products of n-changing collisions are 

detected, nor is there evidence of collisional ionization. 
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Figure 4-2. Partial energy level diagram for xenon Rydberg states. 
The solid lines represent the extreme members of the n ■ 30, 31 
|m^ I ■ 4 manifolds. Each dot represents the location at which one 

|m^ | ^ 4 Stark state achieves an ionization rate of 109 sec-1. 

The SFI profile calculated for diabatic ionization of a mixture 
containing equal numbers of atoms in each |m^| ^ 4 Stark state for 

n ■ 31 at a slew rate of l(f V cm"1 sec-1 , is also included. The 
inset shows, on an expanded scale, the adiabatic evolution of the 
|m^I ■ 0, 1, 2, and 3 states associated with the parent 31f state, 
together with a shaded region which extends 0.9 cm"1 to either side. 
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The application of an electric field results in changes in the 

SF1 spectra that are particularly noticeable in the case of the 

diabatic features. For this reason the following discussion will 

focus on these features. The changes in the SF1 spectra, which are 

seen to depend markedly on the field strength, clearly demonstrate 

that the presence of an electric field can greatly influence the final 

states populated in collisions. These effects can be explained 

qualitatively by appealing to the "essentially-free" electron model\1 

which assumes that the separation between the Rydberg electron and 

its core is so large that the target particle does not interact with 

both electron and core simultaneously. The Rydberg electron thus 

behaves as if it were free, except that it has a momentum distribution 

determined by its quantum state. The collision is then discussed by 

separately considering the interactions of the Rydberg electron and 

the core with the target. Previous collision studies in zero applied 

field have shown that for xenon target gas the interaction of the 

Rydberg electron with the target is dominant. The amount of energy 

that can be transferred to or from a Rydberg atom during a Xe(nf)-Xe 

collision can then be determined by considering the kinematics of an 

elastic collision between the "essentially-free" Rydberg electron and 

the target atom. The energy transfer depends on several parameters 

including the initial velocities of the particles and the electron 

scattering angle. Such calculations, as detailed in Appendix III. 

indicate that for n ■ 31 few collisions will result in energy transfer 

greater than 0.9 cm-*, although even smaller energy transfers will be 

most probable. Thus the,"essentially-free" electron model suggests 
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that only Rydberg states having energies within ^0.9 cm-* of the 

parent level should be accessible through collisions. This range of 

accessible energies is shown by the shaded region in the inset in 

Fig. 4-2 which indicates, on an expanded scale, both the adiabatic 

evolution of the parent 31f states with increasing field and the 

extreme members of the n ■ 30, 31 Im^l ■ 4 Stark manifolds. 

It is apparent from Fig. 4-2 that, in zero applied field, the 31f 

level lies sufficiently close to the n ■ 31 manifold that all Stark 

states are energetically accessible. Figure 4-la shows that 

collisions do indeed populate a wide range of high-lm^l states and 

give the broad diabatic ionization feature Pj. Application of a weak 

electric field of a few volts per centimenter leads to an increased 

energy separation of the higher-lying Stark states from the parent 

levels, together with a decreased separation between the parent and 

low-lying Stark states. Recall from Section 2.4 that the 31f state 

remains in the quadratic regime in such low fields, and therefore is 

perturbed little from its field-free energy. Thus, since the 

collision kinematics favor small energy transfers, the presence of a 

weak field is expected to enhance the production of the low-lying 

Stark states and decrease the production of high-lying states. These 

trends are apparent in Figs. 4-lb,c which show a narrowing of the 

feature toward ionizing field strengths that, as evident from 

Fig. 4-2, correspond to diabatic ionization of the lower Im^l ^ 4 

members of the n ■ 31 manifold. As the applied electric field is 

further increased fewer and fewer of the low lying Stark states remain 

energetically accessible and this leads to the very narrow diabatic 
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ionization features P^ evident in Figs. 4-ld,e. At sufficiently high 

fields that states from the n *» 30 and n * 31 manifolds overlap, a few 

states in both manifolds are energetically accessible. Diabatic 

ionization of low lying n » 31, Im^ I £4 Stark states then gives rise 

to the feature Pj in Fig. 4-lf while diabatic ionzation of high lying 

n ■ 30, |m^ | > 4 Stark states leads to the feature P2» 

Figure 4-3 shows analogous SFI spectra obtained for Xe(24f) 

atoms. The presence of an applied field results in changes in the 

diabatic ionization feature P^ that are similar to those observed for 

parent Xe(31f) atoms. Reference to the inset in Fig. 4-3 shows that 

these changes can again be accounted for from considerations of energy 

transfer since, on the basis of the "essentially-free" electron model, 

only Rydberg states with energies within ^1.2 cm”* of the parent 

n * 24 levels are accessible. Relative to h ■ 31, much stronger 

fields may be applied to the n ■ 24 states without causing overlap 

with neighboring manifolds. This leads to much wider splitting of the 

states and may well explain the drastic decline in the population of 
/ 

diabatically ionizing states evident in Fig. 4-3d. 
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Figure 4-3. SFI spectra obtained following the 
interaction of Xe(24f) atoms with xenon target 
gas at a pressure of 3 x 10~s torr for 4 y sec 
in the presence of various applied fields. The 
inset, which is similar to that in Fig. 4-2, 
shows the energy levels pertinent in interpreting 
these data. 
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Section 4.3 The Rate Constant for State-changing Collisions 

The rate constant k^*D for collisional mixing to diabatically 

ionizing» Im^l > 4 states is determined» as a function of applied 

field» by measuring the time evolution of the feature PQ that results 

from adiabatic ionization of parent atoms and low-lm^l collision 

products. The number n(t) of atoms comprising PQ at time t may be 

represented» under single collision conditions» by 

ri(t) 

-«x1 

= n(0) e 
eff (4-1) 

where n(0) is the initial (t * 0) population in PQ and p is the 

target gas density. xeff, the effective lifetime of the parent 

atoms» depends on the strength of the applied field and is measured in 

a subsidiary experiment by observing the.decay of the parent atoms in 

the absence of target gas. Measurement of n(t) in the presence of 

target gas then enables kA*D to be determined. 

Since it is the dependence of kA->D upon electric field strength 

that is of interest here» it is only necessary to determine the 

relative rates in various fields. A single rate must be determined by 

measuring n(t) in both the presence and absence of target gas. The 

remaining rates are determined by fixing the time at tj and 

maintaining constant Rydberg production while measuring n(tj) in 

various fields with and without the presence of target gas. One field 

used must be that for which the rate and Tejf are known» so that n(0) 

may be determined. Then for each value of field» (4-1) provides two 
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equations (one for p “ 0, the other for p + 0) which may be solved 

for the two unknowns, Tef f and kA’^)* 

Figure 4-4. Applied electric field dependence of k^"*® for 
parent (31f) atoms. The solid line indicates the number 
of Stark states that lie within 0.9 cm-4 of the parent 
level. The error bar indicates an estimate of the uncer¬ 
tainty of the absolute values of the rate constants. The 
relative uncertainties are much smaller. 
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The resulting values of are shown in Fig. 4-4 as a function of 

applied field for parent 31f atoms. Since kA*® pertains to the 

collisional production of states with Irn^ | > 4 it only affords a lower 

limit to the total rate constant for state-changing. No estimate of 

the rate constant for mixing to low-lm„I states is obtained because it 
Z 

is not possible to adequately resolve the separate contributions to 

P0 that result from ionization of parent atoms and of low-lm^l 

collision products. 

The solid line in Fig. 4-4 shows how the number of |m I ^ 4 Stark 
XJ 

states that lie within 0.9 cm”! of the parent levels varies with 

applied field, assuming that the |m^ I ■ 0, 1, 2, and 3 levels 

associated with the parent nf states are statistically populated. 

Though discrepencies exist, the similar trends in the behavior of this 

number of states and the measured values of kA*-® suggests that the 

reduction in kA*® at the higher applied fields may be substantially 

accounted for in terms of the decrease in the number of energetically 

accessible Stark levels. The decrease in k^® as the applied field is 

increased is less than would be suggested by simply considering the 

number of energeticaly accessible Stark states alone. This may result 

because, at high fields, the lower Stark states lie closer in energy 

to the parent levels than in near-zero fields. Since collisions favor 

small energy transfers this would lead to the enhanced production of 

these states at high fields and a smaller decrease in kA*® than 

expected from examination of the number of energetically accessible 

states. Clearly then, the solid line in Fig. 4-4 cannot be 

interpreted as a theoretical prediction of k^*®, but rather it is 
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plotted for comparison purposes only. 

Another factor that may be important in determining the rate 

constant for state-changing is the degree of spatial overlap between 

the wavefunctions describing the initial and final states. Since this 

overlap is greatest for neighboring Stark states within a given 

manifold this would suggest that collisions may tend to preferentially 

populate states lying close to the parent levels. The effect would 

also cause the decrease in k**-® with applied field to be, less than 

expected on the basis of the number of energetically accessible Stark 

states since the states that remain accessible are also the states 

that have the greatest spatial overlap with the parent states. 

It is observed that, at high applied fields, mixing occurs 

simultaneously to upper n ■ 30 and lower n m 31 states that have very 

different spatial characteristics. While this may initially appear 

unreasonable, it should be recalled that the parent states traverse 

adiabatically through this region of overlapping manifolds. Thus, 

each Img, I state correlated to the original nf state successively 

assumes some character from each manifold. Furthermore, it is not 

likely that all the parent states would assume the character of the 

same manifold in a given field, once the manifolds have overlapped. 

Spectra acquired at 3 V/cm intervals throughout this region show no 

oscillation in the relative sizes of Pj and P£. 

It should be emphasized that while the degree of spatial overlap 

between the wavefunctions associated with the initial and final states 

may have a role in determining final state distribution, it alone 

would not appear to explain the present data. The most clear evidence 
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of this is seen in Fig. 4-3d for n " 24. The almost complete lack of 

mixing to high-lm I states cannot be explained in terms of 
Xf 

wavefunction overlap. As discussed earlier» it is not altogether 

unexpected from the viewpoint of energy transfer. The states of 

n ■ 24 in that field region are roughly three times more widely 

separated in energy than the n ■ 31 states are in the region of their 

first avoided crossings. 

The presence of an applied electric field thus leads to marked 

changes in both the final state distribution resulting from thermal 

energy state-changing collisions and in the rate constant for such 

processes. The role of spatial overlap between initial and final 

state wavefunctions remains unclear. The changes are best accounted 

for by use of energy transfer arguments based on the 

"essentially-free" electron model. 



CHAPTER 5 

Concluding Remarks 

"Science is built up with facts as a house with stones; but a 

collection of facts is no more science than a heap of stones is a 

house." The words are those of Jules Henri Poincare. 

This thesis necessarily deals with specifics. To be meaningful, 

the investigations herein must be viewed as building new insight on 

the foundation of previous work. Much of that work is summarized in 

Chapter 1 and includes theoretical investigations as well as the 

experimental studies of this and many other laboratories. Collisions 

involving Rydberg atoms are so interesting because such a variety of 

phenomena can result. tfith all the literature pertaining to 

collisional ionization, n-changing, and H -changing, this is the first 

experiment specifically designed to study the next step in this 

progression, ImgJ-changing. The indication that Im^l changes 

simultaneously with H in a single collision, implying no preferential 

scattering within the orbital plane, is a result that fits well into 

the accepted framework for understanding Rydberg-atom collisions. So 

too is the altered distribution of states populated in ^-changing 

collisions upon application of an electric field. 

It is naturally hoped that the present work will serve as part of 

the solid foundation for investigations to come. Any future 

experiments which involve quantized energy transfer, such as the 

rotational deexcitation of polar molecules, may incorporate "Stark 

56 
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Tuning,” i.e.. the use of an electric field to alter the energy 

difference between the initial and final Rydberg states. Some future 

experiments may require populations of high-i, Rydberg states which may 

not be produced through optical excitation. The discovery (see 

Appendix I) that such states are populated through partially adiabatic 

response to an electric field pulse may prove valuable in this regard. 

One can envision circumstances in which diabatic behavior at zero 

field may also be used to achieve some desired population of states. 

Such diabatic behavior projects the lower states of the Stark manifold 

onto the upper states (and vice versa) apparently without affecting 

|n^ I. Thus, it may also be used to relocate , SFI features providing 

better resolution of peaks. For instance, a group of atoms populating 

only the lower members of a single Stark manifold normally would 

produce an SFI spectrum with a narrow adiabatic feature and a diabatic 

feature at the low-field end of the diabatic ionization range (see 

Fig. 2-5). After rapid passage through zero field, a subsequent SFI 

spectrum would be altered. Since |m is not changed, low-lm^l states 

would still ionize within the narrow adiabatic range. The high-lm^l 

states, having been projected onto the upper Stark states, would now 

ionize at the high-field end of the diabatic range, much further from 

the adiabatic feature. Hence the resolution of features may be 

improved. In other words, the conclusions of this thesis may point 

the way to some refinement of experimental technique as well as add to 

the body of knowledge associated with the Rydberg atom. 



APPENDIX I 

Precession in Off-axis Electric Fields 

The experimental study of Im^l-changing presented in Chapter 3 

differs in one important regard from previous studies performed in 

this laboratory» in that atoms are subject to a pulsed field prior to 

ionization. Although the behavior of excited states in an electric 

field has been extensively studied in the context of field ionization» 

it is not clear what to expect when atoms are subjected to fields 

not-quite-sufficient to ionize and then allowed to relax back to 

field-free conditions. Such a sequence occurs in this experiment as 

the high-lm^l states survive the field pulse. Two specific 

observations punctuate the need for caution: 

1. In performing the experiment described in Chapter 3» if the 

applied field in the region drops completely to zero following the 

field pulse» Im^l 3 states are populated at a rapid rate» 

independent of the target gas pressure. Mixing due to collisions 

cannot be independent of the target density» as this would seem to 

imply. Furthermore» the data cannot be fit to Eq. (3-8) of the 

collision model. 

2. If» in the absence of target gas» a laser-produced 

population of Xe(nf) is subjected to a field pulse of insufficient 

amplitude to ionize it» a subsequent SFI spectrum may display some 

diabatically ionizing states. 
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The first observation obviously has profound implications on the 

interpretation of the experiment, but the effect is difficult to study 

because it cannot be observed in the absence of target gas. The 

second observation is easily investigated, and it becomes clear that 

both phenomena are due to the same process, precession of high-£ 

states in residual off-axis electric fields, and perhaps even in the 

magnetic field of the Earth. 

To investigate such possible effects, parent Xe(31f) atoms were 

excited in the absence of target gas in zero (< 0.2 V/cm) electric 

field with the upper and lower grids on the interaction region held at 

ground potential. Several SFI profiles are then obtained under a 

variety of conditions. First the ionizing field is applied 

immediately following laser excitation, leading to the SFI spectrum 

shown in Fig. I-la. A single, sharp feature PQ results from adiabatic 

ionization of parent 31f atoms. The SFI spectra shown in 

Figs. I-lb-ld are obtained after voltage pulses of the indicated sizes 

are applied to the laser excited atoms. As shown in Fig. I-lb, 

application of a pulsed field of 74 V/cm results in only minor 

modifications to the SFI profile. However, application of pulsed 

fields of 88 and 103 V/cm, which are of sufficient strength (see inset 

to Fig. 1-1) to carry the atoms into the regime where states of 

adjacent manifolds overlap, leads to the appearance of the diabatic 

ionization features evident in Figs. I-lc,d. This may be understood 

if it is assumed that the atoms display a combination of adiabatic and 

diabatic behavior at certain of the avoided crossings in this region, 

since they do not follow a single, unique path as the pulsed electric 
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APPLIED ELECTRIC FIELD, Vcm-‘ 

Figure 1-1. SFI data obtained in the absence of target gas. (a) SFI 
spectrum for ionization of laser-excited Xe(31f) atoms. (b),(c), 
(d) SFI spectra subsequent to application of pulsed electric fields 
of the indicated strengths, (e) SFI spectrum following application 
of a 253 V/cm pulsed electric field, but with a 3V/cm DC field 
maintained across the interaction region. The inset shows schema¬ 
tically the ImJ ■ 2 Stark manifolds for n ■ 30, 31. The heavy 
solid lines illustrate the behavior to be expected upon application 
of the pulsed field assuming that the atoms do not respond com¬ 
pletely adiabatically to the varying field. 
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field increases and decreases. As indicated in the inset, the atoms 

may relax, as the pulsed field decays, along the dotted paths and may 

then be left in a variety of |m^| * 2 states in both the n » 30 and 

n * 31 manifolds, many of which correlate with zero field states with 

2 >3. Such departures from completely adiabaic behavior, however, 

do not lead directly to changes in |m^| and thus the appearance of 

diabatically-ionizing Im^l > 3 states. These must be produced through 

precession^ of the pulsed-field-induced high-î, states in stray, 

off-axis residual fields in the interaction region due, for example, 

to field penetration effects. To test this hypothesis a small 3 V/cm 

electric field is applied across the interaction region in the same 

direction as the ionizing field. Precessional motion is thus 

constrained to occur about this field which, because of its direction, 

does not lead to changes in Im^l. SFI data obtained under these 

condtions, following application of a pulsed field of 253 V/cm, are 

shown in Fig. I-le. No diabatic ionization feature is observed, 

indicating that application of a 3 V/cm DC field is indeed sufficient 

to prevent changes in |m^| due to precession about stray off-axis 

fields. 

It now becomes clear why Im^l ^ 3 states are noncollisionally 

populated in the collision experiment. Following the field pulse, if 

the remaining high-i, states exist in the absence of an applied field, 

they quickly precess around stray fields, populating Im^l 4 3 states. 

This difficulty is easily remedied by maintaining a 5 V/cm DC field in 

the region. 



APPENDIX II 

Diabatic Behavior at Zero Electric Field 

In the experimental method detailed in Chapter 3, Rydberg atoms 

in Im^l > 3 states are subjected to a reversal in the polarity of the 

applied electric field. During this reversal, the magnitude of the 

field must be instantaneously zero, a value for which these states are 

essentially degenerate. More importantly, these states are degenerate 

with high-i, Im^l 3 states at zero field. In the discussion of 

adiabatic and diabatic behavior at level crossings presented in 

Chapter 2, there is no evidence to suggest that Im^l may change at a 

point of degeneracy. It is prudent, nevertheless, to consider such a 

possibility as states pass through zero field, since this could lead 

to population of |m^| 3 states by a noncollisional process. 

To test for such effects, Xe(nf) - CO2 collisions are allowed to 

occur for sufficient time to build up a sizable population of 

state-changed atoms whereupon the pulsed field is applied followed by 

the ionizing field. The pulsed and ionizing fields are applied in 

both the same, and in opposite, directions. No changes in |m^| 

associated with passage through zero field are evident, although 

evidence of diabatic passage through zero field is observed. This is 

illustrated in Fig. II-l. 

The SFI spectrum in Fig. Il-la shows the complete Rydberg 

population following collisions. Figs. II-lb,c show SFI spectra 

obtained after application of a pulsed field sufficient to ionize the 

lower |m I >3 members of the n » 31 manifold, i.e.. atoms comprising 
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200 400 600 800 1000 1200 
APPLIED ELECTRIC FIELD, V cm"* 

Figure H-l. (a) SFI spectrum obtained following the interaction of 
Xe(31f) atoms with CO2. The features PQ and Pi result from adia¬ 
batic and diabatic ionization respectively, (b) SFI spectrum 
obtained following application of a pulsed field of 800 V/cm, 
which is sufficient to ionize the lower Im. I > 3 members of the 
n ■ 31 manifold. The pulsed and ionizing fields were of the same 
polarity and the electric field experienced by the atom did not 
pass through zero, (c) Pulsed and ionizing fields were of oppo¬ 
site polarity and the electric field experienced by the atoms 
passed through zero. 
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the lower half of the diabatic feature Pj. The data in Fig. Il-lb 

result from measurements with the pulsed and ionizing fields in the 

same direction. In this case the electric field experienced by the 

atoms does not pass through zero and the SFI spectrum is consistent 

with diabatic ionization of the upper members of the n * 31 manifold. 

When the two fields are of opposite polarity» however» the resulting 

SFI profile shown in Fig. II-lc contains a contribution associated 

with diabatic ionization of the lower members of the n ■ 31 manifold. 

The appearance of this signal results from diabatic passage through 

zero field in which the remaining upper members of the n ■ 31 Stark 

manifold are projected onto lower members of the same manifold upon 

field reversal. However» no significant production of |m^| 3 states 

is evident in either case indicating that this effect» although 

interesting» is not of importance in the present study. 



APPENDIX III 

Thermal Energy Transfer 

In the spirit of the "essentially free" electron model, the 

transfer of thermal energy from a neutral target to a Rydberg atom may 

be viewed as an elastic collision between the valence electron and the 

target. The following is a purely classical calculation which 

provides an order-of-magnitude estimate of the energy transferred in 

such a collision. Since the momentum of the electron is determined by 

its quantum state, this calculation also provides some insight into 

the n-dependence of the energy transfer. 

electron 

core 

Figure III-l. Classical view of Rydberg atom - target collision. 

Consider the system of particles shown in Fig. III-l. The 

velocity of the electron has two components, one being the 

translational velocity of the Rydberg atom and the other being its 

orbital velocity within the atom. The velocity of the Rydberg atom as 

a whole is that of the core, vc> Define ^vrel as the relative velocity 

of the Rydberg atom and the target. Let v(nf ) be the orbital velocity 

of the electron. The electron and target approach each other with the 

collision velocity "^et. 
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^(nf) " ve - vc 

(III-l) 

■ vCnf) - vrei 

In the center-of-mass frame of the electron-target system, the 

particles approach at the relative velocity vet# undergo an elastic 

collision, and depart with the magnitude of the relative velocity 

unchanged. However, if the scattering is assumed to be isotropic, the 

direction of scattering is random. The relative velocity after 

scattering can be written as 

where r is a unit vector directed isotropically from the 

compared to that of the target, it is a very good approximation to 

equate the center-of-mass with the position of the target. 

component of that velocity will he characteristic of some new quantum 

state ni' and will be given by 

(III-2) 

center-of-mass. Because the electron mass is extremely minute 

is the final velocity of the electron, the orbital 

vet + vrel 
vCnt') (III-3) 
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The kinetic energy of the electron is proportional to the square of 

the velocity. 

rv(nJT)!2 - v(n*') • ^(nJT) 

« Iv(nf) - vrel|
2 + |vrel|2 + 2 l^(nf) - 

For isotropic scattering, r*^rel averages to zero, 

|v(nfc')|2 ■ lv(nf) -vrel|2 + |vrel|
2 

“ |v(nf)|2 + 2|vre^|2 - 2 v(nf) • v 

*> . * 
vrelI r 

leaving 

rel* 

(III-4) 

▼rel* 

(HI-5) 

The collision configuration assumed in the figure maximizes the last 

term of (III-5), i.e.. 

v(nf) • vrei ■ -v(nf) vrei 
(III-6) 

to yield 

2 
r2(nji') - v2(nf) + 2 vrel + 2 v(nf) vrei< (III-7) 

The change in orbital energy of the electron due to the collision is 

then given by 

AWc - |mv2(njt’) - |mv2(nf) 

■ "Vl[vrel + v(n£)1 

(III-8) 
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where m is the electron mass. For speeds given in cgs units, AWfi in 

cm-* is 

AWC - (4.59 X 10-12) vre^ (vrei + v(nf)) cm“*. (III-9) 

The collision o£ particular interest in Chapter 4 is between a 

Xe(nf) Rydberg atom and a Xe target atom. The average relative speed 

may be inferred from calculations by Xellert32 to be approximately 

2.8 X 104 cm/sec. The time-averaged orbital velocity may be derived 

from the virial theorem^2, which for a Coulomb potential gives the 

following relation between potential energy <V> and kinetic energy 

<T>: 

<v> - -2 <T>. (III-10) 

This may be related to the total energy of an nf state. 

W(nf ) - <V> + <T> - - <T> (III-11) 

|mv2(nf) - - W(nf) (III-12) 

v(nf) - (^"-fô55T cm/sec (HI-13) 

where Equation (2-1) has been used for W(nf). 

The numerical results of Eq. (III-9) for Xe(nf)-Xe collisions are 

0.9 cm“i and 1.2 cm~l for n ■ 31 and n ■ 24 respectively. These 
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numbers should be viewed with caution of course, since collisions 

actually result in a distribution of energy transfer. The second term 

of (III-9) is dominant since v(nf) » vrel for the collisions 

considered. The value of that term is maximized as a direct 

consequence of (III-6). A more general result may be obtained by 

setting 

~$(nf) • » v(nf) vref cos 0 (III-14) 

where cos 6 may assume values in the full range -1 to +1. Then 

AWc ■ (4.59 X 10"12) (vrel + v(nf) vref cos 0 ). (III-15) 

This suggests the electron may gain energy less than or equal to that 

predicted by (III-9). The electron may also lose energy by nearly the 

same amount, offset only by the small vr^ term. In addition, if the 

impact parameter associated with the Xe(nf)-Xe collision is large (the 

most probable case), the electron-target collision occurs in a region 

far from the core, where the potential energy of the electron is high, 

and the kinetic energy is below its average value. The orbital 

velocity at the time of collision is therefore reduced, decreasing the 

energy tranfer. The only collisions which transfer more energy than 

indicated by (III-9) are those in which cos 0 -1, the relative 

Rydberg-target speed exceeds the average vrej, and the impact 

parameter is small. 
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