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Abstract 

^-CHANGING IN Na(nS,nP)-XENON COLLISIONS 

by 

John Page Mclntire 

A crossed atomic beam/pulsed laser technique and 

electric field ionization have been used to study 

Na(nS,nP)-Xe collisions for 28 g n g 52. The predominate 

mode for destruction of the parent nS,nP atoms is ^-changing. 

The time evolution of the A-mixed population is monitored at 

several times after laser fire and fit to a rate equation to 

determine the rate constants for jJ-changing. The data can 

be qualitatively explained by appealing to the free electron 

model and applying simple energy transfer arguments to the 

Rydberg electron-target interaction. Present results are 

compared to other experimental data. 
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Chapter I 

Introduction 

This work involves the study of ji-mixed reactions of 

the type 

Na*(ns,np) + Xe -• Na* (nX) + Xe i = 2 

in collisions between a thermal beam of sodium Rydberg atoms 

and xenon. The atoms are excited by a pulsed dye laser sys¬ 

tem and detected by electric field ionization. Before 

discussing the present study, an introduction to Rydberg 

atoms, previous experiments, theory and electric field 

ionization will be presented. 

1.1 General Properties of Rydberg Atoms 

Rydberg atoms have many properties that make the study 

of them both interesting and useful. They differ from atoms 

in ground or low lying excited states in many ways. First, 

Rydberg atoms are very large. The radial distance of the 

2 
electron from the nucleus varies as n . So, for n = 30 

. . 4 
the geometric cross section is 10 times larger than for 

n = 3. Because of nuclear screening by the core electrons, 

the outer electron is in a potential that is approximately 

Coulombic. The potential is the same as one for a single 

positive charge located at the nucleus. Therefore, many 
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processes involving Rydberg atoms can be modeled using 

hydrogenic theory. 

One result of the relatively large geometrical cross 

sections is that the atoms are fragile and easily perturbed 

in collisions. Ahis leads to a wide range of collision 

processes, many of which have large cross sections and are 

unique to Rydberg atoms. 

Another interesting property of Rydberg atoms is that 

they have small binding energies and are easily perturbed 

by external fields. This is because the weak electro¬ 

static attraction between the core and the outer electron 

can be dominated by external electric or magnetic fields. 

Application of a sufficiently strong electric field will 

result in ionization of the atom. 

For most cases the Rydberg electron-target and ion 

core-target interaction distances are small enough that a 

target will not interact with both simultaneously. Thus, 

the interaction of a perturber with a Rydberg atom can be 

viewed in terms of two separate interactions. In many 

cases the initial studies have shown that the Rydberg-target 

interaction is dominated by the electron-target interaction 

and the electron may be considered as essentially free in 

interactions with the target (Fermi, 1934; Matsuzawa, 1979; 

de Prunele and Pascale, 19y9; Flannery, 1980). The 

electron-target interaction can lead to changes in the quan¬ 

tum state of the Rydberg atom. Also, the average velocity 
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of the outer electron is inversely proportional to n. The 

low velocity of the electron and the fact that it can be 

considered essentially free make the use of Rydberg atoms 

a good choice for studying low energy electron collisions. 

Finally, high Rydberg atoms have relatively long 

-5 -4 
lifetimes (~ 10 - 10 sec.) thus making it possible to 

study collision effects. A few of the properties of 

Rydberg atoms are listed in Table 1. 

In a pure Coulombic potential, states of the same n 

and different 2 are completely degenerate. However, with 

alkali atoms the presence of non-Coulombic terms in the 

Hamiltonian due to core penetration and ion polarization 

give rise to energy shifts that raise the degeneracy. Low 

2 states experience a larger core penetration and this 

leads to larger energy shifts than for high 2 states. 

These energy shifts are described by the quantum defect, 

Ô , and the energy levels are given by 
i 

E 13 . 

(n-s/ 

rather than 

E 
13.6 

2 
n 

ev 

as for hydrogenic atoms. This energy shift is important 

when studying 2-mixing collisions, as in this work. The 

energy separation between a particular angular momentum 

state and the nearest manifold of high 2 states is 
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important in determining whether an interaction with a tar¬ 

get will result in 4-mixing. Although, as will be shown 

later, this is not the only important parameter in determin¬ 

ing the probability of 4-mixing. Table 2 lists the quantum 

defects for some atoms of interest in Rydberg atom studies 

for several values of 4. Note that sodium ns and np states 

are actually closer in energy to the manifold of high 4 

states with n-1. 

Atoms can be excited to Rydberg states by different 

methods. Electron impact excitation (Schiavone et al., 

1977, Tarr et al., 1980) and electron capture (Bayfield 

et al., 1974? Koch and Bayfield, 1975) do not provide the 

resolution necessary to permit excitation of a single 

state and thus many details of the collision processes are 

obscured. A single parent state is necessary for detailed 

collisional studies as it allows easy identification of 

collision products. A mixture of states would lead to 

uncertainty about the product state distribution. The 

only method of excitation that allows the needed resolution 

is photo-excitation using tunable dye lasers. Of course, 

this restricts the accessible states in zero electric 

field to those with low 4 (S,P, and D) because of the 

dipole selection rules. 

After the collision, it is necessary to detect and 

determine the state distribution of the collision products. 

One method is to look at fluorescence due to decay to low- 

n states. The problem with this method is that it has a 



Atom l 
** Atom i J 6. 

J 

. Li 0 0.399(6) Rb 0 1/2 3.135(1 ) 

1 0.053(9) 1 1/2 2.658(1) 

2 0.002 1 3/2 2.645(1 ) 

2 3/2 1.343(2) 

Na 0 1.3470(14) 2 5/2 1.341(2) 

1 0.8541(13) 

2 0.0144(4) Cs 0 1/2 4.057(2) 

1 1/2 3.595(3) 

K 0 2.178(6) 1 3/2 3.562(3) 

1 1.712(2) 2 3/2 2.476(0) 

2 0.267(1) 2 5/2 2.467(0) 

3 0.010(1 ) 3 5/2 0.033(1) 

3 7/2 0.033(1) 

Atom Dipole Core Polarizability 

(Atomic Units) 

Li 

Ha 

K 

Rb 

Cs 

0.191 

1.0015 (15) 

5.490 

9.023 

14.752 

Table 2. Quantum defects, and dipole core polarizability of 
some alkali atoms. 
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rather low detection efficiency since the detector can 

only subtend a small solid angle at the atom. Also, for 

values of n above ~20, the lifetime of the states is long 

enough to make this method impractical. Field ionization 

is a more efficient technique. This technique detects all 

the Rydberg atoms and can be used to determine state dis¬ 

tributions. Field ionization of atoms is a process that 

has been studied in detail and is well understood (Stebbings 

et al. . 1975; Ducas et al., 1975; Gallagher e_t al.., 1976, 

1977, 1981; Jeys et al., 1980; McMillian et. al_., 1982) 

and is the technique used to obtain the present data. The 

method is accurate, efficient, and provides a detailed 

picture of the state distribution at the time of ioniza¬ 

tion. 
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1.2 Previous Experimental Work 

Most of the work involving 4-mixing in collisions of 

Rydberg atoms with atomic targets has concerned alkali 

Rydberg atoms in collisions with a rare gas or a ground 

state alkali atom of the same species. Rare gas targets 

are of particular interest since collisions with them can 

be treated theoretically. 

The first experimental investigation of 4-changing 

was by Gallagher ejt al. (1975) who studied the reaction 

Na* (nd) + X - Na*(nje’) + X 

where 4' ^ 2. Sodium was excited in a heated pyrex cell 

by two pulsed dye lasers. The atoms were detected by 

observing the nd-3s fluorescence. Introduction of a rare 

gas into the cell caused the effective lifetime to increase. 

This was interpreted as due to 4-mixing to higher 4 states 

that have longer lifetimes. At high pressures the life¬ 

time was pressure independent and characteristic of a 

statistically populated mix of hydrogenic states. This 

is not unexpected since at high pressures the d states mix 

rapidly, compared to their natural lifetime, to higher 4 

states. Some of these higher 4 states mix back to the d 

state. An equilibrium situation is reached when the rate 

of depopulation equals the rate of repopulation. Then the 

fluorescence from the d state may be used to monitor the 

lifetime of the mixture of high-4 states. A two component 
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decay of the fluorescence is observed- The initial, fast 

component corresponds to the effective lifetime of the 

parent state. The slower component corresponds to the 

effective lifetime of the longer-lived high-^ states. The 

problem with this method is that it is restricted to low 

n and does not allow for direct monitoring of the parent 

and daughter state population distribution. Kachru et. al. 

(1983) and Chapelet ert al^. (1983) have made further obser¬ 

vations of Na (nd) states. Cross sections for ^-mixing in 

Na(nD)-RG collisions have been measured for n = 6-40 

(Gallagher ejt aJL., 1977; Kachru ejt ad., 1983; Chapelet e_t 

al., 1982). Gallagher et al. (1978) also studied %- 

changing collisions with Na(nf) states for n = 13-15. 

Depopulation cross sections were obtained for Na(ns) 

states by Boulmer et, al. (1981) using field ionization and 

a beam-pulsed cell technique with argon as the target gas. 

Their data suggested that a large amount of n-mixing 

(An ~ 15) was occurring. However, in the present work, 

which uses xenon, a stronger perturber, no evidence of n- 

mixing was observed. Reasons for the discrepancy are not 

apparent. 

Almost no work exists for sodium P states (Masnow- 

Seeuwa £t aJU, 1982) probably due to the fact that their 

excitation requires radiation of ~2415Â. This can be pro¬ 

vided by the frequency doubling of a laser, although 

conversion efficiency for this process is small (<~l-2%) . 
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This low efficiency leads to low excitation efficiencies. 

Since it is difficult to produce large populations of 

Rydberg atoms, fluorescence detection methods are not 

practical. However, field ionization is still a practical 

technique to employ. 

Collisional studies involving Rydberg states of 

rubidium, cesium, and xenon atoms have also been reported. 

A complete review of work involving Rb(nf), Cs(nf), and 

Xe(nf) atoms, and the measured cross sections, can be found 

in Dunning and Stebbings (1983). 
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1.3 Theory of 4-mixing Collisions 

There are several ways that 4-mixing collisions have 

been treated theoretically. Most collision processes in¬ 

volving atoms in low lying states are modeled using a 

molecular potential method. However, for highly excited 

atoms, a three body approach is frequently more appropri¬ 

ate. The process being considered is 

A*(n^) + B ~ A* (n4 1 ) + B 

where B is usually a rare gas atom in a ground state. The 

collision interactions A+-B and e~-B are considered 

separately because their interaction lengths are much 

smaller than the mean orbital radius of e~ about A+. 

The Coulomb interaction between e- and A+ can be con¬ 

sidered in this three body approach. One assumption fre¬ 

quently made is that the relative nuclear motion is slow 

enough to allow both A+ and B to be represented by unper¬ 

turbed wave functions. This is called the frozen core 

approximation. The problem then reduces to finding the 

eigenvalues of the Hamiltonian of the electron for differ¬ 

ent internuclear separations. 

Fermi (1934) developed a pseudopotential for the 

electron-target interaction, given by 

V (r, R) = 2TT3 6 (r-S) 

where a is the scattering length and the position vectors 

of B and e~ are given by R and r respectively. The 
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interaction between A+ and B is usually ignored when B is 

a neutral. This is valid except at very high or very low 

values of n. Fermi used this model and work on low-energy 

electron scattering on rare gas atoms to explain pressure 

shifts in alkali Rydberg atom spectra. This also provides 

results in agreement with experimental studies of 2-mixing 

in collisions between alkali atoms and rare gases. There¬ 

fore, the predominate interaction seems to be between B 

and e”. Derouard and Lombardi (1978) used Fermi's poten¬ 

tial in a first order perturbation theory approach to 

l—mixing. 

Hickman (1978) used the Fermi pseudopotential in the 

coupled channel model (Arthurs and Dalgarno, 1960) to 

calculate 2-mixing cross sections. The Hamiltonian is 

given by 

H = - + HA(r) + V (r,R) 

where HA (r) is the Hamiltonian of the Rydberg atom and the 

first term is the kinetic energy operator for the relative 

motion of the two atoms. The assumption is made that the 

wave functions are hydrogenic. However, actual energy 

values, E , are used instead of hydrogenic energy levels. 

The total angular momentum of the system is given by 

-» —* 

J = L + l 

where X is the orbital angular momentum of the Rydberg atom 

and L is the angular momentum of the relative motion of A+ 



13 

and B. A collision between e and B will result in a change 

in L and therefore, in order to conserve J, 1 must also 

change. As n increases, the number of possible ~l values 

2 
(channels) will increase like n , for D states, making 

calculations difficult. The first treatment of ^-changing 

of Na (nd) states (Olson, 1977) only considered coupling to 

the adjacent f states in the regime of low n, where the cross 

sections is increasing as the geometric size of the atom. 

This underestimates the size of the cross sections because 

it doesn't allow for all the possible channels. However, 

it did predict that the cross section would roll over at 

high n. For large n, the coupled channel approach is in¬ 

tractable due to the large number of channels involved. 

However the coupling between different i is weak enough at 

high n that the Born approximation is appropriate. 

The Born approximation uses an intermediate potential 

of the form 

V(r,S) = 2TTa fi(r-S)   

(|?-R| +Xo
2)2 

The short-range interaction parameters are a and XQ. The 

long-range parameter is a, the polarizability of the rare 

gas atom. Since the target atom is much heavier than the 

electron, the momentum vector of the rare gas atom is only 

changed by a very small amount by the collision. The scat¬ 

tering of the Rydberg atom is strongly peaked in the 
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forward direction. Thus, when integrating over the values 

of (J, the momentum transfer vector, most of the contribution 

comes from small values. 

One method of finding the Born scattering amplitude 

is by employing the impulse approximation (Newton, 1966). 

B is considered only before and after the interaction with 

the Rydberg atom, essentially considering the Rydberg atom 

to be a point scatterer. The results of electron scattering 

on B as a function of momentum are used to find the ampli¬ 

tude. By averaging over the final momentum distribution 

of the electrons, the amplitude is calculated to a good 

approximation. Matsuzawa (1979a,b; 1978, 1973, 1971) has 

used this method to calculate scattering cross sections 

for many targets. As first noted by de Prunele • (1983), 

the Born approximation potential is closely related to the 

Fermi pseudopotential by the requirement 

a = a - -n*. 
4x a o o 

In summary, the coupled channel model is valid for low n, 

but the Born and impulse methods must be used for high n. 

For the region between high and low n, Hickman (1981) 

developed a scaling formula that interpolates between the 

calculated cross section values at high and low n. The 

formula is expressed in terms of reduced parameters re¬ 

lated to factors of interest; the energy separation, AE, 

between the initial state and the manifold of final states, 
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the geometric size , and the free electron-target reacting 

cross section. It is assumed that no n-mixing occurs. The 

cross sections are given by 

a = Tin4 a 2 g(0)f (y) 
% ° 

where 

Y 
2 

n a 
o 
AE/nV 

and 

- t> 1 r£ejl_ü_fil15 
S ' M a 2 v n3-367 L 4" 

e o 

The function g(|3) is the probability that the target gas 

atom will collide with the electron. f(y) is the proba¬ 

bility that a collision will result in a change of angular 

momentum. is the free electron-rare gas scattering 

cross section at the energy • The functions f and g 
2n 

are shown in Fig. 1. Note that the cross sections increase 

with increasing electron-target interaction and decreasing 

AE. Comparisons between theory and experiment show that 

the scaling formula provides results that are within a 

factor of two of measured values. 

Finally, the model used by de Prunele and Pascale 

(1979) will be considered. They use a semiclassical 

approach to the binary approximation. The interaction 

between A+ and B is ignored and the interaction between 

e” and B is considered to be localized. There is no in¬ 

teraction for impact parameters greater than some value a. 

where 
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Figure 1. (a) The function f(tf), the probability that a collision 
between the Rydberg electron and the target will change the 4.- 
value of the electron, (b) The function gQ3), the probability of 
an encounter between the Rydberg electron and the target. 
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a = {çM.)h 
TT 

and <j (v) is the actual cross section for the scattering of 

e by B. In the collision, B is modeled as a sphere of 

radius 

<o % 
a - ( „• ) 

where (ae> is the total cross section for the free electron 

scattering on B. If the electron penetrates the sphere, 

it counts as a collision- Otherwise, the electron does not 

"see" the target. Straight line trajectories are used for 

B. Comparison between theory and experiment as shown in 

Figv 2„ A complete review of existing theories is in 

Hickman (1983). 
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9 10 11 

n 
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Figure 2. Comparision of experimental and theoretical values 
of 05 for (a) Na(nD) + He and (b) Na(nD) + Na. 



Chapter II 

Rydberg Excitation and Ionization 

II.1 Laser Excitation of Sodium Rydberg Atoms 

2 
The ground state of sodium is 3 BY use °*- a 

two step photoexcitation process, transitions of the type 

3 Sl/2 3 Pl/2,3/2 n D3/2,5/2 °r 3 Sl/2 ~ 3 Pl/2,3/2 
2 

n S^2 are possible because of the dipole selection rule 

2 
bl = ±1. In the present work, the 3 state use<^ as 

the intermediate state. A partial term diagram of sodium 

is illustrated in Fig. 3. Sodium S states are particularly 

convenient for study because their excitation requires wave¬ 

lengths in the visible that are readily produced by tunable 

dye lasers. The 3 Sl/2 “* 3 P3/2 transition requires 5890Â 

2 2 
and the 3 P^^ ** ” si/2 transit;*-on requires ~4100A. 

The excitation of P states is more difficult. This 

requires ultraviolet wavelengths of ~2415Â. They are ob¬ 

tained by frequency doubling a dye laser operating in the 

visible at ~483C)A. However, crystals available for this 

regime (LFM and KB5) are inefficient at converting to UV. 

This leads to low UV powers and Rydberg atom production 

rates. Therefore, the number of Rydberg atoms produced per 

laser shot is less than that for S states. However, by 

maximizing the UV power and increasing the sodium density, 

a production rate sufficient for collisional studies is 

obtainable. A description of the pulsed laser system used 

in the present study is included in Chapter 3. 
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Figure 3. Partial term diagram of sodium illustrating two step 
photoexcitation. 



21 

II.2 Electric Field Ionization of Rydberg Atoms 

Electric field ionization was used to detect the 

Rydberg atoms. The atoms were ionized in an increasing 

electric field and the field dependence of the ion signal 

was determined. This is a process called selective field 

ionization (SFI). since atoms in different quantum states 

ionize at different field strengths , analysis of the 

resulting ionization profile provides a means of deter¬ 

mining the state distribution. However, to interpret the 

data it is necessary to understand how a Rydberg atom 

responds to an increasing electric field. A short review 

of the pertinent features of the process will be presented 

here. A good source for the theory of the Stark effect is 

Bethe and Salpeter (1977). There have been several studies 

of sodium Rydberg atoms both in this lab and elsewhere that 

utilize SFI (Gallagher et al.( 1976, 1977; Vialle, 1978; 

Vialle and Duong, 1979; Jeys et al., 1980; Jeys, 1982; 

McMillian, 1982; Kellert et al., 1981; Foltz et al.. 

1982) . 

Before ionizing in an increasing electric field, 

an atom must pass through several field regions: 1) low, 

2) intermediate, and 3) high. In the "low” field region, 

the Stark energy shift is much less than the fine struc¬ 

ture splitting. The good quantum numbers are n, l, J, Mj. 

In the "intermediate" field region the energy shift is on 

the order of the fine structure splitting. The state is 
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best described by the quantum numbers n, &, m , m . At this 
Z s 

point the spin-orbit coupling is broken. The total pro¬ 

jection of angular momentum in the z direction, nij = m^ + 

ms, is constant in the adiabatic passage from low to inter¬ 

mediate fields. At high fields strong mixing of states with 

different l occurs and parabolic quantum numbers n, n^, 

m^ are appropriate. 

Figure 4 shows the potential energy of an electron in 

a hydrogen atom with and without an applied electric field. 

The electric field results in a saddle point in the poten¬ 

tial experienced by the electron. Classically, ionization 

occurs when the saddle point energy falls below the energy 

of the bound electron, with states of higher energy ionizing 

first. The Stark energy levels shown in Fig. 5 are obtained 

by quantum mechanical theory. They are terminated where 
9 

they achieve ionization rates of 10 /sec. It is apparent 

that the high lying states are all stable in regions beyond 

where ionization is possible classically. Indeed, the high 

lying states ionize at higher field strengths. 

The reason for the differences between the predictions 

of quantum and classical theories are related to the proba¬ 

bility densities associated with the states of interest 

states with n^ < ^ have probability densities that are 

maximized near the saddle point. These states ionize at 

field strengths close to those predicted by classical argu¬ 

ments. These states have a dipole moment parallel to the 

applied electric field and decrease in energy with 
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Figure 4. Potential energy of a hydrogen atom with and without 
an applied electric field. 
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Field (Kvcrrf1) 
Figure 5. Quantum mechanical field ionization thresholds for 
n = 10 and m = 0, 1, and 9 at a rate of 109/sec. The m * 0 and 
1 thresholds alternate in energy. The m = 9 threshold shows the 
maximum extent that different values of m have on the ionization 
threshold. Calculations of the ionization thresholds were done 
using the semiempirical formula of Damburg and Kolosov (1979). 
Note that the lowest members of the Stark manifold ionize at 
field strengths near that of the classical ionization threshold. 
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increasing field strengths. States with n^ > have 

probability densities that are maximized away from the 

saddle point and thus, ionization is inhibited. Their di¬ 

pole moment is aligned anti-parallel to the field and thus, 

their energies increase with increasing field strength. 

Because of their probability distribution, it is not sur¬ 

prising that states that increase in energy ionize at field 

strengths above those predicted by classical theory. 

For hydrogenic atoms with a Hamiltonian that contains 

only a Coulombic term and an electric potential term, the 

states from different manifolds cross without interacting 

as seen in Fig. 6a. However, in the ase of alkali atoms, 

the presence of non-Coulombic terms in the Hamiltonian leads 

to the appearance of avoided crossings when states from dif¬ 

ferent manifolds come together in the "high" field region, 

as illustrated in Fig. 6b. The size of the energy gaps at 

the avoided crossings depends on the size of the mutual 

interaction. States of low |[ have larger energy gaps at 

avoided crossings than states with higher values |m^J since 

the electric field "pushes" the orbit into the core. This is 

important in the analysis of the present data. The energy 

separations at avoided crossings also decrease with increasing 

n. 

If an electric field is applied quickly enough, the 

avoided crossings will be transversed diabatically, the atom 

remaining in the same state. However, if the field is 

applied slowly, the atom is able to respond and stay in an 
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STRFIK MRNIFOLOS 

ELECTFIC FIELD CV/CMJ 

Figure 6. a). Energy levels of n - 15, Im^l - 1 states of hydrogen 
calculated using fourth order perturbation theory, b). Energy levels 
of n » 15, lojjl - 1 states of sodium calculated numerically (reprinted 
from Zimmerman et al. 1979). 
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energy eigenstate of the Hamiltonian at all times, assuming 

characteristics of several different states successively on 

the path to ionization. Such an adiabatic passage of the 

atom through an avoided crossing is illustrated in Fig. 7. 

Thus, whether an atom will transverse a crossing adiabati- 

cally or diabatically is determined by the size of the 

energy gap and the electric field slew rate. In sodium 

atoms with n ~ 30-50, states with Ira I = 0.1 tend to take 1 l ' 

an adiabatic path to ionization and states with |m I ^ 2 
' JV 

tend to ionize along a diabatic path. Figure 8 provides 

examples of adiabatic and diabatic passage together with 

typical ionization profiles obtained for several Na(nD) 

states that illustrate both types of ionization. Note that 

adiabatic and diabatic ionization lead to ionization at 

very different field strengths. 

This is advantageous in the study of i-mixing in S 

and P states. Since S and P states give rise to states with 

only |m^| =0.1, they ionize adiabatically. If they mix to 

states of higher l values, the product states will have 

values of |m^| ^ 2 and ionize diabatically thereby permit¬ 

ting selective detection of the high i, |m^| collision 

products. Measurements of the time dependence of the 

diabatic i, |m^| feature can then be used to yield 

i-mixing collision rates and cross sections. 



Figure 7. Adiabatic or diabatic passage of state A 
through an avoided crossing with state B. 
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TIME, mmt 

Figure 8^ a). Field ionization data for Na(nD) atoms# b). Extreme 
members of the m^ * 0 Stark manifolds» calculated using fourth order 
perturbation theory, are the light lines. Adiabatic paths to 
ionization are represented by dashed lines. Diabatic paths to 
ionization are represented by.the heavy solid lines. Sodium atoms 
with Imj^l * 0 and 1 ionize primarily adiabatically» while atoms with 
ImjJ « 2 ionize primarily diabatically with electric field slew rates 
near 10^ V/cm/sec. 



Chapter III 

Experimental Method and Apparatus 

III.l Experimental Concept 

The sodium S and P states used in this work only 

exhibit adiabatic ionization since they have low |m^| 

values. In ^-changing collisions, high l states are pro¬ 

duced, which contain high |m^| components that ionize 

diabatically. These are identified by selective field 

ionization and the time evolution, after laser fire, of the 

diabatic ionization feature is monitored to determine the 

rate constant ^-mixing and the analysis used is presented 

in the next chapter. 
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III.2 Apparatus and Method of Data Acquisition 

A crossed dye laser/atomic beam approach is used to 

excite sodium atoms contained in a thermal beam to high 

2 2 
Rydberg states. For S states, two step (3 ** ^ P3/2 

2 
n excitation is performed by two dye lasers synchro¬ 

nously pumped by a pulsed nitrogen laser emitting a wave¬ 

length of 3371À. The transition from the ground state to 

. 2 ... 
the intermediate 3 ^2/2 sta^-e ls accomplished using a 

Rhodamine 6G laser. This provides the 5890 Â radiation, 

with a linewidth of ~1.5Â, needed to excite the transition. 

The transition from the intermediate state to the final 

2 
n S±/2 state is achieved using a second dye laser with DPC 

in p-dioxane. This provides a wavelength of ~4100.ll with 

a linewidth of ~0.03Â (6 GHz). This arrangement is shown 

in Fig. 9. The pulse repetition rate for the system is 

20-25 Hz and the pulse length is ~5 ns. 

In sodium, the excitation of P states requires UV 

photons at ~2415jt and these are provided by second har¬ 

monic generation. The output from the nitrogen laser is 

used to pump a dye laser containing a solution of Coumarin 

410 in p-dioxane. The wavelength produced by this laser is 

~483OA with a linewidth of ~ 5 GHz. The output from the 

dye laser is focused into a lithium formate monohydrate 

(LFM) doubling crystal by a 10 cm focal length lens. The 

crystal is angle tuned and generates radiation at a wave¬ 

length of ~2415i. The conversion efficiency of the crystal 
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Figure 9. Schematic diagram of dye lasers used for excitation. The 
yellow dye laser excites the 3^Pjy2 (5896 A) level or the 

32P3^2 (5890 X) level of sodium. The blue dye laser provides ~ 4100 A 
photons to access o*Sj^2 or “ ®3/2,5/2 l*^*!*» 



33 

is estimated to be ~ 2%, leading to small UV powers and low 

excitation efficiencies. Other crystals, such as KB5, are 

even less efficient, making their use impractical. Another 

problem with the LFM crystal is that it has a low damage 

threshold and, since large input power densities were 

employed to maximize the second harmonic conversion effi¬ 

ciencies, problems were experienced with crystal degradation 

and thus each region of the crystal was good only for a 

limited time. 

The alkali oven and the interaction region are illus¬ 

trated in Fig. 10. The output from the lasers enters the 

apparatus through a quartz window and intersects the sodium 

beam at right angles. The sodium beam is produced by a 

heated oven with a small paerture that allows the atoms to 

effuse into the main chamber. A sufficient beam density for 

making S states is obtained by heating the oven to 200°C. 

This enables the lasers to provide an excitation rate of 

0.1 per laser pulse. However, less power is available in 

the UV, for production of P states, and to maintain a pro¬ 

duction rate of 0.1 per shot it is necessary to increase the 

beam density by heating the oven to 300°C. 

The atoms are excited in a near zero electric field 

between two horizontal fine mesh grids in the presence of 

a target gas, xenon for this study. The atoms are ionized 

by application of a voltage pulse on the grids. The elec¬ 

tric field rises from 0 to ~1000 V/cm in 1 |jsec corres- 
g 

ponding to a slew rate of 10 V/cm/sec. After ionization 
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Figure 10. Schematic diagram of the oven and interaction region. 
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occurs, the electrons are detected by a Johnston multiplier 

whose output is coupled through an isolation capacitor to a 

Le Croy MVL 100 amplifier. The output from the amplifier 

is fed to a time to digital converter (TDC). The TDC is 

started when the high voltage ramp is triggered following a 

preset delay after laser fire and stopped by the first 

output pulse from the amplifier (Fig. 11). The TDC is 

interfaced to an LSI 11/23 computer which stores the 

arrival time information and for low count rates (~.l per 

laser shot), the data stored in the array in the computer 

are proportional to the probability of an ionization event 

per unit time during the application of the voltage ramp. 

The time dependence of the ionization signal is converted 

to ionization signal versus electric field strength by 

measuring the voltage ramp as a function of time and then 

mapping it to the data. The uncertainties in the measure¬ 

ment of the ramp give an uncertainty of approximately ±3% 

in the absolute field strength in the interaction region 

at the time of ionization. There is also an uncertainty 

in time due to the 10 nsec transit time spread associated 

with the Johnston multiplier. However, for this experiment, 

the uncertainty in field strength will not affect the re¬ 

sults since the field strengths are only used to determine 

which state is being excited. A complete description of 

this technique may be found in the Master's thesis of Gary 

McMillian (1982). Since a detailed description of the 

vacuum apparatus can be found elsewhere (Foltz, 



36 

PHOTODIODE 

Figure H. Schematic of the ionization and detection of 
Rydberg atoms. 
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1980; Cook, 1977), one will not be presented here. Typi¬ 

cally, the base pressure in the main chamber is —10 ^ torr 

-5 
and the target gas pressure is —5x10 torr. This is 

determined by calibrating the ion gauge on the chamber 

against a Baratron absolute pressure head. The calibration 

for xenon is P(Xe)/P(I0N) = 0.26. 

A digital time delay is used to control the start 

time of the ionizing ramp. The digital delay is set by 

the computer and triggered by the photodiode. In order to 

study the evolution of the Rydberg atom population distri¬ 

bution that results from collisions and hence determine 

mixing rates, ionization profiles are recorded at several 

times following laser excitation. Typically, data are 

acquired at seven different times, generally separated by 

1 [jsec. The computer assigns an array to each delay 

setting. To avoid problems associated with instrumental 

drifts, such as oven temperature fluctuations and laser 

power or wavelength drift, that can lead to changes in the 

Rydberg production rate, data were recorded in rapid suc¬ 

cession at each delay time. The delay times were cycled 

by the computer, the data from each time accumulated in its 

assigned array. The ordering of events is then as follows: 

1) The computer sets the digital delay to some predetermined 

time. 2) The digital delay waits for a trigger from the 

photodiode indicating that the laser has fired. 3) After 

the appropriate delay, the digital delay triggers the start 
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of the ramp and the TDC. 4) When the TDC receives a pulse 

from the multiplier, it stops. 5) The computer stores the 

count in one of 2048 channels for that particular time 

delay. 6) This process is repeated nine more times at that 

delay. 7) The computer sets a new delay and the above 

process is repeated. 8) The computer cycles through all 

the preset delays until told to stop. Figure 11 illus¬ 

trates this process. 

This set of steps yields the desired time dependence 

of the state distributions. The analysis of the data is 

explained in the following chapter. 



Chapter IV 

Results 

IV.1 Data Analysis 

In order to obtain i-mixing cross sections, it is 

necessary both to determine the i-mixed population from the 

field ionization data and then to analyze this using an 

appropriate model. However several qualitative aspects of 

the data will be considered first. 

A comparison is made, in Fig. 12, between data taken 

with and without a target gas present. The presence of a 

target gas results in the appearance of a diabatic peak, 

P^. This results from diabatic ionization of the 4-mixed 

population produced in collisions. The shape of is 

characteristic of that expected for ionization of a mixture 

containing a broad range of 4, |m^| levels. This suggests 

that collisions lead to a broad range of product states. 

It is important to remember that the ionization pro¬ 

file actually reflects the Jm^J values and not the i 

values. However, the existence of high |m I values implies 

the existence of high l values. It is also apparent from 

these data that no n-mixing is present. If mixing to other 

n was present, then adiabatic features corresponding to n+1 

or higher states would appear to the left of the adiabatic 

feature, PQ. No evidence of such a signal due n-mixing 

exists in any of the data for S or P states. This is in 
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H4S ,NC fPPGET GPS PRESENT 

ELECTRIC F I ELD CV/CrO 

44S S.0 E-S TOHR XENON PRESENT 

ELECTRIC PIELO CV/Cm 

Figure 12- A Na(44S) ionization profile (a) without and (b) with 
Xe present, 3 usee after laser fire. 
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contrast to the work of Boulmer et: al_. (1981) who claimed 

to have seen predominantly n-changing in Na(ns)-Ar col¬ 

lisions. Since argon is a weaker perturber than xenon, 

the effect should have manifested itself in the present 

work. Even though it is difficult to explain the dis¬ 

crepancy, there is certainly no evidence of n-changing here. 

The population of the parent state and the ^-mixed 

population are related to the peaks PQ and P^. Most of the 

parent state population is contained under the adiabatic 

peak, Pq, and most of the 4-mixed population is under the 

diabatic peak, P^. The population of the parent and 

l-mixed states is obtained by summing the counts in the 

channels of the array corresponding to the adiabatic and 

diabatic peaks and making the appropriate corrections. 

The simplest correction is that for background noise. 

This is accomplished by adding the counts in channels 

(about 100 channels are used, typically) where no signal 

is present and then averaging to obtain the mean background 

signal to subtract from the entire spectrum. 

The use of ultraviolet wavelengths for the production 

of P states causes the production of photoelectrons. These 

electrons are swept out of the interaction region and into 

the multiplier by the ionizing ramp, giving rise to a large 

number of counts at very early times. A great deal of this 

background is eliminated by applying a small bias voltage 

to the ionizing grids, to sweep the electrons out of the 



42 

interaction region before the TDC is triggered to start. 

This will not affect the the cross sections. However, 

the background noise for the P states is still considerably 

higher than that for S states. 

For large values of n, the adiabatic and diabatic 

peaks appear very close to each other and are not com¬ 

pletely resolved. Thus, part of the diabatic peak overlaps 

part of the adiabatic peak. This contribution due to the 

diabatic peak is corrected for by using the ionization 

profiles recorded in the absence of a target gas to deter¬ 

mine the ratio of adiabatic signal in the field range cor¬ 

responding to P^ to the adiabatic signal that ionizes in 

the field range corresponding to P . Assuming the per¬ 

centage remains unchanged when gas is introduced into the 

interaction region, it is possible to correct for parent 

state contributions to P^. 

Another correction is required to take into account 

the fact that some high-Z collision products will have low 

I m I values and thus will ionize adiabatically at field 1 Z1 

strengths close to those of the parent state contained in 

PQ. This can be taken into account, if it is assumed that 

the states are populated statistically in collisions, in 

the following manner. For a given value of n, there are 

2 
n possible X, m^ values, ignoring the spin degeneracy. 

Also, there are n possible m^ = 0 states 2 (n-1) possible 

= 1 states. Thus there are 3n-2 possible m^ states 

that ionize adiabatically in the PQ peak. Therefore, a 
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given manifold of high-4 states will have a fraction, 

3n-2 

n 

of its signal appear under PQ, the remainder contributing 

to P^. Thus, by measuring the size of P^, which contains 

the high Jm | collision product population, the number of 
it 

collision products that ionize adiabatically may be 

determined and subtracted from the PQ population to deter¬ 

mine the remaining parent state population. This correc¬ 

tion to P^ is about 6-9%. Similarly, the 4-mixed popula¬ 

tion may be determined by adding the amount subtracted from 

PQ to P^, and then correcting P^ for the parent state 

population under it. In practice, since the 4-mixed 

correction to PQ is small, P^ was first corrected for 

parent state contributions and the 4-mixed production 

determined, whereupon corrections were made to the parent 

state populations. 

The procedures described above are applied to all 

data at all times and provide actual populations for parent 

and 4-mixed states from the features PQ and P^ that are good 

to first order. A complete set of SFI data with gas present 

is shown in Fig. 13. The decay, in time, of PQ and the 

growth of P^ are quite apparent. 
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Figure 13 
present, 
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. A set of ionization profiles for Na(44S) with Xe 
taken 1-7 usee after laser fire. 
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As will be discussed, the measured rate constants can 

be reduced to cross sections under certain simplifying 

assumptions. One important quantity in the reduction is 

the average relative collision velocity of the atoms, 

given by 

V = v^ + v2 -2 v1v2cos0 (i) 

2 -2 
where V = Vre^ and 0 is the angle between the two velocity 

vectors. The last term equals zero if the collisions are 

isotropic. In the present beam/target gas approach, it 

is necessary to test this assumption, since although the 

target gas velocity is random, the sodium atoms have a 

preferred direction. This was checked by changing the 

polarization of the laser used to excite P states. The 

resulting change in orientation of the Rydberg electron 

probability distribution relative to the velocity vector of 

the sodium atoms did not product a significant change in 

the 4-mixing cross section. Therefore, any anisotropies in 

0 are unimportant. The velocity distribution of the target 

gas is Maxwellian and thus, the first term in (i) is given 

by 3kT^/m^. Particles from an effusive source have a speed 

distribution that is weighted by a factor of v relative to 

the usual Maxwellian speed distribution. However, the 

instantaneous density of particles per unit volume is 

weighted by a factor of 1/v and therefore, the particle 

density has a speed distribution that is Maxwellian. This 

is significant since a pulsed laser system will excite atoms 
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(of a particular velocity) in amounts proportional to their 

relative density within the excitation region. The result is 

that the Rydberg atoms have a Maxwellian speed distribution. 

So, the average relative collision velocity, vre]_/ is 

3kTT 3kT h 
Vrel ( m1 

+ m2 ) 

If the oven is set at 200°C, as with S states, then 

Vre^ = 7.74x10 cm/sec, increasing to 8.39x10 cm/sec at 

300°C for P states. 

The population of both the parent state and the &- 

mixed reservoir can be expressed by rate equations. For 

the parent state, the equation governing its population is 

dN 
dt 

-N(pk + ±-) 
P P 

which has the solution 

- (pk + ~-) t 
N(t) = N (0) e p Tp 

where k is the ^-changing depopulation rate and T is the 
P P 

effective lifetime of the state, which includes effects due 

to black body radiation. The density of the target gas is 

p. For the i-mixed population, regarded as a reservoir of 

population, R(t), the rate equation is 

= pkpN(t) - R (t) (pkd + ^-) 

where kd is the depopulation rate from the reservoir state 
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and T is the natural lifetime of the reservoir. Thus, it 

is necessary to solve a differential equation of the form 

R' + a R = b e“ct 

The solution to this equation is 

R(t) 
pk /N 
 E —  
B (R) -B (N) le-

,(,|t - e-
B(R)t] (i) 

where 

B(H) = pk + J— 
P P 

and 

B (R) = pk + i- 
r 

Given the above model, it is possible, by fitting an 

equation of the form of (i) to the time dependence of the 

data, to determine the ji-mixing rate constants. The popu¬ 

lation of the jl-mixed reservoir is plotted as a function 

of time and the parameters k^ and k^ are adjusted to obtain 

a best fit to the data. A typical fit is shown in Fig. 14. 

Notice that by adjusting the parameters, upper and lower 

limits are assigned to the ^-mixing rate, k . The cross 
P 

section is found using the relation 

k = ^ g (v) vf (v) dv 

v 

It is assumed that g(v) is constant in the regime that f(v) 

contributes significantly to the integral and thus, a can 

be taken outside the integral. This leaves the simple 

result 



48 

44S L-MIXEO POPULATION VS. TINE 

Figure 14. Fit of the function R(t) through the ,*-mixed populations 
for the 44S state of sodium. 
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k = a V 
rel 

where the average relative velocity was determined earlier. 

The values of k and a for different n are listed in Tables 
P 

3a and 3b. A plot of k and a versus n for S states is 
P 

shown in Fig. 15 and the results for P states are shown 

in Fig. 3 6. 
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i i i i i i i IK 
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PRINCIPAL QUANTUM NUMBER, n 

Figure 15. jfc-changing rate constant versus n for 
Na (nS) + Xe ^-changing collisions with T=300*C. 
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Figure 16. ^-changing rate constant versus n for 
Na(nP) + Xe i-changing collisions with T=200°C. 
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IV. 2 Conclusions 

There are several interesting things to note about 

the present results. First, as mentioned earlier, there is 

no evidence of n-mixing in the data. Also, the maximum 

4-changing cross sections are higher for P states than S 

states. The 4-mixing cross section was determined for the 

33D state and was found to be even larger (a = 3x10^1/} and 

was in good agreement with the earlier data of Chapelet et: 

al. (1982). The present results for S states are about an 

order of magnitude larger than the results for Na(ns)-Ar 

collisions studied by Boulmer et_ al^ (1981) . A similar 

factor was obtained by Chapelet e_t ad. (1982) who observed 

that 4-changing cross sections in Na(nd)-Xe collisions are 

about an order of magnitude larger than in Na(nd)-Ar col¬ 

lisions. There is no experimental or theoretical work with 

which to compare with the present results for P states. 

These collisions can be investigated semi-quantitatively 

using the free electron model by considering the energy 

transfer between the Rydberg electron and the xenon atom. 
4 

The electron velocity about the ion core is ~10 cm/sec. 

Since the electron velocity is much higher, the collision 

is similar to the scattering of an electron by a stationary 

xenon atom. However, if it is assumed that the scattering 

is isotropic, then the average velocity change of the elec¬ 

tron is equal to the relative velocity of the core and 
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xenon atom. Then, because of this classical argument, the 

collision could be expected to result in 4-changing if the 

energy change of the Rydberg atom scattering from the e”-Xe 

collision is equal to or larger than the energy difference 

between the parent state and the nearest high-4 manifold. 

Since there is a spread in the relative velocity distribu¬ 

tion, a general onset over several values of n is to be 

expected. 

Using the classical argument given above, a model 

can be formulated to predict the approximate n at which 

the onset of 4-changing will occur. A majority of col¬ 

lisions will result in 4-changing for values of n for which 

the energy defect is less than the energy transferred by 

xenon atom-core relative velocities- equal to V Thus, 

by calculating the energy transfer at the 

value of n at which sizeable 4-changing is expected can be 

estimated. The value of n is determined by finding the 

first value of n with an energy defect less than or equal 

to the transferable energy. The values of the transferable 

energy and the energy defect are listed for the S and P 

states in Table 3. Using the cross sections plotted in 

Figs. 17 and 18, one can see the maximum cross section for 

P states occurs at n ~ 37. For n = 37, the energy defect is 

.693 cm-l and the transferable energy is 2.25 cm-^, much 

more than is needed. Thus, the model would predict a lower 

value of n. The maximum cross section for S states occurs 
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at n 25 41 where the energy defect is 1.22 cm ^ and the 

transferable energy, given by 

-1 
cm 

is 1.83 cm 
-1 

also more than is needed. The model predicts 

values of n that are too low but, it is useful in deter¬ 

mining the range of n in which to look for the maxima. 

There are two major areas that need to be studied 

further in order to better understand ^-mixing collisions 

involving rare gases. First, the relative sizes of the 

cross sections for S, P, and D states need to be under¬ 

stood. Secondly, some understanding of which n the onset 

of ^-changing occurs is needed, since simple energy argu¬ 

ments provide, at best, a qualitative understanding. It is 

possible that the geometric shape of the orbits or, pos¬ 

sibly, the actual value of X will need to be taken into 

account. 
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