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ABSTRACT 

STATE-CHANGING COLLISIONS BETWEEN 

XENON RYDBERG ATOMS AND NEUTRAL TARGETS 

BY 

CHARLES HIGGS 

Thermal collisions between laser excited Xe(nf) Rydberg 

atoms and a variety of neutral atomic and molecular targets 

have been investigated. In Xe(nf)-HF collisions, n-chang- 

ing, 4-changing and collisional ionization were observed. 

For n = 26 and 27, absolute collisional cross sections for 

these processes have been determined using time-resolved 

selective field ionization. In addition, the first evidence 

of molecular rotational excitation through the transfer of 

energy of electronic excitation from a Rydberg atom is pre¬ 

sented. In Xe(nf) - Xe, Kr, Ar, C02, CO and N2 collisions 

the dominant mechanism was observed to be 4-changing: no 

evidence of n-changing or collisional ionization was appar¬ 

ent. Absolute collisional cross sections have been deter¬ 

mined for a range of n between 24 and 37. Comparison of 

these cross sections with those obtained using a theoretical 

model in which effects due to the Rydberg core are ignored 

appears to lead to satisfactory results only for Xe, Kr and 

C02, whereas when core effects are included satisfactory 

agreement between experiment and theory is found in all 

cases. 
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CHAPTER ONE 

HIGH RYDBERG ATOMS 
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Section 1.1 Introduction 

By 1896, J. R. Rydberg* had discovered he could fit the 

spectra of highly-excited alkali atoms empirically using the 

formula 

v = v - 
n “ 

R 

(n - 6) 
(1-1) 

where vn is the wave number of the n
fc^ line, R is now called 

the Rydberg constant, vœ is the series limit and 6 is the 

so-called Rydberg correction (now called the quantum 

defect). The close similarity of equation 1-1 to the 

hydrogen atom formula suggests that as in hydrogen, the 

transitions are characteristic of a one-electron system in 

which the electron in the excited state is at so large a 

distance from the core that the core appears as a point 

charge. It is this feature of size, a radius much larger 

than that of the core orbitals, which qualitatively distin¬ 

guishes a Rydberg state. 

In today's usage the term Rydberg state is generally 

used when n > 5. Rydberg states of various atoms and mole¬ 

cules have been observed in a number of situations and have 

recently been produced in the laboratory to study their 

spectroscopic and collisional properties. This thesis is a 

studÿ of selected Rydberg states of xenon, Xe(nf), in colli¬ 

sions with HF, CO2, CO, N2, Xe, Kr and Ar, and is a continu¬ 

ation of earlier collisional studies 2-4 involving Xe(nf) 
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Rydberg atoms. Here, new details of state-changing colli¬ 

sions are presented. 

Absolute rate constants for total collisional depopu¬ 

lation as well as for the separately observed ^-changing, 

and n-changing and collisional ionization processes have 

been measured. In Chapter 3 these are compared with the 

predictions of recent theory which show that previously 

ignored effects due to the Rydberg core may in fact be 

important. 

Section 1.2 Laboratory Studies of Rydberg Atoms 

The earliest laboratory studies of Rydberg atoms were 

primarily focussed on production and detection techniques. 

Riviere and Sweetman^ observed atoms in states of n = 9 - 23 

produced by passing fast protons through a gaseous target. 

Using the same technique, Bayfield and Koch^ produced 

hydrogen Rydberg atoms with n = 44 - 69. Using electron- 

impact excitation from the ground state, Cermak and Herman^, 

Hotop and Niehaus® and Shibata et al.^ have all produced 

beams containing helium Rydberg atoms with a mixture of 

n ~ 30. 

These early production techniques are unsuitable for a 

detailed study, however, since they cannot produce a popu¬ 

lation of Rydberg atoms in a common, well-defined state. 

Optical excitation, on the other hand, affords the high 

resolution necessary to produce atoms in a single state of 
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known principal and angular momentum quantum number n 

and £. Because of the detailed nature of the present 

experiment, optical (laser) excitation appears to be the 

most suitable technique for the production of Rydberg atoms. 

Even though the laboratory study of Rydberg atoms in 

well-defined states is relatively new, the field has grown 

rapidly in the past decade. So much has been done in areas 

other than collisions work, that only a brief mention can be 

made here. 

Of particular interest are the details of the spectro¬ 

scopy of Rydberg states revealed through their quantum 

defects and fine-structure intervals. Rydberg states of 

alkali atoms have been the most extensively studies since 

they are technically the easiest to produce. Quantum defect 

studies have been made of lithium Rydberg atoms by Cooke et 

al. ^ and of sodium Rydberg atoms by Gallagher et al.^ 

using radiofrequency resonance techniques. MacAdam and 

Wingl^ have measured the fine-structure intervals of helium 

also using this method. 

Another interesting aspect of Rydberg atoms is their 

behavior in external fields. Because of their large elec¬ 

tric dipole matrix elements and closely spaced energy 

levels, Rydberg atoms may be dramatically perturbed by even 

small electric fields. Recently, Jeys J has found dramatic 

field-dependent behavior in sodium Rydberg atoms when ex¬ 

ternal fields of less than ~ 1 v/cm are present. For larger 
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fields the Stark effect becomes important and the work by 

Littman et al.^ with sodium Rydberg atoms has shown impor¬ 

tant deviations from the otherwise nearly hydrogenic 

behavior. 

Knowledge of the behavior of these states, as the 

strength of the external field is increased, is essential to 

the understanding of field ionization. Since field ioni¬ 

zation shows a well-defined threshold behavior it is very 

state selective. Furthermore, since only modest fields are 

required (~ 500 v/cm for n=30), field ionization can be a 

valuable detection technique. Recent work by Cooke and 

Gallagher-^, and Jeys et al.^ has provided the necessary 

details to make field ionization analyses of state-changing 

collisions practical. 

It is not surprising that a great deal of study has 

also been devoted to collisions of Rydberg atoms. It is an 

attractive area of investigation since it is intuitively 

expected that a Rydberg atom should be very easily perturbed 

in a collisional process. This is in fact the case, and 

some of the largest cross sections ever measured for atomic 

processes have been reported for collisions of a variety of 

Rydberg species with neutral atomic and molecular targets. 

Angular momentum changing in Na(nd) - rare gas colli- 

sions has been observed by Gallagher et al.x/ who have shown 

that for n < 10 the cross section for t-changing increases 

as the geometric size of the Rydberg atom. This suggests 
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that the ^-changing process arises from a short-range 

interaction between the Rydberg electron and the target 

particle. These, and additional studies of Xe(nf) - rare 

gas, CO2, CO, N2 collisions by Higgs et al.° and of Na(nd) 

- Xe collisions by Kellert et al.^ have demonstrated that 

these ^-changing collisions result in a population of 

Rydberg atoms with a nearly statistical distribution of SL 

and lnifcl values. Other recent studies include those of 
• 

Hugon et al.^ who showed the collisional depopulation of 

Rydberg states of Rb(9 < n < 21) by He, Ar, Xe and Rb occurs 

primarily by ü-changing. 

State-changing and collisional ionization have also 

been shown to result from Rydberg - polar molecule colli¬ 

sions. Kellert et al.^ have detected n-changing and 

collisional ionization in Xe(nf) - NH3 collisions and demon¬ 

strated the discreet energy transfer between molecular rota- 

tional energy and Rydberg electronic energy. West et al. 

have observed collisional ionization in collisions of Xe(nf) 

with a number of attaching targets. As predicted by theory, 

the measured reaction rate constants are very similar to 

those for electron - attaching target collisions and thus 

furnish information on this process at energies below those 

normally attainable. 

Studies of Na Rydberg - electron collisions by Foltz et 

al. and of Na Rydberg - ion collisions by MacAdam et al. 0 

have also been reported. 
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Section 1.3 Rydberg Atoms in Related Areas 

In addition to their intrinsic interest in the labora¬ 

tory, Rydberg atoms have also been found to play an impor¬ 

tant role in such diverse fields of study as gaseous 

nebulae, plasma diagnostics, laser isotope-separation and 

flame studies. A few recent studies are briefly discussed 

here. 

A. Gaseous Nebulae 

In gaseous nebulae as well as in some extragalactic 

objects, the presence of Rydberg atoms is often revealed by 

the presence of radiofreguency spectral lines emitted as a 

result of transitions between high-lying atomic levels. 

Transitions in hydrogen have been observed for values of the 

principal quantum number n in the range 50 - 250. The ob¬ 

servation and interpretation of these radio recombination 

lines, so named because the atomic levels involved are 

mainly via electronic recombination, constitutes an impor¬ 

tant branch of radio astronomy.^ The study of these lines 

can provide information on the physical properties of the 

interstellar medium and on the large-scale structure of the 

galaxy. Such information can be obtained, however, only if 

a sufficiently accurate theory of line intensity is estab¬ 

lished. Such a theory must obviously take into account the 

various collisional and radiative processes important to 

these high Rydberg atoms. 



B. Plasma Diagnostics 

In tokamak-produced plasmas, one of the most commonly 

used means of providing the additional heating necessary to 

achieve temperatures at which ignition can take place is by 

the injection of hydrogen atoms. Recent studies^** indicate 

that charge transfer from these injected hydrogen atoms into 

highly excited states of another species can, in some 

circumstances, dominate excitation by electron impact. 

Detailed analysis of spectra from the Oak Ridge tokamak, for 

instance, has demonstrated the necessity of including charge 

transfer into Rydberg levels (n ~ 5,6) as an effective exci¬ 

tation process. It has been suggested that these reactions 

and the Rydberg states they produce may actually be ex¬ 

ploited for diagnostic studies. Clearly, any description of 

the plasma based upon observations of the Rydberg atoms and 

their characteristics must depend upon knowledge of the 

various collisional and radiative processes leading to the 

production or depletion of these high-lying states. Know¬ 

ledge of the reaction rates for these processes may, for 

instance, yield information on the number density and energy 

distribution of the plasma's constituents. 

C. Laser Isotope-Separation 

With the advent of tunable lasers and the recent intro¬ 

duction of high-power laser technology has come a concen¬ 

trated effort to make laser isotope-separation a productive 

process. Although the idea of utilizing the isotopic shift 
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in the absorption spectra for isotope separation was sug¬ 

gested many years before the appearance of lasers, only the 

recent developments in laser technology have promised to 

make this process competitive. 

In one method,^ the desired isotopes are selectively 

photoexcited to a Rydberg level close to, but below, the 

ionization limit. These selected isotopes are then ionized, 

and the resulting ions extracted, by the application of a 

sufficiently strong electric field. Another method for 

removing the selectively excited isotopes involves the 

introduction of gas atoms or molecules which react chemi¬ 

cally with the laser-excited isotope. This process, known 

as plasma-chemical extraction,^ relies upon the fact that 

the reaction rates for the interaction of the excited iso¬ 

topes with the gas atoms or molecules are much larger than 

those for the unexcited isotopes. Particularly promising 

are the proposed reactions 

U* + Cs UCs+ + e“ (1-2) 

and _ 

U* + SF6 + U
+
 + SF6“ 

UF2
+ + SF4" (1-3) 

where the probability of Cs or SFg reacting with unexcited U 

is much smaller than for excited U*. These proposals empha¬ 

size the need for study of collisions of highly excited 
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atoms with neutral atoms and molecules, since the success of 

the chemical extraction technique discussed above depends 

upon knowledge of these reaction rates. 

D. Flames 

Another area in which Rydberg atoms are thought to play 

an important role is in the production of collisional ions 

in flames.^ From the analysis of collisional ionization 

data for hydrocarbon flames containing ionizable alkali atom 

impurities, it has been inferred that an important 

ionization mechanism involves a collision between an atom 

impurity B and a highly excited gas atom or molecule A*i 

A* + B A + B+ + e“. (1-4) 

This process involves the collisional de-excitation of the 

Rydberg A which provides the energy necessary to ionize the 

impurity atom. 

Another means of collisional ionization in flames is 

thought to be by rotational de-excitation of a gas molecule 

(usually CO or N2) which then releases the energy required 

to ionize the already excited gas atom or molecule. This 

process has been investigated for Xe(24f) - CO, N2 colli¬ 

sions and is discussed in Chapter 3. Interestingly enough, 

no evidence of collisional ionization was found. 



CHAPTER TWO 

DESCRIPTION OF APPARATUS 
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In Chapter 2 the production and detection of Rydberg 

states of xenon will be briefly discussed. Section 2.1 

contains a brief discussion of the relevant term structure 

of xenon. Section 2.2 describes the preparation of the 

metastable beam which provides the intermediate state from 

which laser excitation populates the desired Rydberg 

level. A short description of the laser design is provided 

in Section 2.3. Section 2.4 contains a discussion of the 

detection technique of selective field ionization. 

Section 2.1 The Excited States of Xenon 

In the usual Hartree-Foch orbitals the ground state of 

xenon has the configuration [Kr] 5s34d^5p® which has as its 

lowest term the 3
SQ (AS coupling). If one of the outer p 

electrons is excited to the next higher orbital, 6s, the 

possible terms are PQ and 
po,l,2* Of these, the first and 

third excited states, 3P2 and 
3P0 respectively, are metas¬ 

table with lifetimes on the order of one hundred milli¬ 

seconds. 

This As coupling scheme used for the ground and first 

few excited states is not appropriate for the Rydberg 

levels, however. The reason that As coupling fails to des¬ 

cribe the highly-excited states is basically because this 

scheme treats all of the atom's electrons equivalently. 

Obviously, if one of the electrons is in an orbit that is 

well separated from the remaining core electrons (themselves 

combining to produce a non-zero angular momentum) it must be 
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handled differently. To do this jH coupling2** is used in 

which the notation ni [K]j is interpreted as follows: n 

and i are the principal and angular momentum quantum numbers 

of the excited electron, K results from the coupling of i 

with the total angular momentum of the core electrons, and J 

is the total angular momentum derived from the coupling of K 

with the spin of the excited electron. 

When one electron has been excited to a high-lying 

level the remaining core [Kr] 5s^4d^5p^ may have one of two 

possible configurations, or p3/2* T^e two Possible J 

values for the core, coupled with the rather large (1.3 

electron volts) energy separation between the two possible 

core terms, leads to two series of excited states, each with 

its own ionization limit. 

As can be seen from the partial term diagram in Figure 

2-1, most of the excited states arising from the 2P-jy2 
core 

lie above the ionization limit for the p
3/2 core and are 

thus autoionizing. With lifetimes on the order of 10--*-2 

seconds, these states are not suitable for the present 

studies. Instead, Rydberg levels corresponding to the ^2/2 

core are used. 

Stebbings et al.2^ have shown that laser excitation can 

produce the following transitions: 

Xe(2pi/2) 6s [1/2] 0 + Xef^/^npU^l-L 

+ Xe(2p3/2)np[3/2]1 

+ Xe(2p3/2)nf[3/2]x 

(2-1) 



12 / / / / / / / / y Xe+(2F|/2) 

2 
/////// ///.//////y./ /.///// / / / /. xe+( P ^ 

5p5(2P3/2)Ss 
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Moreover, above n ~ 20 only the f series is excited the 

p series is presumably destroyed by interaction with levels 

from the configuration. Since this work deals with n 

> 20, only Xe(nf) Rydberg atoms are produced by the laser. 

Although they seldom arise from laser excitation, 

Rydberg states with other £ value lie very near in energy to 

the nf states. One way of labelling these other series is 

with their quantum defect 5^ defined by the Rydberg formula: 

W(ni) = -Rœ/ , (2-2) 
Mn-6*)2 

where W(n£) is the binding energy of the nü level, Rœ is the 

Rydberg constant equal to 109737.32 inverse centimeters 

and 6^ is the quantum defect of the series in question. The 

quantum defects for the s, p, d and f series can be deduced 

from Moore's tabulated valuesJV/ of W(n£) for low-lying xenon 

levels. Averaged over the various K and J sub-levels for 

each series, they are 4.02, 3.53, 2.42 and 0.055 respec¬ 

tively. It is assumed that 6^ > 3 “ 0» Obviously, the f 

states lie very near in energy to the higher a states 

belonging to a particular n. 

One can understand why the quantum defects are largest 

for the s states and tend toward zero as l is increased by 

looking at some atomic wavefunctions. Shown in Figure 2-2 

o i 2 2 
are the radial charge densities, 4irr RnJl, for the 3s, 3p 

and 3d states of a single electron revolving about the 
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Figure 2-2 Radial charge densities. Shown 
are the charge densities for the Na core with 
the 3s, 3p and 3d densities for a single elec¬ 
tron bound by that core. 
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sodium atom core, Na+. Note that a substantial fraction of 

the 3s charge density penetrates the Na+ core whose radius 

is indicated by the dashed line. However, much less of the 

3p and nearly none of the 3d density penetrates. When the 

excited electron is outside the core it "sees" a core charge 

of +1; however, when it penetrates the core region it 

experiences a net core charge larger than +1. Consequently, 

electrons in highly penetrating orbitals are more tightly 

bound than those in nonpenetrating orbitals. This pene¬ 

tration of the core increases the magnitude of the binding 

energy resulting in a non-zero, positive value of 6^. 

Section 2.2 The Production of Xenon Metastable States 

Figure 2-3 illustrates the design of the apparatus. A 

thermal atomic beam is established by allowing xenon from a 

pressurized bottle to effuse through a glass, multichannel 

array into an evacuated chamber. This ground-state Xe beam 

then enters a coaxial, magnetically confined beam of 100 eV 

electrons where subsequent collisions produce, in addition 

to metastable states, other excited states as well as some 

collisional ions. Any charged collisional products are 

removed from the beam by application of an electric field of 

approximately 1000 volts/cm. Any excited products will 

rapidly decay to one of the metastable levels or to the 

ground state. Thus, in the interaction region, only the 

levels ^PQ, and are substantially populated. 
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SOURCE 

Figure 2-3 Schematic of apparatus. For the present 
measurements the neutral beam source contained xenon. 
Additional details of the interaction region beneath 
the ion collector are presented in figure 2-7. 
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It is in this region, defined by two parallel grids, 

that the metastable beam is crossed by the output of a 

tunable, dye-laser and excitation of ^PQ states to the 

desired nf level takes place. 

This interaction region is normally evacuated to a 

pressure below 5 x 10“® torr. If, however, a collisions 

experiment is to be performed, the gas to serve as target is 

introduced through a Leybold-Heraus variable-leak valve into 

the chamber surrounding the interaction region and main¬ 

tained at a pressure of a few microtorr. Under these 

conditions the laser excitation to a Rydberg level takes 

place in the presence of the target species. 

In the data analysis to follow it will be necessary to 

know the Rydberg atom - target atom/molecule relative velo¬ 

city in a collision. Rundel^2 has determined the velocity 

distribution funtion F^(v^) appropriate to a metastable beam 

produced in this manner. Normalized, it is: 

= 2 &1 vx expf-É^2 Vj
2) (2-3) 

where 3^ = m^/2kT, m-^ is the metastable mass in amu, k is 

the Boltzmann constant and T = 300K. The target gas, 

however, is not in a beam but is instead characterized by 

the usual Maxwellian velocity distribution function 

F
2
(V2) = /“I P23 V22 exP<-&2

2 V22)* (2-4) 
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From these distribution functions Kellert^ has calculated 

the mean relative velocity vre^ for a number of targets in 

Xe(nf) - target collisions. His results are shown, plotted 

versus Xe - target reduced mass y, in Figure 2-4. 

Since the metastable beam velocities are thermal, one 

might expect these mean relative velocities to be similar to 

relative velocities appropriate when each collision partner 

is described by a Maxwellian velocity distribution.^^ In 

this case 

-max   # 8kT / *1/2 
rel “ ' 'iry' (2-5) 

For comparison, calculated values of are also shown in 

Figure 2-4. Since the calculated values of vre^ encompass a 

wide range of y, interpolation from Figure 2-4 was used to 

determine for the presently considered target species. 

Section 2.3 The Design of the Tunable Dye-Laser 

Without the ability to tune the laser output through a 

broad, continuous range of wavelengths, many details of the 

present experiment would be lost. Only a tunable laser will 

allow selective excitation of Xe(nf) levels over a broad 

range of n. Rydberg levels populated by electron-impact 

excitation, * for instance, are not discreet but instead 

encompass a broad range of n and i. 

The basic design of the pulsed dye-laser used in the 
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l\ (arau) 

Figure 2-4 Xe(nf) - target relative velocities. The points 
33 

are Kellert’s^^ calculated velocities for targets HC1, 

S02, CC14 (left to right). The line labelled indicates 

the resultant relative velocities when both the Rydberg and 

target are characterized by a Maxwellian velocity distribution. 
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current studies is illustrated in Figure 2-5. The cavity 

itself is bounded by two, highly reflective, dielectric- 

coated mirrors, Ml and M2. The active medium is normally a 

0.5 x 10"3 molar concentration of Courmarin 460 (Exciton 

Corp.) in ethanol. This solution is continuously circulated 

through a 20 mm spectrophotometer cuvette by means of a 

small centrifugal pump at a flow rate of about 2 m/sec. The 

power source is the output of a pulsed N2- laser (National 

Research Group) whose principal emission is 3371 Â and whose 

output is approximately 1 millijoule per 5 nanosecond pulse 

at 60 Hz. The N2- laser emission is focussed by a cylin¬ 

drical lens L of approximately 7 mm focal length into a 

narrow line on the inner front face of the cuvette. The 

position and orientation of this lens is adjusted so that 

the excitation power is uniformly spread over this face. 

The mirror Ml is positioned so as to return the fluorescent 

emission from the excited region of dye solution back along 

the same path through the cuvette. The diffraction grating 

(2160 lines/mm) is aligned so that the emission from the 

cuvette falls at grazing incidence and is spread uniformly 

across the grating. Some of this incident light is dis¬ 

persed by the grating into its component wavelengths and 

reflected onto mirror M2. Wavelength selection is then 

accomplished by adjusting (in Littrow mounting) the orien¬ 

tation of M2. With this design, output powers of approxi¬ 

mately 20 kW (100 pJ per 5 nsec pulse at 4650 Â) have been 
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achieved. 

Output power, however, is not the only concern. For 

excitation of a single, high principal quantum number 

n ~ 30, the linewidth of the dye-laser output must be less 

than ~1 A. A broader linewidth will lead to excitation of 

several adjacent n values and make the present studies 

impossible. By careful alignment of the cavity elements the 

linewidth can easily be reduced to less than 0.5 A. 

Of greater concern is the presence of untuned fluores¬ 

cence in the dye-laser output. Caused primarily by insuffi¬ 

cient "feed-back" from mirror M2, this fluorescence can also 

lead to the production of multiple n values. Although the 

size of the fluorescence-produced signal is relatively 

small, its presence can degrade the quality of subsequent 

measurements. 

One way of reducing the amount of fluorescence is by 

passing the dye-laser output through a polarizing filter. 

Since the tuned emission is primarily polarized in a direc¬ 

tion parallel to the grating lines, it will pass largely 

unaffected through the properly oriented filter. The un¬ 

tuned fluorescence, however, is randomly polarized and so 

only a small fraction is passed. 

Although the above method does ensure that little un¬ 

tuned fluorescence enters the interaction region, reflective 

losses caused by the polarizing filter can substantially 

reduce the total output power. An alternate approach is to 
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carefully choose the dye being used so that the range of 

wavelengths that may be present in its untuned fluorescence 

spectrum cannot excite n levels near the desired n. For 

instance, with a solution of Courmarin 460 as the lasing 

medium and the cavity tuned to produce n ~ 30, the principal 

wavelengths in the untuned fluorescence band are near 

4450 Â. Any untuned emission at these wavelengths may lead 

to direct photoionization from the ^Pg level but cannot 

excite additional Rydberg levels since this requires 

wavelengths near 4650 Â. However, since most dyes will 

generally lase more intensely near the center of their 

fluorescence bands, this procedure may also lead to a reduc¬ 

tion in the output power. 

Additional problems arise when attempts are made to 

detect collisionally produced Xe+ ions present in the inter¬ 

action region. Since Xe+ may also be produced by untuned 

fluorescence, the use of Coumarin 460 can severely reduce 

the signal-to-noise ratio. For these measurements, Coumarin 

480 is used (maximum fluorescence near 4620 Â) and a polar¬ 

izing filter is employed to reduce the signal caused by 

untuned fluorescence. 

Section 2.4 State-Selective Detection of Rydberg Atoms 

A. General Considerations 

Any detailed study of Rydberg atom collisional pro¬ 

cesses requires a detection technique which is state selec- 
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tive. Although a number of methods may be employed to 

detect the presence of Rydberg atoms (collisional ionization 

and chemiionization by gases, for instance), only optical 

detection and field ionization afford the resolution neces¬ 

sary for the present studies. Monitoring the spontaneous 

emission of highly-excited collisional products can, in 

principle, provide information on their state distribution, 

but since the radiation is emitted in 4ir steradians, a 

large signal is required. Normally this technique is used 

in conjunction with an alkali cell within which a high con¬ 

centration of Rydberg atoms can be formed (see, for example, 

Ref. 17). Measurement of an optical signal is not feasible 

in the atomic beams apparatus just described, however, since 

the Rydberg atoms produced, and thus the number of colli¬ 

sional products, are relatively few. 

In situations where the signal may be small, field 

ionization remains a practical detection technique. Since 

this process is nearly 100 percent efficient, and near¬ 

absolute charged-particle detection may be made along a 

single "line of sight", a substantial signal is provided. 

Since field ionization also provides excellent state 

resolution in Rydberg studies even for high n, it is very 

well suited to the present investigations. 

B. Field Ionization 

When an atom is in the presence of a sufficiently 

strong electric field, the electrostatic forces acting may 



25 

overcome the internal binding of the atom and produce an ion 

and a free electron. For hydrogen in the ground state (n = 

1) this process of field ionization requires enormous elec- 

n 
trie fields (~10 v/cm). For a weakly-bound Rydberg atomf 

however, with n ~ 30, field ionization may occur in fields 

of ~ 450 v/cm. Electric fields of this magnitude are easily 

produced in the laboratory. 

Since atoms in different quantum states are field ion¬ 

ized at different field strengths, measurement of the field 

dependence of the ionization signal can, in principle, pro¬ 

vide state identification. Proper interpretation of this 

signal, however, requires knowledge of the path along which 

an atom evolves as the field is increased toward ionizing 

strength. There are basically three regions of field 

strength through which an atom must pass: the low-field 

limit, the quadratic Stark regime, and the near-linear Stark 

regime. Field ionization occurs in the near-linear regime; 

effects of considerable importance have been observed at 

lower fields but their discussion is not required here. 

When the external field has been increased to the point 

at which the linear Stark effect is observed, the parabolic 

quantum numbers (n, n^, n2, Im^l) are appropriate. As the 

field is increased still further, states from different n 

manifolds begin to overlap. States belonging to different n 

but having the same value of Im^l cannot cross; instead, 

there is an avoided crossing with an associated energy gap 
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whose size is determined by the strength of the interaction 

between the two states involved.^5 This non-hydrogenic 

mutual interaction between states of the same |m^| arises 

because of the presence of non-Coulombic terms in the 

Hamiltonian. Such effects as core-penetration and core¬ 

polarization may substantially distort the otherwise 

Coulombic potential. 

The behavior of an atom as the field is increased 

through the region where states of different n overlap is 

determined by the magnitude of the energy spacing at the 

avoided crossings. If the interaction between states is 

weak, the associated energy gaps may be small enough to 

allow the atom to traverse the crossings diabatically. The 

atom thus remains in a single state and is field ionized at 

the quantum-mechanical limit. Conversely, if the atom is in 

a state which interacts strongly with other states of the 

same |m^|, the energy gap at the avoided crossings may be 

quite large. Thus, as the field is increased, it is likely 

that the atom will avoid the crossings adiabatically. The 

atom then successively assumes the character of many dif¬ 

ferent states until it finally interacts with a state that 

has already become unstable against field ionization. 

These two limiting cases — diabatic and adiabatic 

field ionization — are illustrated in Figure 2-6. Shown 

are the Im^l = 0 members of the Stark states in the vicinity 

of n = 15.. The heavy dashed line shows how a particular 



ELECTRIC FIELD STRENGTH, kVcnT1 

Figure 2 — 6 The = 0 Stark states in the vicinity of n — 15. 
The heavy solid lines give examples of adiabatic passage to 
ionization; the heavy dashed line, diabatic passage. The in¬ 
set shows the potential energy of the Rydberg electron in 
(a) the absence and (b) the presence of an external field 
along the z axis. The height of the resultant saddle point 
as a function of applied field is shown by the line labelled 
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state would ionize diabatically. The complete range of 

field strength over which diabatic ionization occurs for all 

n = 15, Im^l = 0 Stark states is indicated by the horizontal 

arrows. The two solid lines indicate the adiabatic paths 

followed by the extreme members of the Im^l = 0, n = 15 

manifold. The points A and B indicate the field strengths 

at which these extremum states undergo avoided crossings 

with states of higher n that are already unstable against 

ionization. Again, the complete range over which adiabatic 

ionization is expected to occur is indicated by the arrows. 

The approximate fields at which adiabatic ionization 

occurs for the states of neighboring n have been indicated 

by the line labelled Vsa(j, the so-called saddle-point 

line. This may be explained with reference to the inset in 

Figure 2-6 which shows that an externally applied electric 

field F leads to a saddle point on the z axis (field 

axis). It is easy to show that when the potential is of the 

form 

V(r) = -1/r - Fz, (2-6) 

the height of the potential barrier at the saddle point is 

given by 

'sad 
-2FV2. (2-7) 
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Classically then, the onset of field ionization should occur 

when the binding energy W of the atom is equal to Vsa(j: 

W(n,F) = -2F1/2 (2-8) 

or 

W(n,Fc)
2 

Fc =  T  atomic units, (2-9) 

where Fc is the critical field above which ionization is 

classically possible. Although the binding energy W is a 

function of electric field, it is not too bad an approxi- 

1 
mation to use the zero-field form (- 

familiar 
2nA 

r) to yield the 

F « l/16n^ atomic units. (2-10) 
V 

This is the equation for the saddle-point line. 

Surprisingly, this classical approximation can give 

remarkably accurate predictions for adiabatic ionization. 

Since a large energy gap at an avoided crossing is required 

for adiabatic behavior, only low Im^l states are involved. 

For higher values of Im^l the mutual interaction between 

states may be too weak to prevent an atom from traversing a 

crossing diabatically. Since an adiabatic path is termi¬ 

nated by an avoided crossing with another state which is 

already unstable against field ionization, the critical 
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fields Fc are determined by the quantum-mechanical ioni¬ 

zation probabilities for these highly-ionizing states. But 

these low Im^l states (which also have n2 > n^) have charge 

densities that are maximum in the vicinity of the saddle 

point and thus attain large ionization probability at the 

classically predicted fields. 

Unfortunately, a purely diabatic or adiabatic path to 

ionization is not always followed. Depending upon the slew 

rate of the increasing electric field, it is possible that 

some crossings may be avoided adiabatically while others are 

traversed diabatically. Moreover, there may be no well- 

defined threshold in Im^l for the onset of diabatic 

behavior. In other words, a state of intermediate Im^l may 

exhibit both adiabatic and diabatic behavior. In addition, 

the range of Im^l over which adiabatic field ionization 

occurs is not constant for all n. Since the magnitude of 

the energy gap at the avoided crossings decreases with 

increasing n, states with n = 24, Im^l = 3 ionize adia¬ 

batically while those with n = 60, Im^l = 3 appear to ionize 

diabatically. Another difficulty is that for Xe(nf) Rydberg 

atoms, Im^l is not a useful quantum number in near-zero 

electric field (Section 2.1). It is therefore necessary to 

determine which of the states (n, n^, n2, Im^l) correlate 

with the zero-field nf state. 

Fortunately, most of the above difficulties can be 

overcome. It appears that for a wide range of slew rates 
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and for n in the range 20 - 50, Xe(nf) Rydberg atoms which 

correlate with high-field states having |I < 3 ionize 

along predominantly adiabatic paths; those correlating with 

states of Im^I > 3 ionize along predominantly diabatic 

paths. 

C. Selective Field Ionization 

As mentioned in Section 2.2 and shown in Figure 2-3f 

the atomic beam containing Xe(3Pg) metastable atoms inter¬ 

sects the output of the laser in the interaction region. As 

illustrated in Figure 2-7, this interaction region is 

defined by two parallel, fine-mesh (0.00105 copper wire 

wound 100 per inch) grids (A) spaced 0.34 cm apart and is 

viewed from above by a Johnson MM-1 particle multiplier 

(B). With appropriate biasing, the MM-1 can detect either 

negatively or positively charged particles. 

The three grids (C) which shield the face of the multi¬ 

plier are normally kept at ground potential in order to 

diminish the amount of field penetration of the multiplier 

bias (+300 volts) into the interaction region. The grounded 

copper box (D) housing the interaction region was designed 

by Hildebrandt3® to study blackbody-induced transitions 

(Section 3.3) and can be cooled by flowing liquid nitrogen 

through tubes which line its base. This box also serves to 

exclude stray electric fields from the interaction region. 

To achieve Rydberg state identification the laser-pro¬ 

duced Xe(nf) atoms and any highly-excited collisional pro- 
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grounded copper box 

upper grid 

lower grid' 

laser 
(in) 

axoraic 
beam 

Figure 2-7 Interaction region. The diagram illustrates the 

design of the interaction region designed by Hildebrandt.-^ 

Electrons liberated, by field ionization are accelerated out 

of the copper box and detected by the MM-1. 
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ducts are field ionized by an increasing electric field 

produced by applying a negative-going voltage ramp to the 

lower grid of the interaction region. The liberated elec¬ 

trons are then accelerated toward and subsequently detected 

by the particle multiplier. A time-to-amplitude converter 

(TAC) is started at the beginning of the voltage ramp and 

stopped by the first detected electron. If the output of 

this TAC is fed to a multichannel analyser (MCA), then for 

sufficiently low count rates the MCA will store a signal 

proportional to the probability of a field ionization event 

per unit time for the approximately 1 ysec duration of the 

voltage ramp. If the functional time-dependence of this 

voltage ramp F(t) and the spacing of the interaction region 

grids is known, the MCA signal can be converted to 

ionization events per unit field strength increment. This 

detection technique is known as selective field ionization 

(SFI). 

Clearly, if SFI data are to be used in determining the 

time-evolution of various laser-produced and collisionally 

produced populations, the production and detection of the 

Rydberg atoms must be synchronized. A schematic of the 

counting electronics is shown in Figure 2-8. For a parti¬ 

cular field ionization count to be recorded the following 

sequence of events must take place: 

1. The dye laser emits a 5 nsec pulse during which a 

Rydberg state is populated. A photodiode detects the laser 
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pulse and triggers a pulse generator. 

2. After a desired time delay (0-50 ysec) this pulse 

generator triggers the ramp generator and also starts the 

time-to-amplitude converter. 

3. At some point, depending upon the quantum state of 

the Rydberg present, the field across the interaction region 

reaches Fc and ionization occurs. 

4. The liberated electron is accelerated toward the 

multiplier and subsequently detected. The output voltage 

pulse of the multiplier is amplified 100 times and serves as 

the stop pulse for the TAC; the time interval thus recorded 

is then stored in the appropriate channel of the MCA. 

This sequence of events is repeated until acceptable 
C 

statistics are generated (~10 laser shots). For count 

rates of less than ~.3 events per shot, a dead-time correc¬ 

tion for the MCA is not necessary; the relative sizes of the 

various SFI features will be proportional to the Rydberg 

populations from which they arise. If F(t) is known, and a 

correction for electron flight-time as well as instrumental 

dead-time is made, each SFI feature may be correlated with a 

particular field strength and so identified. 

Shown in Figure 2-9a is a typical SFI spectrum obtained 

after allowing Xe(31f) to interact with Xe ground state for 

a period of 8 nsec. The horizontal bars beneath the data 

indicate the ranges over which diabatic and adiabatic field 

ionization is expected to occur for all n = 31 Stark 
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a) 

A D 

ELECTRIC FIELD. V/cm 

Figure 2-9 a) high slew rate SFI profile showing both 
adiabatic and diabatic collision products, 
b) low slew rate profile of adiabatic feature showing 
graphical resolution proceedure. 
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States. The two large features are thus identified as con¬ 

taining the |m^| < 3 and Ira^l >3 components of the n = 31 

Stark manifold. In Figure 2-9b are shown SFI data for the 

same collision complex but this time taken by slewing the 

field very slowly through the adiabatic range. Note that in 

this high-resolution spectrum two distinct features are seen 

to comprise the adiabatic peak. The large feature is due to 

field ionization of the remaining laser-produced 31f state 

while the smaller, broad feature arises from field ioniza¬ 

tion of Im^l < 3 collisional products. Since both of these 

features are due to |m£| < 3 states, both ionize at virtu¬ 

ally the same field strength. In the analysis to follow it 

will occasionally be necessary to resolve these features. 

This may be accomplished by using a graphical approximation 

first employed by Kellert.^ The dashed line drawn through 

the SFI data indicates such an approximation and serves to 

resolve the two features. 



CHAPTER THREE 

RESULTS AND DISCUSSION 
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Section 3«1 Introduction 

Earlier investigations^'^ have shown that for the range 

of n presently considered (20 < n < 40), collisions of 

Xe(nf) Itydberg atoms with neutral targets can lead to three 

processes. Specific examples for some of the targets 

surveyed here are: 

1-changing Xe(nf) + C02 * Xe(nl) + C02 (3-1) 

n-changing Xe(nf) + HF(J) Xe(n'l) + HF(J-l) (3-2) 

collisional 
ionization Xe(nf) + HF(J)+Xe

+ + e“ + HF(J-l) (3-3) 

Not explicitly shown in these reaction equations is the col- 

lisionally-induced change in the initial value of Im^l. 

Although no evidence has been found for collisions which 

change only Im^l, both n- and 1-changing collisions 

produce a wide, perhaps complete range of Im^l. 

Characterizing the importance of each collisional pro¬ 

cess are its rate constant k and corresponding cross sec¬ 

tion a. In this chapter the methods used to determine these 

constants will be discussed. Section 3.2 contains a des¬ 

cription of the model used to fit the experimental measure¬ 

ments, and in Section 3.3 the subsidiary experiments done to 

determine the values of the various effective radiative 

lifetimes needed in the model are described. In Section 3.4 

the results of applying the model to the experimental data 

are discussed and interpreted in light of current theory. 
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Section 3.2 A Model for State Changing Collisions 

Recall from Section 2.4 that the counting technique 

used in this work permits the detection of at most one Ryd¬ 

berg atom for any given laser shot. A particular SFI 

spectrum is then "built up" by summing the results of many 

laser shots. In such SFI spectra the total number of counts 

comprising a particular feature can be thought of as the 

Rydberg "population" in that state, or set of states, from 

which the feature arises. 

Consider first the laser-produced Xe(nf) population 

N(t) whose time rate of change is given by 

=-pkd(nf)N(t) _ N(t) 
T (nf ) 

(3-4) 

where p is the target number density, k^(nf) is the total 

collisional depopulation rate constant and T(nf) the effec¬ 

tive radiative lifetime for the laser-produced nf state. 

The total collisional depopulation rate constant kd(nf) is 

defined as the sum of the rate constants for the collisional 

processes occuring. When Xe(nf) Rydberg atoms collide with 

strongly polar molecules, for instance, n-changing, A-chang- 

ing and collisional ionization are all possible channels in 

the reaction. In these cases 

kd(nf) = k£(nf) + kn(nf) + k^nf) (3-5) 
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where k^, kn and k^ are the rate constants for ^-changing, 

n-changing and collisional ionization respectively. If, on 

the other hand, the only collisional process serving to 

depopulate the Xe(nf) level is l-changing, then kd<nf) = 

k^(nf). 

If the Xe(nf) population at-time t = 0 (laser fire) is 

N(O), then by equation 3-4 the number N(t) remaining at any 

later time t is given by 

N(t) = N(0)exp(-b(nf)t) 

where (3-6) 

b(nf) = kd(nf) + Tjkfj’ 

If x(nf) is known, kd(nf) can be easily determined by 

fitting equation 3-6 to the measured values of N(t). 

Knowledge of the total collisional depopulation rate 

constant kd(nf) is not sufficient, however, to determine the 

individual rate constants for H-changing, n-changing and 

collisional ionization. In order to measure these, the time 

dependence of each state-changed population must be sepa¬ 

rately determined. 

Consider some state-changed population R(t) produced in 

Xe(nf)-target collisions with rate constant k(nf). Then, 

d
d[
t) = P k(nf)N(t) —b(R)R(t) 

b(R) = p kd(R) + _T^T. 

where (3-7) 
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The collisional depopulation rate constant for the state- 

changed population R(t) is k^fR) and X(R) *s i-ts radiative 

lifetime. Generally, whenever n-changing processes are 

occuring, there may exist multiple state-changed popu¬ 

lations, one for each final value of n. If the target 

number density p is kept low (~10 cm ), however, these 

state-changed populations will be substantially populated 

only by target collisions with the laser-produced nf popu¬ 

lation. Sequential collisions which redistribute these 

state-changed populations will be few. Thus, although equa¬ 

tion 3-7 contains a "loss" term - p k^(R)R(t) for subsequent 

collisional depopulation, it contains no "source" terms 

other than p k(nf)N(t). 

Under these assumptions, the time-dependence of a 

particular state-changed population R(t) is given by 

pm _ Pk(nf) N(0) r -b(nf)t _e-b(R)fi ,, 
m b(R) - b(nf) Le e J <3 8) 

when the inital condition R(0) = 0 is imposed. By fitting 

this result to the measured time-dependence of the state- 

changed population in question, the desired rate constant 

k(nf) can be determined. 

Note that equation 3-8 is the most general solution to 

the rate equation 3-7. Depending upon which of the state- 

changed populations is under consideration, however, some 

simplification can be made. For instance, if equation 3-8 
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is used to predict the time-dependence of the Xe+ population 

resulting from collisional ionization, then b(R) may be set 

equal to zero since neither radiative decay nor collisions 

can deplete this population. On the other hand, if £-chang- 

ing is the only collisional process acting, then the state- 

changed population R(t) can be depleted only by radiative 

decay. Subsequent collisions may further randomize the 

distribution of i values, but cannot deplete R(t). Thus, 

k^(R) is taken to be zero meaning b(R) = 1/T(R), and k^fnf) 

= k£(nf). 

In this work, for targets Xe, Kr, Ar, CO2, CO and 

N2, ^-changing was the only collisional process observed. 

Once this fact was established, the ^-changing rate 

constants k^(nf) were determined not from a fit to equation 

3-8, but rather by considering the total Rydberg population 

T(t) equal to the sum N(t) + R(t). Thus, the total Rydberg 

populations at time t and t' are related by 

-b(n£)t _kt(nf)e-t/i<R> 
T(t) A(nf)e 

= 0 (3-9) 

where 

A(nf) = 1/T(R) - 1/x(nf). 

Measurements of T(t) at times t and t*, together with know¬ 

ledge of p, T (nf ) and x(R) enable equation 3-9 to be solved 

for k^(nf). 
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The advantage in this method, as opposed to applying 

equation 3-8 directly, is that no separate determination of 

N(0) need be made; nor is any high-resolution SFI data 

necessary. Recall from Section 2.4 that some of the colli- 

sional products will field ionize at nearly the same field 

strength as the laser-produced population N(t). If equation 

3-8 is to be fit to the measured values of R(t), that 

fraction of R(t) which field ionizes with N(t) must be 

graphically extracted with high-resolution SFI. This is not 

necessary if equation 3-9 is used. 

Section 3.3 Determination of Radiative Lifetimes x(nf) 
and T(R) 

From the discussion in Section 3.2 one can see the 

importance of the radiative lifetimes of the parent and 

state-changed populations in the determination of the 

various rate constants. In this section are described the 

measurments performed to determine these lifetimes. 

The most important radiative lifetime in the present 

analysis is -r(nf), that of the Xe(nf) parent state. For 

Xe(nf) Rydberg atoms, the measured radiative lifetimes range 

from 7.48 ± 0.75 psec for n = 24, to 70 + 7 ysec for n = 50 

and are thus much smaller than the radiative lifetimes T(R) 

of the state-changed population. In order to ensure that 

multiple collisions per Rydberg are unlikely and thus that 

the rate equations in Section 3.2 remain valid, the target 

gas number density p is kept low (-10 cm ). So, for the 
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parent state, the radiative decay rate 1/T(nf) may be as 

large as the collisional decay rate p k^(nf). Thus, 

knowledge of kd(nf) and hence kA(nf), kn(nf) or k^(nf) 

can only be as accurate as our knowledge of T(nf). 

As will be discussed in Section 3.3c, the radiative 

lifetime T(R) of a state-changed population will typically 

be much larger than x(nf). In many cases it is thus possi¬ 

ble to neglect losses by radiative decay. For instance, 

when the target is one which collisionally ionizes Rydberg 

atoms, the parent nf as well as the state-changed popula¬ 

tions will be collisionally depleted at a rate which may be 

much larger than the radiative decay rate l/x(R). In other 

situations radiative loss may be the only means by which a 

state-changed population is depleted. For these cases, 

especially for the lower n, 1/x (R) may be large enough to 

cause significant error if neglected. 

A. x(nf) Measurement 

If at time t = 0 a number N(0) of atoms is prepared in 

a certain state n, then there will be an exponential 

decrease in the population N(t) given by 

N ( t) = NfOJe'ffi^hm^ (3-10) 

where the A^ are the usual Einstein coefficients®® and 

the sum is over all dipole-allowed final states m. 

Thus, l/&Anm is the radiative lifetime of state n. Note 
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that this is necessarily the result one must obtain from 

equation 3-6 when the target density p is set to zero. 

When equation 3-10, or equation 3-6 with p = 0, is fit 

to the measured time-dependence of N(t), the lifetime x(nf) 

thus determined is actually the "effective" radiative life¬ 

time. In addition to undergoing spontaneous radiative 

decay, the Xe(nf) Rydberg atom population may also be 

perturbed by interaction with the background thermal radia¬ 

tion.-^ This so-called blackbody radiation is due to the 

300 K apparatus which surrounds the Rydberg atoms. Effects 

due to these interactions are not spontaneous; rather, they 

are induced by the presence of this radiation and as such 

are not accounted for in the calculation of the Einstein 

transition rates Anm. 

The presence of this blackbody radiation has been 

observed to depopulate Xe(nf) Rydberg atoms via two paths. 

By absorption of thermal quanta the Xe(nf) atoms may be 

further excited to adjacent, higher values of n or they may 

ionized. The possibility also exists that Rydberg atoms may 

undergo stimulated emission and decay to neighboring lower 

values of n. Although depopulation by stimulated emission 

is generally not important, depopulation by excitation to a 

higher n has been shown to be an important mechanism. The 

measured values of t(nf) in this work thus result from both 
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spontaneous and blackbody-induced radiative depopulation: 

l/1(nf) = lAspon- + 1/
T
BB* <3-n> 

By equation 3-10, if the values of N(t) measured for several 

different times t after laser fire are plotted versus time 

on a semilog plot, the resulting straight line will have a 

slope of -l/x(nf). Typical data of this type are shown in 

Figure 3-la. The solid line drawn through the data points 

is the result of a least-squares fit yielding r(24f) = 

7.48 ysec. 

The above measurements could in principle be performed 

for each nf state in question but would be very time 

consuming. Instead, t(nf) was measured for values of n = 

24, 32, 40 and 50 and the results for x(nf) plotted versus n 

on a log-log plot (Figure 3-lb). The solid line is the 

3.1 
result of a least-squares fit yielding x(nf) an*. 

Also shown in Figure 3-lb are the radiative life¬ 

times TH(nf) for hydrogen nf Rydberg atoms using values 

for calculated by Hiskes and Tarter.^ Note that m nm J 

o n 
the TH(nf) are proportional to nJ* . The comparison also 

reveals that although the n dependence of x(nf) is nearly 

hydrogenic, the magnitudes of the individual x(nf) are 

roughly a factor of two less than Tjj(nf). This is in 

qualitative agreement with equation 3-11 since it is 

expected that the effective radiative lifetimes for Xe(nf) 



Figure 3-1 a) Typical N(t) vs. time data for Xe(24f) with 

best fit to equation 3-1.0 indicated by solid line, 

b) Points are measured 'f(nf) Vs. n. Line labelled TH(nf) 

indicates predicted hydrogenic lifetimes. 

(b) 
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should be less than those calculated assuming only sponta¬ 

neous decay. This difference is too large, however, to be 

accounted for solely on the basis of balckbody-induced 

transitions and must be assumed to be an intrinsic char¬ 

acteristic of xenon Rydberg atoms. 

B. T(R) Measurement 

The effective radiative lifetimes T(R) of the state- 

changed populations are not as easily measured as are the 

parent lifetimes, x(nf). The primary difficulty lies in the 

fact that a state-changed population cannot be produced by 

any means except through collisions between Xe(nf) atoms and 

a suitable target gas. Furthermore, as long as any parent 

state Xe(nf) Rydberg atoms are present, the state-changed 

population in question will be "fed" by these collisional 

processes. In order to resolve the radiative depopulation 

from the growth in the population caused by Xe(nf) - target 

collisions, measurements of the state-changed population 

R(t) must be made at times long after laser fire. Then, the 

parent state population N(t) will have been reduced to the 

point that, by equation 3-7 

dR(t) _ 
df~ 

-b(R)R(t) (3-12) 

If the target species is one which produces only ^-changing 

in collisions with Rydberg atoms, then, as discussed in 

Section 3.2, kd(R) is zero and b(R) = l/x(R). Under these 
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conditions, a fit of equation 3-12 to the measured values of 

R(t) will yield T(R). 

In practice, however, this situation is never fully 

achieved. Since the translational velocity of the Rydberg 

will eventually carry it out of the electron multiplier's 

"field of view," measurement of R(t) may only be made for 

t < 60 usee. Thus, even at the latest possible delay times, 

some small contribution from N(t) may be present. In order 

to determine R(t), the contribution from N(t) must somehow 

be subtracted. Recall from Section 2.4 that part (Im^l < 3) 

of the ^-changed population will field ionize at essentially 

the same field strength as the nf population. Therefore, 

high resolution SFI and the graphical extraction technique 

discussed earlier are used to determine the magnitude of 

R(t). 

In Figure 3-2 are shown the results of three such 

measurements for x(R) for n = 23, 31, and 37. When the 

measured values of x(R) are plotted versus n on log-log 

scales, a least-squares fit shows T(R) to be proportional to 

n4.5 ± 0.5^ Although not conclusive, this is just the 

behavior expected from a population containing a statistical 

mix of i values. Theory predicts that for hydrogen this 

effective radiative lifetime T
H(
R) is given by4i 

î. 1 n_1 1 T
*(R) = (-4 I (2% + 1) A J" (3-13) 

ri &= 0 n 



Principal quantum-number, n 

Figure 3-2 The data points are the measured values of 

the X-changed population lifetime 3r(R). The line 
J[ 

labelled TH(R) indicates the hydrogenic lifetimes for 

such a population. 

50 



51 

where A^ is the total spontaneous transition probability 

defined by 

An* = n'Z< n A(nH ± 1? n*>‘ (3-14) 

£ 
Values for T

H(
r) have been calculated from tabulated 

values^® of AnJl and are also plotted in Figure 3-2. 

£ 
The hydrogenic values Tg(R) lie roughly 30% above 

the measured values of T (R) and a least-squares fit 

reveals TH(R) to scale as n**°. Considering the few number 

of data points and the associated uncertainties in the 

measurements, the agreement is quite good. It should be 

noted, however, that because of the relatively large energy 

separation between the Xe(nf) states and the nearest s, p 

and d states, it is possible that only the higher l states 

are predominantly populated in Xe(nf) ^-changing colli¬ 

sions. Recall from Section 2.1 that because of their large 

quantum defects the nearest lower-£ neighbors to the (nf) 

states are the (n+4,s), (n+3,p) and (n+2,d) states. Of 

these, only the (n+4,s) state is near enough in energy to be 

populated in an A-changing collision. Unfortunately, life¬ 

time measurements alone do not precisely determine the final 

state distribution of i-changed collisional products. Based 

upon energy considerations, however, it seems unlikely that 

any lower £■ values, other than perhaps the nearly degenerate 

(n+4,s) state, will be among these products. 
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Section 3»4 Determination of Reaction Rates and Cross 
Sections 

Using the model discussed in Section 3.2 and the values 

for the lifetimes x(nf) and T (R) obtained in Section 3.3, 

reaction rate constants for the various state-changing 

processes have been determined. As would be expected from 

earlier studies, only collisions with HF resulted in 

observable n-changing or collisional ionization signal, 

whereas all targets were seen to produce a-changing. 

Of the targets considered, only CO, CO2 and HF have 

internal degrees of freedom which might be accessible at 

these thermal energies. Since CO2 has no permanent electric 

dipole moment, the important internal modes are vibration. 

But since most of the CO2 molecules are in the lowest 

vibrational state, Rydberg transitions due to vibrational 

de-excitation of the CO2 will be few and should not lead to 

an observable signal. CO does have a small permanent 

electric dipole moment (0.01 debye), but it is apparently 

too small to be effective in n changing processes. HF, 

however, has a large permanent electric dipole moment and is 

expected, based upon earlier observations, to lead to n- 

changing and collisional ionization as well as ^-changing. 

New details of this n-changing process revealed using HF as 

a target are presented in Section 3.4a. 

The ^.-changing process has been investigated for a wide 

range of initial principal quantum number n and targets. 

Since theory suggests that under certain conditions 
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this Jt-changing process is related to an analogous 

scattering process involving free electrons, targets were 

chosen to encompass a wide range of free-electron scattering 

strengths. The results of this study are presented and 

discussed in Section 3.4b. 

A. n-Changing Collisions: Xe(nf)-HF(J) 

A detailed understanding of the kinematics involved in 

thermal Xe(nf) - polar molecule collisions is difficult. It 

is possible, however, to interpret such collisional data 

through energy conservation arguements alone. For the case 

of a simple dipole molecule such as HF the rotational energy 

E is given by^^ 

E(J) = BJ(J+l) (3-15) 

where B is the molecule's rotational constant (BHF = 20.9 

cm--*’) and J is a rotational quantum number. If the molecule 

is de-excited in a collision with a Xe(nf) Rydberg atoms 

such that J is decreased by one, the liberated rotational 

energy is 

6E = 2BJ. (3-16) 

If this available energy is transferred to the Rydberg atom, 

the resulting collisionally produced Xe(n't) atom will have 

energy 
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W(n't) = W(nf) + 2BJ (3-17) 

where W is the binding energy of the Rydberg atom. If 2BJ 

is less than |W(nf)| the product Rydberg atoms will have n' 

> n; if 2BJ is greater than |W(nf)|f the Rydberg atom will 

be ionized. 

In contrast, if the molecule is excited in its encoun¬ 

ter with the Rydberg atom such that J is increased by one, 

the Rydberg must furnish the 2BJ worth of energy. This is 

done at the expense of its electronic energy leaving the 

atom with a lower value of n. 

There is a third possibility in Xe(nf) - HF colli¬ 

sions. The molecule may be scattered elastically so that no 

change in the internal coordinate occurs (J -*■ J). Because 

the Rydberg atom can still be further excited by the trans¬ 

fer of kinetic energy of relative motion to electronic 

energy of excitation, this is referred to as a quasielastic 

collision. These collisions in which J does not change may 

only give rise to ^-changing, however, since this is the 

only excitation process that can occur in the Rydberg atom- 

for such a small amount of energy transfer. 

In Figure 3-3 are shown SFI data for Xe(27f) - HF(J) 

collisions in which either J -*• J or J -»■ J-l. The peaks 

labelled PQ and P^ show evidence of ^-changing collisions of 

the type 

Xe( 27f ) + HF( J) Xe(27*) + HF( J) . (3-18) 
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ELECTRIC FIELD (V/cm) 

Figure 3-3 SFI data for Xe(27f) - HF(J) collisions. The 
horizontal bars shown below the data indicate the ranges 
of electric field over which diabatic and adiabatic ion¬ 
ization is expected for the various values of n. 
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The peak PQ results primarily from ionization of remaining 

27f atoms together with products of reaction 3-18 that 

ionize adiabatically. In order to resolve the contributions 

from each of these sources, high-resolution SFI together 

with the graphical extraction technique described in Section 

2.4 is used. The P^ peak arises from products of 3-18 

reaction that field ionize diabatically. Since the profile 

of P-^ is very similar to that predicted for diabatic ion¬ 

ization of a mixture containing equal numbers of atoms in 

each Im^l > 3 Stark state, this suggests that the ^-changed 

population consists of a wide, perhaps complete, range of a 

and Im^l values.^ 

SFI data for the case when J J-l and the Rydberg atom 

is further excited are also shown in Figure 3-3. The inset 

shows that transfer of rotational energy from HF to Xe(27f) 

may lead to three groups of more highly excited atoms. 

Depending upon which rotational transition J J' is 

involved, this transfer will produce three groups of atoms 

with n' near 32, 40 and 66, as well as producing Xe+ ions. 

The widths of the arrows are proportional to the 300 K, 

room-temperature populations in the initial levels of J 

considered; their lengths indicate the magnitude of 2BJ in 

cm“^. The horizontal bars shown below the SFI data indicate 

the ranges of electric field over which diabatic and adia¬ 

batic ionization is expected for the various values of n. 

For a given n, the length of the bar is calculated assuming 
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all possible a values are present in the population. The 

features labelled P2(2 + 1) are thus identified as products 

of the reaction 

Xe(27f) + HF(J=2) Xe(n' * 40) + HF(J=1) (3-19) 

while the peaks labelled P2(3 + 2) are associated with the 

analogous reaction for which J=3 -*■ J=2 and n' - 66. No 

identifiable signals are observed for product atoms with 

n’ 32. Since the energy defect AE for J=1 -*• J=0 is large 

for all final n', it is believed that collisional products 

with n’ - 32 are few and their presence is obscured by other 

features. 

It is in the P2 features that the advantage of using HF 

as a target becomes apparent. Because of the relatively 

large value of the rotational constant BHF, the product 

atoms which arise from collisions in which J -»■ J-l are well 

separated in n value. This means that for the proper choice 

of initial nf state both the adiabatically-ionizing and the 

diabatically-ionizing components of the SFI spectrum are 

resolved. This was not the case in earlier studies^ of 

Xe(nf) -dipole collisions. In Xe(nf) -NH3 collisions for 

instance, the smaller value of B (BNH^ 
= 9.47 cm”^) means 

that the product n values will be more closely spaced. 

Thus, in an SFI spectrum only the diabatic features 

corresponding to various n' are resolved. 



58 

An immediate consequence of the improved resolution is 

the ability to verify that in an n-changing collision a 

broad range of i and Im^l is produced. In Figure 3-4 is 

shown on an expanded scale a typical P2 feature produced in 

the J=2 -► J=1 collisional de-excitation of HF. It is of 

interest to determine whether the relative sizes of the 

adiabatic and diabatic features correspond to what would be 

expected if n-changing collisions lead to equal numbers of 

atoms in each n’ Stark state. For n' =40 there are 40^ = 

1600 possible states, neglecting spin. Of these, 268 states 

have Im^l < 3 and 1331 states have Im^l > 3. Therefore, 

assuming states with Im^l < 3 field ionize adiabatically and 

states with Im^l > 3 field ionize diabatically, one would 

expect the ratio of the adiabatic signal to diabatic signal 

to be approximately 0.20. Measurements indicate this ratio 

is experimentally equal to approximately 0.21 ± .02. This 

suggests that the distribution of £ and II values in 

populations produced in n-changing collisions is broad and 

perhaps even statistical. 

SFI data for the case where J -*• J+l and the Rydberg 

atom gives up electronic energy to rotationally excite the 

molecule are presented in Figure 3-5. Again, the various 

features may be identified by the horizontal bars which 

indicate the ranges of electric field strength over which 

selected n are expected to field ionize. The feature 
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Figure 3-4 Expanded and background-corrected SFI data for 
the n' = 40 population resulting from Xe(27f) - HF collisions. 
The measured ratio of the adiabatic to diabatic signal is 
0.21 + .02. Assumming all A are populated and (ml ^3 states 
ionize adiabatically while |m|> 3 states ionize diabatically, 
the expected ratio is 0.20. (The inset shows the time develope 
ment of the n' = 40 population.) 



Figure 3-5 SFI data for Xe(23f) - HF collisions. The 

feature labelled results from products of reaction 3-20 

and represents the first evidence of processes in which 

Rydberg atom electronic energy is transferred to rotationally 

excite the target molecule. 



61 

labelled P3 results from products of the reaction 

Xe( 23f ) + HF ( J=0 ) Xe(n'=2U) + HF(J=1) (3-20) 

that field ionize adiabatically. This represents the first 

evidence of processes in which Rydberg atom electronic 

energy is transferred to rotationally excite the target 

molecule. 

There are several interesting aspects of this 

process. First, no similar features are present in the SFI 

data for parent states Xe(26f) and Xe(27f). Moreover, no 

similar features could be detected for any initial n above 

23. This fact may indicate that there exists some threshold 

for the Rydberg electron kinetic energy below which the 

process may not occur. In addition, no evidence of this 

process was observed in Xe(nf) - NH3 collisions. 

In order to determine the reaction rate constants 

kn, k^, and k^ for n-changing, ^-changing and collisional 

ionization respectively, the model equations which predict 

the time-dependence of the various populations must be fit 

to their measured values. To achieve this, SFI data similar 

to that in Figure 3-3 are taken at several times after laser 

fire and the signal arising from each population is mea¬ 

sured. In Figure 3-6, for example, the signal corresponding 

to n* populations observed in Xe(27F) - HF collisions is 

plotted as a function of time, and the best fit obtained 
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Time after laser fire (j\sec) 

Figure 3-6 The time-evolution of n-changed populations. 

The data points are the measured values of the indicated 

n-changed populations; the lines are the test fits to 

equation 3-8. 
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with model equation 3-8 is drawn. 

This procedure was also used to analyze Xe(26f) - HF(J) 

collisions with the results listed in Table 3-1. Also 

listed in the table are the measured values of the total 

collisional depopulation rate constant k^. Note that k^ is 

equal to the sum of the individual rate constants indicating 

that all important collisional processes have been 

identified. 

Not given in the table is the rate constant for the 

process in which Rydberg electronic energy is transferred to 

rotationally excite the HF molecule. For this process only 

an approximate value can be quoted since only part of the 

appropriate population is measurable. As indicated by the 

electric field strength in Figure 3-5, only those members of 

the n = 21 product states which field ionize adiabatically 

are apparent — the increased field strength necessary to 

ionize the rest of the population diabatically is at present 

beyond the ability of the apparatus. 

One may still make an attempt to predict the rate con¬ 

stant, however, by assuming the Im^l < 3 Stark states of n = 

21 field ionize adiabatically and the Im^l > 3 states ionize 

diabatically. Since for n = 21 there are 135 states 

with Im^l < 3 and 306 with Im^l > 3, this would mean that 

approximately 31% of the total n = 21 signal is present. 

Based on this, the inferred total signal can be fit by the 

appropriate model equation to give the rate constant. The 
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value obtained by this method is 0.9 + .2 x 10“^ cm^sec-^. 

JB. Jl-Changing Collisions: Xe(nf)-Xe, Kr, Ar, C02r CO and N2 

Unlike Xe(nf) - HF collisions, there are no energe¬ 

tically accessible internal degrees of freedom in Xe(nf) - 

rare gas collisions at these thermal velocities. Conse¬ 

quently, the only available energy for excitation is the 

kinetic energy of relative motion. Although the Rydberg - 

target relative kintetic energy is large enough to ionize 

Rydberg atoms with n > 20, all of this is not transferrable 

to the Rydberg electron. Because of the large mass differ¬ 

ence between the Rydberg electron and the target, only a 

small amount (~2 cm-^) of this energy can be transferred to 

electronic energy. This means that for the range of n 

presently considered, only Xe(nf) -*■ Xe(n£') processes are 

expected to occur when rare-gas targets are used. 

A similar situation is present for Xe(nf) collisions 

with weakly polar targets such as CO2, CO and N2. The 

presence of the permanent but small dipole moment in CO 

appears to be of no consequence in collisions. Nor do the 

small quadrapole moments in CO2 and N2 appear to give rise 

to anything other than &-mixing. 

In Figure 3-7 are shown typical SFI data obtained after 

allowing Xe(24f) atoms to interact with various target gases 

for a period of 8 Msec. Horizontal bars indicate the ranges 

of field strength over which diabatic and adiabatic ioniza- 
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tion of atoms in different n = 24 Stark states occurs. The 

feature PQ thus results from ionization of the remaining 

parent nf atoms together with the products of ^-changing 

collisions that ionize adiabatically. Furthermore, the 

width and profile of shows that collisions populate 

states having a broad range of Z and Im^l values. No SFI 

features resulting from ionization of the products of n- 

changing collisions are present. The small features to the 

left of PQ result from states populated by blackbody-induced 

photoexcitation.^ In a subsidiary experiment using the 

same Rydberg species, no significant collisional ionization 

was detected. Since the only important collisional depopu¬ 

lation mechanism detected is ^-changing, k^fnf) = k^(nf). 

The reaction rate constants may then be determined by 

fitting equation 3-9 to the experimentally measured time- 

dependence of the ^-changed population. 

It has long been theoretically proposed that many 

Rydberg-target collisional processes can be characterized as 

a quasi-free electron scattering process.^3-50 it is 

usually predicted, using the so-called "free electron" 

model, that the rate constants for processes involving 

Rydberg atoms are related to those for the scattering of 

free electrons having the same velocity distribution as the 

Rydberg electron. In fact, studies of electron transfer 

between Xe(nf) and a variety of attaching targets have lent 

support to the "free electron" model and furnished 
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information on electron attachment at energies below those 

21 22 SI normally accessible in free-electron studies. '' 

Of the presently considered targets, theoretical 

predictions based on the "free electron" model are found to 

be in satisfactory agreement with the experimental data only 

for targets Xe, Kr and C02* However, inclusion of the 

effects due to the interaction of the Rydberg core with the 

target substantially improves the agreement in all cases. 

In most of the recent theoretical approaches, the core¬ 

target interaction is ignored and ^-changing is regarded as 

arising from the elastic scattering of the Rydberg electron 

by the target. When the impulse approximation is then used 

to treat the Rydberg electron-target interaction, it has 

been shown that the resulting rate constants for ^-changing 

are approximately equal to but no larger than52'5^ the rate 

constants 

Jva(v)f(v)dv (3-21) 

for elastic scattering of free electrons having the same 

velocity distribution f(v) as the Rydberg electron. o(v) is 

the free electron elastic scattering cross section. If it 

is then assumed that the free electron scattering cross 

section varies only slowly with electron velocity, over the 

range of velocities appropriate to a Rydberg electron, 

expression 3-21 may be approximated by the product o(v)v. 
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Thus, an upper bound °|max to the «.-changing cross section 

resulting from the Rydberg electron-target interaction is 

provided by the expression3^ 

e 
«max 

°<v>e ve 

vrel 

(3-22) 

The average velocity of the Rydberg electron is taken to 

be l/(n-0.055) atomic units, where 0.055 is the f series 

quantum defect, i.e., vg is the velocity corresponding to 

the time-averaged kinetic energy of the Rydberg elec¬ 

tron. ^rel is t^ie Rydberg-target relative velocity 

discussed in Section 2.2. 

In order to calculate °finax from equation 3-22 one 

first needs values for the free-electron elastic scattering 

cross section aQ, For the rare gas targets aQ was obtained 

from an effective range expansion appropriate when the 

electron-target interaction is governed by a potential 

varying like an inverse fourth power of r. For this 

important case, O’Malley^ has shown that in the low-energy 

limit (k 0) 

(k) = 4TT[AZ + a Ak + B/3a « A2k^£n(kaQ) 
2v2( 

+ :ü_ + .. .] 
9a“ 

(3-23) 

where k = n»eve/R, a is the target polarizability and A is 
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its scattering length. Equation 3-23 was evaluated using 
CC (C tz 

recently determined values for A and “• ' 

For the molecular targets, values of °fmax were 

calculated from free-electron momentum transfer cross 

sections. These have been derived for CO2 and CO by Hake,^ 

and for N2 by Engelhardt,from the analysis of swarm 

data. It is expected that at these low energies (< 30 meV) 

the momentum transfer cross section should be an excellent 

approximation to aQ. 

It is evident from the calculated values of °£max 

shown in Table 3-2 that the Rydberg data are in accord with 

the upper limits °fmax derived on the basis of the Rydberg 

electron-target interaction only for those targets that 

interact relatively strongly with free electrons, i.e., Xe, 

Kr, and CC^. In the case of Ar, CO and N2 the 

measured o^fnf) (- 3c^(nf)^) appear to be too large to be 

accounted for solely on the basis of the Rydberg electron- 

target interaction. This suggests, in these cases, either 

that the impulse approximation used in the derivation 

of °fraax has broken down or that the Rydberg core-target 

interaction may be important. In fact, direct evidence of 

this core interaction has been seen by Kocher and Smith^ 

who observed deflections in a beam of Li Rydberg atoms as it 

was passed through a neutral target gas. 

Recently Flannery^ has discussed transitions in 

Rydberg atoms induced by the interaction between the 
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Rydberg core and the target particle. He shows that an 

upper bound °£max to the cross section for state-chang¬ 

ing (t-changing in this case) resulting from the core-target 

interaction is provided by the cross section for core-target 

elastic scattering: 

“«max = 1-07 x 103 (TT-)2/3a0 <3-24> 

where a is the target polarizability and k is the relative 

momentum of the core-target system with reduced mass y. The 

calculated values of °fmax are listed in Table 3-1. Thus, 

^-changing may result from both the Rydberg electron-target 

and core-target interactions and the sum °x,max + °£max 

should therefore in all cases provide an upper limit to 

the ^-changing cross section. 

It is evident from Table 3-2 that inclusion of core¬ 

target effects does indeed lead to theoretical results that 

are consistent with all the experimental results. For 

targets such as CO2 which interact relatively strongly with 

free electrons, the Rydberg electron-target interaction is 

primarily responsible for collisional A-changing. It is 

therefore reasonable to neglect the core-target interaction 

in this case. Indeed, the present values of o^(nf) for CC>2 

are in good agreement with those recently calculated by 

HickmanDU using a scaling theory based only upon the Rydberg 

electron-target interaction. The present results suggest, 
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however, that for targets that interact only weakly with 

free electrons the core-target interaction may provide a 

significant, and in some cases dominant, contribution to 

the ^-changing cross section. 
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