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ABSTRACT 

THERMAL ENERGY COLLISIONS OF K(nd) RYDBERG ATOMS 
WITH ELECTRON ATTACHING MOLECULES 

AT INTERMEDIATE n 

'by 
Zirao Zheng 

Thermal energy collisions of K(nd) Rydberg atoms with electron 

attaching molecules which result in reactions of the following types, 

K(nd) + SF 6 ---7 K+ + SF 6-

K(nd) + CF3I ---7 K+ +I-+ CF3 

have been investigated at intermediate n. Using the field ionization 

technique, both rate constants for Rydberg atom destruction and for 

formation of free negative ions are directly measured for n as low as 12. 

The data show that, at intermediate n, the rate constants for Rydberg 

atom destruction start to decrease with decreasing n and to deviate from 

those predicted on the basis of the simple free electron model. A semi

classical model is presented to explain this decrease. It reveals explicitly 

the relationship between the rate constant for Rydberg atom destruction 

and the rate constant for free electron attachment. 

The data also show that, at intermediate n, only a fraction of the 

Rydberg electron attachment events leads to formation of free negative 

ions. Post-attachment interaction between the positive and negative ions 

formed is investigated. The kinetic energy distribution of the ion pairs in 

their center-of-mass frame and their separation probability are calculated. 



The angular dependence of the kinetic energy distribution and the 

separation probability are also studied. The present experiments, in 

conjunction with the theoretical calculations, advance understanding of the 

collisions substantially. 

Investigation of Zeeman-effect quantum beats observed in the 

selective field ionization spectra of D state potassium Rydberg atoms is also 
' 

presented. 
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I. INTRODUCTION 

A Rydberg atom is a highly excited atom in which one electron is in 

state of large principal quantum number. Rydberg atoms exist in a wide 

variety of environments, ranging from the interstellar medium to tokamaks. 
' 

Studies of Rydberg atoms have received increasing attention because of 

many possible applications in disciplines such as astrophysics, atmospheric 

science, plasma physics, etc. As illustrated in Table 1.1, Rydberg atoms 

possess physical characteristics that are quite different from those of atoms 

in ground or low-lying excited states. In atomic terms, Rydberg atoms are 

enormous. The Rydberg electron is loosely bound to the core ion, and 

thermal energy collisions can profoundly perturb or even ionize a Rydberg 

atom. Aside from basic interest, the study of collisions of Rydberg atoms 

with molecules may shed light on the interaction between a low energy 

electron and a molecule. 

Table 1.1 Properties of hydrogen Rydberg atoms 

Property 

Mean radius 

Binding energy 

Electron RMS velocity 

Period of electronic motion 

Separation between 
adjacent n levels 

n dependence 

n2a 0 

R/n2 

vofn 

n3~ 
0 

n=1 

5.3x10-9 em(= a0) 

13.6 eV (=R) 

2.2x108 em s-1 (= v0) 

1.5x10-16 s (= -r-0 ) 

10.2 eV 

n=30 

4.8x1o-6 em 

15meV 

7.3x106 em s-1 

4.1x1o-12 s 

1 meV 
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Molecules that attach low-energy electrons have been widely studied 

for both fundamental and practical reasons. Investigation of electron 

attachment processes enriches our knowledge of the structure of the 

molecules and the resultant negative ions. Molecular compounds that 

attach free electrons are often used as gaseous dielectrics, flame-inhibiting 

agents, and free electron "scavengers". Extensive experimental and 
I 

theoretical efforts have been made to study thermal energy collisions of 

Rydberg atoms with electron-attaching moleculesi, which can result in 

Rydberg atom destruction through electron transfer reactions of the type 

A**+ BC ~A++ Be- (I.l) 

A**+BC~A++C-+B (1.2) 

where A** is a Rydberg atom and BC is an electron attaching molecule. A 

molecule may dissociate after electron attachment, as in reaction (1.2). The 

reactions may be loosely termed bimolecular reactions of the second order. 

Previous theoretical and experimental studies show that, for large values of 

n, such collisions are well described by the so-called "essentially free" 

electron model2. This model treats the Rydberg electron and the core ion as 

independent particles at the moment of collision, and assumes that, because 

of their large separation, they do not interact with the target molecule 

simultaneously. The Rydberg electron is considered to interact with the 

molecule as if it were free while the Rydberg core ion behaves like a distant 

spectator. This model points to the application of Rydberg atoms in the 

study of collisions of very low energy electrons with molecules. For 

sufficiently large values of n, it is found that the negative ions are formed at 

the same rate as expected for Rydberg electron attachment, and the rate 

constants are practically independent of n. 
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As n, hence the size of Rydberg atoms, decreases, the validity of the 

essentially free electron model and therefore its implications become 

questionable. The binding energy becomes comparable to or even larger 

than typical kinetic energies in the thermal energy collisions. Since the 

negative ion and the positively charged core ion are formed at small initial 

separations, their mutual interaction needs to be taken into account. Recent 
' 

investigations suggest that for intermediate values of n, (i.e., from- 10 to 20) 

the rate constants for formation of free negative ions fall significantly below 

those expected on the basis of the essentially free electron model3.4. This 

can be explained by arguing that at low n the ion pairs created by electron 

attachment are formed in sufficiently close proximity that a significant 

fraction of them does not possess enough kinetic energy to overcome the 

mutual Coulomb attraction and to separate as free ions, and are therefore 

not observed. However, this explanation could not be fully tested in earlier 

studies because only rate constants for formation of free negative ions could 

be determined, and even those were based on assumptions regarding the n

dependence of cross sections for Rydberg atom photoexcitation. 

This thesis reports the latest advances in this laboratory in the study 

of electron attachment reactions of Rydberg atoms at intermediate n. In 

particular, thermal energy collisions of potassium Rydberg atoms with SF6 

and CF3I were studied which result in the reactions 

K(nd) + SF6 --7 K+ + SF6-

K(nd) + CF3I --7 K+ + r- + CF3 

(1.3) 

(1.4) 

Potassium Rydberg atoms were chosen because the desired Rydberg states 

can be produced easily via two-photon excitation using a Rhodamine-6G 

dye laser. SF6 and CF3I are known to have large rate constants for 

attaching low-energy electrons, and they represent two types of electron 
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attachment reactions, i.e., dissociative and nondissociative. Furthermore, l

ions have much higher initial translational energies than the SF 6- ionss, and 

hence present an opportunity to study the effect of negative ion energy on 

post-attachment interactions between the product ions. Both rate constants 

for destruction of Rydberg atoms and for formation of free negative ions 

were determined directly by use of selective field ionization (SFI). 
' 

The data show that, at intermediate n, the rate constant for Rydberg 

atom destruction decreases as n decreases. A model is proposed in this 

thesis to explicitly relate the rate constant for Rydberg atom destruction and 

that for attaching free electrons, and to quantitatively describe the collisions 

of Rydberg atoms with electron attaching molecules. Based on the 

probability of electron transfer as the molecule traverses the Rydberg 

electron cloud, this model permits calculation of the rate constant for 

Rydberg atom destruction by electron transfer as a function of the rat.e 

constant for free electron attachment. It shows that the independent 

particle treatment can be successfully applied to describe collisions of 

Rydberg atoms with molecules at intermediate n. The present model also 

reveals a transparency condition under which the commonly used simple 

free electron model is valid. This condition can be satisfied by large 

principal quantum number n, by large relative collision velocity (between 

the Rydberg atom and molecule), or by a small rate constant for free 

electron attachment. The present model shows that the decrease in rate 

constant for Rydberg atom destruction can be well understood in terms of 

the decreasing size and increasing opacity of the Rydberg electron cloud. 

The present experiments also show that the rate constant for 

formation of free negative ions is smaller than that for Rydberg electron 

transfer for intermediate values of n, indicating that only a fraction of the 
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electron transfer events leads to production of free ions. The difference 

between the two rate constants becomes more pronounced for smaller n or 

smaller initial kinetic energy of the negative ions. It is well explained by 

taking the Coulombic post-attachment interaction into account. The data 

are compared with the results of theoretical calculations and this 

comparison shows quantitatively that post-attachment interactions can 

account for the present observations. 

As part of a comprehensive investigation of the separation probability 

for electrostatically bound ion pairs, this thesis also offers a treatment of the 

angular dependence of the separation probability, i.e., the variation of the 

separation probability with the angle between the initial velocities of the two 

ions. The result is compared with available data,. and the agreement is fairly 

good. 

In chapter II, major aspects of the reaction between potassium 

Rydberg atoms and electron attaching molecules are briefly reviewed. The 

experimental apparatus is described in chapter III. Chapter IV describes 

the experimental procedures and the related physics, including Zeeman

effect quantum beats observed in the SFI spectra of D state potassium 

Rydberg atoms. The data are presented in Chapter V, along with the 

theories that are proposed to interpret them. Chapter VI summarizes the 

findings of the present work and suggests several possible directions for 

future research. Calculations of the distribution of relative velocity and its 

angular variation are described in Appendix B. 
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II. REACTIONS OF POTASSIUM RYDBERG 
ATOMS WITH ELECTRON ATTACHING 

MOLECULES 

A. Types of Reactions 

Thermal energy collisions of Rydberg atoms with electron attaching 

molecules can result in a variety of reactions, including 

A(nl) + BC --7 A+ + BC- (electron transfer) (ILl) 

-7A++B-+C (dissociative electron transfer) (II.2) 

--7 A++BC+e (collisional ionization) (II.3) 

~ A(n'l') + BC (n-changing) (II.4) 

--7 A(nl') + BC (/-changing) (II.5) 

where A(nl) is a Rydberg atom with principal quantum number n and 

angular momentum number/, and n', l' represent the state after the collision. 

As will be discussed later, these reaction processes can be identified and 

separately studied. The products of reactions (II.l) and (II.2) can be 

identified by time of flight mass spectroscopy (TOFMS). The state

changing processes (II.4) and (II.5) can be analyzed by SFL Reaction (II.3) 

can be identified by detecting free electrons. Reactions (ILl) and (II.2) are 

of primary interest in the present work because they are predominant. 

B. Potassium Rydberg Atoms 

At large orbital radius, the motion of the Rydberg electron is primarily 

governed by the Coulomb field of the core. Therefore the properties of all 

Rydberg atoms are similar to those of highly excited hydrogen atoms. 

Potassium Rydberg atoms were used in the present work to study the 
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collisions with SF6 and CF3I. A potassium Rydberg atom can be viewed as 
,_ 

an excited valence electron in distant orbit around a compact, positively 

charged core. The core, consisting of the nucleus and full shells containing 

a total of 18 electrons, is chemically inactive. It can be approximated as a 

positive unit charge because of screening of the nuclear charge by the 

electrons. Consequently, the spectroscopy of a potassium Rydberg atom 
' 

exhibits a close resemblance to that of hydrogen. The ionization energy of 

the ground state potassium atom is 4.34 eV. Potassium Rydberg atoms can 

be conveniently produced by two-photon excitation using a dye ·laser (see 

chapters III and IV). 

C. Essentially Free Electron Model 

The essentially free electron model is frequently used in discussing 

Rydberg atom collisions with neutral molecules. The model was initially 

developed by Fermi6 to explain experimental data on pressure shifts of high

Rydberg series perturbed by neutral species. When a Rydberg atom 

collides with a neutral molecule, for sufficiently large values of n, the 

Rydberg electron and the core do not interact with the molecule 

simultaneously, due to the short range nature of the electron-molecule and 

the core-molecule interactions. Therefore the three-body collision problem 

can be simplified by treating these two interactions separately. As pointed 

out by several authors (Flannery7.s, Matsuzawa9.Io.n, and Fowler and 

Preisti2,I3), many collision processes involving high-Rydberg atoms and 

neutral molecules can be largely understood in terms of the interaction 

between the molecules and free electrons having the same momentum 

distribution as the Rydberg electrons. The essentially free electron model 

rests on the following assumptions&: 
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a). The distance between the Rydberg electron and the core is much 

larger than the effective range of the electron-molecule and core-molecule 

interactions. 

b). The electron-molecule collision time is much shorter than the 

electron orbital period. 

For collisions involving Rydberg atoms with large nand!, the above 

assumptions are well satisfied. For example, at n = 30 the mean separation 

between the Rydberg electron and the core is, from Table 1.1 

r30 ..... 480 A 

the RMS velocity is 

v30 ..... 7x106 em s-1 

and the electron orbital period is 

-r30 ..... 4x1o-12 s 

For a typical electron-molecule interaction range re ..... 10 A, the collision 

time can be estimated as 
r 

-r =-e ..... 1x10-14 s 
c V3o 

so -rc < 'l3o and it is obvious that re is much smaller than r30• 

However, as n decreases, some of ihese assumptions become less 

valid. The Rydberg core may play an important role in the collision because 

the product ion pair is formed in close proximity. First, the negative ion, if 

short lived, may be stabilized by interaction with the core, and as a result, 

some negative ion species that are usually not produced in free electron 

attachment processes may be observed. Second, the increasing 

electrostatic attraction between the product ions may result in some ion 

pairs having insufficient kinetic energy to overcome this attraction and to 

separate as free ions. 
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D. Thermal Energy Electron Attachment to SF6 and CF3I 

Thermal energy electron attachment to SF6 has been extensively 

studied14,15. A review of various studies on this electron attachment 

process can be found in the doctoral thesis of Zollars16. It is well established 

that collisions of SF6 molecules with thermal energy electrons produce 

mainly SF6- ions. These ions do not undergo rapid autodetachment because 
' 

the energy brought in by the captured electron is quickly distributed among 

internal modes of motion of the molecular ion. Measurements of the 

lifetimes of the metastable SF6- ions range from 25 J.ls to over 1 ms17. 

Furthermore, SF 6- ions can be easily stabilized by collisions with a third 

body. In collisions with Rydberg atoms, the Rydberg core ion may serve as 

the third body, particularly when n is low. Indirect measurements in this 

laboratory suggest that the SF6- ions produced in collisions with Rydberg 

atoms have a lifetime much longer than 30 J.lS. No translational energy gain 

by these negative ions has been detected3.5. Rate constants for thermal 

energy electron attachment have been measured by various techniques 

including electron beam 18, swarm 19, threshold photoelectron spectroscopy 

by electron attachment (TPSA)20, and Rydberg atom methods3. Results are 

in the vicinity of 3x1o-7 cm3 s-1 (also see reference 14). For electron 

energies ~ 10-20 me V, it is found that the attachment cross section is 

inversely proportional to the electron velocity (when the average velocity of 

the molecules is negligible), and therefore the attachment rate constant is 

independent of the electron velocity2o. This cross section is consistent with 

the Wigner threshold law for s-wave attachment2o. 

The electron affinity (EA) of a molecule is defined as the energy 

difference between the neutral molecule plus the electron at rest at infinity 

and the molecular negative ion when both the neutral molecule and negative 

9 
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ton are m their ground electronic, vibrational, and rotational states14. 

Numerous measurements of the EA of SF 6 have been made, results range 

from 0 to~ 1.5 eV21. 

Thermal energy electron attachment to CF3I has received little 

attention until quite recently. Experiment22 shows that this attachment 

process is dissociative, resulting in fmmation of I-. The EA of I is - 3.1 
I 

e V21,23 and the bond strength for I-CF3 is 2.3 e V23 at room temperature. 

The energy release in the dissociation is therefore~ 0.8 eV. Recent studies 

in this laboratory indicate that the dissociation occurs immediately after 

electron capture, and that virtually all the excess energy is converted into 

translational energy of the two fragments before any significant energy 

redistribution into internal modes can take places. The initial kinetic energy 

of the I- ion in the center of mass frame of I- and CF 3 is found to be - 0.28 

e vs, consistent with that expected on the basis of momentum conservation. 

The I- ion is stable due to its rare-gas-like electronic structure. 

E. Time Development of the Rydberg Atom Population 

In the present experiments, the Rydberg atoms were produced by 

two-photon excitation of ground state potassium atoms in a thermal energy 

atomic beam, using a Rhodamine-6G dye laser whose output was chopped 

into pulses of- 1 J.!S in duration. In absence of the target gas, N(t), the 

population of a Rydberg state decays exponentially with time according to 
t- t' 

N(t) = N(t') exp(- --) (II.6) 
relT 

where N(t') is the number of Rydberg atoms at t' (at the end of the laser 

excitation pulse), and reff is the effective lifetime of the Rydberg atoms in this 

state. At intermediate n, reff depends on the natural lifetime of the Rydberg 

10 
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state and blackbody radiation induced processes. Blackbody radiation 

causes radiative transfer between bound levels via stimulated emission and 

absorption24, and can even cause ionization of Rydberg atoms25. This state

changing process can be investigated by using SFl26,27 (also see chapter 

IV), and the transition rates at room temperature are usually much smaller 

than the natural decay rates for intermediate values of n. For more detailed 
' 

discussion on the interaction of Rydberg atoms with blackbody radiation see 

reference 28. 

During the laser excitation pulse, the Rydberg atom population is 

determined by 
dN(t) N(t) 

-p--
dt - 'reff 

(11.7) 

where p is the laser excitation rate. Solving the differential equation, N(t) is 

given by 
t 

N(t) = P'rerf [ 1 - exp(-- )] (11.8) 
'reff 

For a laser excitation pulse that is much shorter in duration than 'reff' N(t) 

grows linearly with time, and is given by 

N(t) = pt for t < 'rcff · (11.9) 

In case of CW excitation, the number of Rydberg atoms will approach 

equilibrium where 

N(t) = P'rerr fort> 'rerf (II. I 0) 

In presence of the target gas, the time development of the Rydberg 

population distribution is complicated by the collision processes (11.1) to 

(11.5). Suppose the electron transfer (or dissociative electron transfer) 

process takes place with a rate constant of ke, and collisional ionization with 

a rate constant of kc, together with state-changing processes having an 

associated rate constant k
5

• Then the time development of the Rydberg 
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atom population in a laser-excited state is governed by 
dN(t) N(t) 

dt = --1:-- ke pN(t)- kc pf\l(t)- k5 pN(t) 
eff 

(II.11) 

where p is the number density of the target molecules. Equation (II.11) can 

be easily solved, and the solution has the following form 

where 

t- t' 
N(t) = N(t') exp( -- ~ ) 

1 1 
-=pkd+
~ ~elf 

and kd is the rate constant for Rydberg state depopulation, given by 

kd = ke + kc + ks 

(II.12) 

(II.13) 

(II.14) 

Both ~and ~eff can be determined by measuring the decay of the Rydberg 

atom population, with and without target gas present. The rate constant for 

Rydberg state depopulation can be obtained from equation (II.13), 
1 1 1 

kct =- ( ---) (II.15) 
P ~ ~elf 

Both kc and k
5 

can also be experimentally determined, and at low-to-

intermediate n they are usually much smaller than the rate constant for 

depopulation of the Rydberg atoms (see chapter V). The electron transfer 

(or dissociative electron transfer) process is predominant in destroying the 

Rydberg atoms, and we have 

(II.16) 

According to the essentially free electron model and assuming s

wave captL·I"e, ke should be a constant independent of n. 

F. Time Development of the Free Negative Ion Population 

For collisions of electron attaching molecules with Rydberg atoms, 

the production of free negative ions can be quantitatively described by a 
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rate constant k_, which satisfies 

d!~t) = N(t) p k_ (II.l7) 

where S(t) is the number of the free negative ions. Using equation (ll.l2), 

we have, after the laser pulse, that the free negative ion population develops 

according to 
t- t' 

S(t) - S(t') = N(t') p k_ -r [ 1 - exp(- --r-) ] (II.l8) 

and 

S(t) - S(t') = N(t') p k_ (t- t') fort- t' < -r (II.l9) 

where S(t') is the number of free negative ions at the end of the excitation 

pulse. Equation (II.18) or (II.l9) can be used to determine k_ from the 

measured time development of the free negative ions. Rate constants for 

formation of the free negative ions can then be compared with the 

corresponding rate constants for depopulation of the Rydberg atoms to 

obtain information on the post-attachment interactions. It is obvious that k_ 

should be no larger than kct. 

13 



III. EXPERIMENTAL APPARATUS 

The apparatus is sketched in figure III. I. Briefly, a collimated 

potassium beam enters the interaction region, which is defined by two 

horizontal copper mesh grids. It is intersected at the center of the 

interaction region by a focused light beam from a frequency-stabilized CW 

dye laser operating in single mode. The laser's output beam is chopped by 

an electro-optical modulator to form a train of pulses of ~ 1 JlS in duration. 

Some of the ground state potassium atoms are excited to the desired 

Rydberg state by two-photon excitation during the laser pulse. After 

excitation, the Rydberg atoms are allowed to react with the target gas 

(pressure~ lxlo-s Torr) for a preselected amount of time, typically several 

J..Ls. Then, either the number of Rydberg atoms remaining in the interaction 

region or the number of negative ions produced by the collisions is 

determined by applying a voltage ramp to the top grid and counting the 

expelled charged particles with an electron multiplier. By varying the time 

between the laser pulse and the ramp, one can obtain the time evolution of 

Rydberg atoms or the ions which can then be used to deduce rate constants 

for the reactions of interest. 

A. Vacuum System 

The experiments were carried out in a vacuum system which 

consists of two differentially pumped chambers, an oven chamber and a 

main chamber (see figure III. I). The oven chamber contains the potassium 

oven and is pumped by a 4 inch NRC oil diffusion pump. The main chamber 

houses the interaction region and electron multiplier and is pumped by a 6 

14 



Main chamber 

~~-c=~=::J...~ Oven chamber 

"" 
/ 

Hot-wire detector 

Focusing lens 

\ 
Interaction region 

Laser beam 

(a) 

Interaction region <===:=:!~~;::::====::;_ 

--~-- ~ted potassium beam 

Laser focal spot 

Drift region 

/Copper mesh grid 

--------------

Electron multiplier 

(b) 

Figure 111.1 Schematic diagram of the apparatus. Not drawn to scale. (a) Top view of 

the interaction region and vacuum chambers. (b) Side view of the interaction region. 
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inch NRC oil diffusion pump. It is separated from the oven chamber by a 

vacuum wall with a small aperture to allow the potassium beam to enter 

while keeping contamination to a minimum and the main chamber at a 

lower background pressure (usually at ~ 4xlo-8 Torr). Both diffusion 

pumps are backed by a Welch Duo Seal mechanical pump. Backing line 

pressure, typically 5xl o-3 Torr, is monitored by a MKS TC-1 thennocouple 
' 

gauge and a MKS 286 thermocouple gauge controller. Chamber pressure 

is monitored by two Bayard-Alpert ionization gauges and a MKS 290 

ionization gauge controller. For each target gas, the ionization gauge is 

calibrated against a MKS Baratron capacitance manometer which 

measures the absolute pressure. 

B. Potassium Oven and Characteristics of Potassium Beam 

1. Potassium Oven and Production of the Potassium Beam 

The potassium oven is made of stainless steel, consisting of three 

parts, nose, cap, and body (see figure III.2). It is temperature regulated 

using thermocouples, temperature controllers, and cartridge heaters. Under 

normal operating conditions, the nose, cap, and body are kept at 320°C, 

300°C, and 300°C, respectively. A 0.5 mm hole in the center of the nose 

serves as the exit aperture. The nose is set at a higher temperature to 

prevent potassium from condensing on it and hence to keep the aperture 

from becoming clogged. The body has two bores, the horizontal one leads 

to the aperture and the vertical one houses potassium ampoules. Up to 5 

grams of potassium can be loaded at a time and the loading is usually 

handled in a nitrogen glove bag to minimize the exposure of potassium to 

oxygen and moisture. The cap and the nose are sealed to the body with 
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Figure lll.2 Potassium Oven. (a) Vertical section. (b) Horizontal section. 
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copper gaskets. 

An effusive beam of potassium is formed as the potassium vapor 

escapes from the nose aperture. Before it enters the interaction region, the 

potassium beam passes through the aperture between the main chamber 

and the oven chamber and is further collimated by a 1 mm aperture. The 

beam divergence is less than 1 degree in the interaction region. 
' 

2. Hot-Wire Detector and Detection of the Potassium Beam 

A hot-wire detector is used to check the beam density (see figure 

III.3). The hot wire is a 0.001 inch diameter tungsten wire with a length of-

2 em. It is heated by a current of about 90 rnA. Its operating temperature 

is approximately 1500 K. This temperature is basically determined by the 

current and the wire diameter. It can be roughly estimated by equating 

electric power dissipation J2R and radiation loss £aT4S, where £is the 

Heating circuit 

Tungsten wire 

Potassium Beam 

Figure lll.3 Sketch of the hot-wire detector. 
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emissivity of tungsten(- 0.2 at 1500 K23) and Sis the surface area of the hot 

wire. Thermal conduction at the ends of the wire can be neglected for such 

a thin wire. 

Some of the physics behind this seemingly simple device needs to be 

addressed. Basically, the principle on which the hot-wire detector works is 

surface ionization and evaporation. Clean tungsten's work function is 4.64 
' 

eV whereas the ionization energy of a potassium atom is 4.34 eV. The 

energy needed to strip an electron from a potassium atom is therefore 0.30 

e V less than that needed to pull an electron out of a clean tungsten surface. 

As a result, when a potassium atom gets close to the tungsten wire, it tends 

to lose its valence electron and become ionized. The ion is then held onto 

this conducting surface by the induced image charge, until it picks up 

enough thermal energy from the hot wire to escape as a free ion. The 

probability that an incident atom will escape from a clean surface as an ion 

is given by the Saba-Langmuir equation29 

f= !(A <P) 
1 +2exp kT 

(III.1) 

where A is the ionization energy of the impinging atom, <P is the work 

function of the surface and T is the temperature of the surface. For a clear 

tungsten surface at - 1500 K, 84% of the incident potassium atoms 

evaporate as ions. A positive bias on the hot wire keeps the ions from 

coming back. Thus the saturated ion current provides a sensitive measure 

of the number of potassium atoms striking the hot wire per second, which is 

directly proportional to the potassium atom flux. 

The tungsten wire has to be heated to accelerate the evaporation 

process and maintain a "clean" tungsten surface, so that the surface work 
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function can remam higher than the ionization energy of potassium. 

Deposition of potassium starts to take place on the wire at lower values of 

temperature, and it will decrease the surface work function and therefore 

retard the surface ionization process. 

The potassium beam density at the wire is determined by 
l 

(III.2) 

where i is the ion current, b is the width of the potassium beam at the wire, 

ifJ is the wire diameter, v is the average velocity of the potassium atoms 

(averaged over volume), q is the charge a potassium ion carries, and fis the 

ionization efficiency given by equation (III.l). In the present experiments, i 

is typically- 3xlo-9 A, b is- 3 mm near the wire, ¢J = 0.001 inch, v = 570 

rn/s, q = 1.6xlo-19 Coulomb, f = 0.84 as determined previously suggesting a 

value of about 5x108 cm-3 for the potassium beam density at the hot-wire 

detector (corresponding to 2x109 cm-3 at the center of interaction region). 

After the hot-wire detector is turned on, the atoms and ions that were 

initially condensed on the wire boil off quickly, resulting in a current surge. 

But this quickly passes and the hot wire reaches equilibrium in seconds. 

3. Characteristics of the Potassium Beam 

The number density of the potassium vapor in the oven is primarily 

determined by the heat of vaporization and the temperature of the oven 

body. A crude, but straightforward order-of-magnitude estimation of the 

number density can be obtained by assuming equilibrium between the liquid 

and its vapor, whereupon 

(III.3) 
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where !l{is the number density in the liquid, T is the temperature of the oven 

body, and W is the work needed to pull a molecule out of the liquid. For 

potassium, !7{~ 1.3x1022 cm-3, and w~ 0.8 eV23, giving n0 ~ 1xl015 cm-3 at 

300°C. This number density corresponds to a vapor pressure of ~ 0.06 

Torr. The average velocity of the potassium atoms is ~ 570 m/s. The mean 

free path is ~ 1 mm, larger than the size of the nose aperture. Thus the 
' 

Knudsen number, the ratio of the mean free path to the aperture size, is ~ 1. 

The flow through the aperture is essentially effusive (or free-molecular). 

The vapor inside the oven is therefore practically in equilibrium and the 

velocity distribution is Maxwellian. The number of potassium atoms 

escaping from the aperture per second is ~ n0vA/4, v being the average 

velocity and A being the area of the nose aperture. It would be exactly 

n0vA/4 for an ideally thin aperture. It can be easily shown, using 

thermodynamics, that the beam flux at distance r from the oven aperture 

and at angle 8 off the beam axis is given by 

( 
n0vAcos8 

1" r,8) = 4n-r2 (III.4) 

providing r > ...) A. The beam density decreases rapidly as the potassium 

atoms move away from the oven. The velocity distribution in the beam 

differs from that in the oven simply because the faster atoms have larger 

probabilities of escaping through the aperture. It is given by 

~ (;;, J v3ex{ ~tr) (III.5) 

Also note that this velocity distribution is defined in a different sense from 

that in the oven. The former is obtained by sampling the atoms in the beam 

that pass a point (or to be exact, an area perpendicular to the beam), while 

the latter samples the atoms in a volume. As a result, the average velocity 
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in the beam is larger, 

(III.6) 

or 

From (Ill.4) the beam density on the beam axis can be expressed as 
, noA 

nb(r,O) = 4nr2 (III.8) 

since nb(r,8)v = :F(r,8). At the hot-wire detector, which is - 20 em away 

from the aperture, Equation (III.8) gives a value in fairly good agreement 

with that derived from the measured ion current of about 3 nA. The 

potassium beam is fairly stable as measured by the hot-wire detector. 

4. Scattering of the Potassium Beam by Target Molecules 

When a target gas is present in the chamber, the potassium beam is 

scattered and attenuated due to collision with the target molecule~. Typical 

target gas pressure is - lxlo-5 Torr, corresponding to a number density p 

of- 3x1011 cm-3. The minimum distance between a potassium atom and an 

average molecule is reasonably assumed to be - 10 A when they have a 

hard collision. So the cross section as for such collisions is - 300 A 2. Thus 

the probability that a potassium atom will be scattered by a target gas 

molecule in a distance L is approximately given by pa~. Therefore, we can 

expect a drop in beam density of ~ 20% at the hot-wire detector (L - 20 

em). This estimate is consistent with measurements. 

5. Isotopes 

The two most abundant potassium isotopes are 39K and 41 K. The 
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natural abundance is 93% for 39K, and 7% for 41K, respectively23. 

6. Dimers 

Potassium dimers, K2, are diatomic molecules composed of two 

potassium atoms with a bond strength~ 0.6 eV at room temperature23. The 

concentration of K2 dimers in the beam is :::;; 1% at the operating 

temperature of the oven3o. 

C. Laser System 

1. Dye Laser 

The production of Rydberg atoms in a single, preselected state is 

greatly facilitated by use of a dye laser. This research employed a Coherent 

CR-699-21 single frequency dye laser pumped by a 10 W Coherent Innova 

20 argon ion laser operating at 514 nm. This dye laser utilizes active 

electronic stabilization to achieve mode-locked operation. The effective 

linewidth is less than 0.5 MHz RMS and the long-term drift is below 50 MHz 

per hour. The CR-699-21 electronics unit also features a 30 GHz 

continuous scan, which was used in the present experiments to find, 

identify, and precisely tune to a preselected Rydberg state. Rhodamine-60 

was used as the laser dye. Its tuning range is from ~ 570 nm to ~ 620 nm. 

The dye laser output peaks at ~ 580 nm where it provides about 1 W CW. 

Near the two ends of the tuning range, a few hundred milliwatts is usually 

available. The width of the dye laser's output beam is less than 1 mm at the 

output coupler and the beam divergence is about 1.2 mrad. It is linearly 

polarized and usually in the TEM00 mode. 
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2. Wavemeter 

A wavemeter designed and constructed in this laboratory was used 

to measure the dye laser wavelength. It consists of a Fizeau interferometer 

and a photodiode array. It is interfaced with a computer. Based on the 

interference pattern on the Fizeau wedge, it calculates the wavelength to a 

precision of 1 part from 106. The wavemeter is routinely calibrated against 
' 

the argon ion laser lines which have well known wavelengths. 

3. Electro-Optical Modulator 

The output of the CW laser is chopped into pulses of controlled 

duration using a Coherent Associates Model 28 electro-optical modulator. 

It is capable of providing pulses with widths down to ...... 0.1 JlS at repetition 

rates in excess of 20 kHz. 

D. Interaction Region 

1. Interaction region 

The interaction region (see figure 111.1) is located between two 

parallel fine copper mesh grids separated by 3 mm. The lower grid is 

usually grounded. The extraction pulse or the field ionization pulse is applied 

to the upper grid. The potassium beam passes through the center of the 

interaction region where it has a number density of ...... 2xi09 cm-3. A fused 

silica lens with a focal length of 50.0 mm focuses the laser beam onto the 

potassium beam. The focal spot is ...... 10 J.Lm in diameter and is basically 

diffraction limited. Laser power density in the sp,.?t is on the order of 

MW/cm2• This spot was carefully aligned with the potassium beam such 
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that the Rydberg atom excitation takes place in the center of the interaction 

region. 

2. Drift Region 

Upon exit from the interaction region, the charged particles enter a 

field free drift region. This drift region, in conjunction with TOFMS, permits . 
mass identification of the product ions and discrimination against electrons 

produced by collisional ionization or field ionization. 

3. Electron Multiplier 

Below the drift region is a Johnston Laboratory MM -1 electron 

multiplier which is used to detect electrons and ions. Typically, a potential 

difference of,.., 4.3 kV is applied between the first dynode and the back plate 

to ensure gain saturation. The electron multiplier is housed in a grounded 

copper box with a 1 inch diameter opening covered by a mesh grid. 

Although the electron multiplier is operated at saturation, the overall 

ion or electron detection efficiency depends on the impact energy at the first 

dynode, i.e., particles with different energies are detected with different 

efficiencies. The maximum efficiency is at,.., 100 eV for electrons and a few 

ke V for the negative ions. 

E. High Voltage Pulse Generator 

In order to field ionize Rydberg atoms at intermediate n, a large 

electric field is required (see chapter IV). This can not be easily achieved 

by ordinary commercial units. A high voltage pulse generator (figure III.4) 

was designed and constructed in this laboratory to produce the high voltage 

pulse needed. Briefly, three power transistors acting as a switch discharge 
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Figure Ill.4 Circuit diagram of the high voltage pulse generator. Three MJ10050 power 

transistors (in parallel) were used to increase the current handling capability. 

a capacitor through the primary of a step-up pulse transformer which in tum 

induces in its secondary a pulse with an amplitude up to - 6 kV. When 

applied to the upper grid, the pulse produces an electric field capable of 

adiabatically ionizing potassium Rydberg atoms with principal quantum 

number as low as 12. The typical onset time is- 0.5 J..LS. No significant jitter 

was observed. Its stability permits its use to do SFI. a Rydberg atom 

detection and diagnostic technique which will be discussed in detail in 

chapter IV. 

F. Electronics and Data Acquisition System 

Figure III.S shows the setup of the electronics and data acquisition 

system. A Datapulse 101 pulse generator serves as a master pulser to 

synchronize other electronics and timing devices. It starts the timing 
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Figure ill.S Block diagram of the data acquisition system. 
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sequence with a TIL pulse which triggers the electro-optical modulator to 

produce a laser pulse. At the same time, it starts a programmable delay 

(Evans Digital-Model 4145 module), which triggers the voltage pulse to the 

upper grid at a preselected delay time, typically in the J.Ls range. 

Output pulses from the electron multiplier are amplified and 

compared to a preset threshold by a LeCroy MVLlOO low level 
I 

amplifier/comparator. The MVLlOO's output is then fed to a timing device 

so that the signal's arrival time can be registered. 

For SFI or electron detection only, a LeCroy Model 3001 multi

channel analyzer (MCA) with 1 ns resolution over a 1 J!S active window 

was used as a timing device. To register ion arrival times, which are 

typically a few J.Ls after the voltage pulse, a Bi Ra Model 2202 elapsed time 

counter (ETC) was used. The ETC has 50 ns resolution over a 20 /lS active 

window. 

The data acquisition was managed by a Motorola VME 131 

computer, which was interfaced to the digital delay, timing instruments, and 

wavemeter via a CAMAC crate. 
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IV. EXPERIMENTAL TECHNIQUES 
AND PROCEDURES 

In this chapter we discuss the major aspects of the experimental 

techniques and procedures in detail. Emphasis is placed on the underlying 
I 

physics, because it must be understood to correctly interpret the data. 

A. Production of Potassium Rydberg Atoms 

1. Methods of Producing Rydberg Atoms 

Rydberg atoms can be producecl by the following methods: 

a). Dissociation of molecular ions3t,32,33 

b). Electron capture by positive ions34 

c). Electron detachment from negative ions35 

d). Electron impact excitation36 

e). Optical excitation 

The first four methods produce Rydberg atoms with a wide range of 

principal quantum numbers and angular momenta. Tunable lasers provide a 

versatile source of coherent radiation with high spectral brightness and 

permit optical excitation of atoms to a single, preselected Rydberg state. 

As illustrated in figure IV.l, there are basically three ways to optically 

excite atoms to a Rydberg state. 

Single-photon excitation 

An atom in the ground state (or in an electronically prepared 

metastable state) is excited to a state of the opposite parity by absorbing a 
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(4) 

Ground state 

Figure IV.l Three ways of optical excitation. (1) Single-photon excitation. (2)(3) 

Stepwise excitation. (4)(5) Two-photon excitation. 

single photon. Such excitation usually requires UV photons, which can be 

produced by second harmonic generation in a nonlinear crystal. 

Advantages: 

This excitation process is very efficient. 

Only one laser is needed. 

Disadvantages: 

Second harmonic generation is inefficient. 

Only P states can be prepared, if starting from a groundS state. 

UV photons can lead to undesired side effects, such as emission of 

photoelectrons. 

Stenwise ontical excitation 

Two or more photons are absorbed sequentially. The first photon 

excites an atom to an intermediate state, a low-lying P state in case of the 
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alkalis. This process can be quite efficient because the oscillator strengths 

for such transitions are large. A second photon excites the atom to a high

lying nS or nD state. 

Advantages: 

The excitation process has high efficiency. 

States with several different angular momenta can be excited. 

Disadvantages: 

Two or more lasers are needed. 

Two-photon excitation 

An atom is excited to a Rydberg state via an intermediate virtual state 

by simultaneous absorption of two photons of the same frequency. Two

photon transitions occur between states of the same parity. Starting from a 

ground S state, the selection rules allow population of either a nS or nD 

state. Since each photon has half the transition energy, the wavelengths of 

the photons needed to excite alkali atoms in this way are usually in the 

visible. 

Advantages: 

Only one tunable laser is needed. 

Either nS or nD states can be populated. 

The required wavelengths are usually in the dye laser tuning range. 

Disadvantages: 

Probability of two-photon transitions is low (however the transition 

rate is proportional to the square of photon flux, and it can be 

significantly increased by tightly focusing the laser beam). 

In the present work, Rydberg atoms were created by two-photon 

excitation of potassium atoms. The details of the excitation are discussed in 
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the following sections. 

2. Two-Photon Excitation Rate 

First, let's look at the major factors that determine the excitation rate. 

A brief review of single-photon excitation provides a good preparation to 

two-photon excitation and allows introduction of several key concepts. 
I 

Photoexcitation is usually treated by perturbation theory in quantum 

mechanics. A perturbation Hamiltonian is introduced to represent the 

interaction between the electron and the electromagnetic field. There are 

basically three terms in the perturbation Hamiltonian, the electric dipole 

interaction, the magnetic dipole interaction, and the electric quadrupole 

interaction. However, the electric dipole term usually predominates by 

several orders of magnitude. From now on, we only consider electric dipole 

transitions. The perturbation Hamiltonian for the electron can then be 

written in the form 

(IV .I) 

where E is the electric field of the radiation, and p is the electric dipole 

moment, given by 

p=-er (IV.2) 

The perturbation matrix elements are then given by 

J{j = ( i 1.1-{1 j) =- ( i I p•E I j) (IV.3) 

where i and j represent eigenstates of the unperturbed Hamiltonian. 

Typical wavelengths associated with the incident radiation are much larger 

than the dimensions of an atom in the ground and lower-lying excited states. 

Therefore the spatial variation of the electric field E over the electron orbit 

can be neglected. !lf;j can be expressed in terms of the matrix element of p 

!lf;j =-Pij•E (IV.4) 

32 

j 



Pij = - e ( i I r I j ) (IV.5) 

where the electric dipole matrix elements are only non-zero between states 

with opposite parities. 

The single-photon transition probability between two states i and j 

can be evaluated using perturbation theory37, and is given by 

I J-4·12 

~ = ~ ng(m) 
'2 

where g(m) is a lineshape function given by 
11m 

(IV.6) 

gL(w) = l 2 
( J (for Lorentzian lineshape) (IV.7a) 

n 2 11m 
(Qij- m) + 2 

_ 2-{ill2 [ (Qii- m)2J 
g0 (m)- .yn ~1m exp -4(ln2) (l1m)2 (for Gaussian lineshape) (IV.7b) 

where 11m is the linewidth of the absorption line in rad/s, Qij = (Ej- Ei)lh, or 

hQij is the energy between the two eigenstates, and m is the frequency of 

the sinusoidal perturbation (i.e., the electromagnetic radiation). The 

linewidth is discussed in a following section. 

Qij and mare usually much larger than 11m. The lineshape function 

g(m) peaks sharply at m- QiP As a result W1 is essentially zero except at 

resonance. The value of the lineshape function at resonance is simply 
2 

gLr = n;!).m (for Lorentzian lineshape) (IV.8a) 

2...)ln2 
g = (for Gaussian lineshape) (IV.8b) 

Gr vnl1m 

An assumption made in deriving equation (IV.6) is that the frequency 

spread of the incident radiation is small compared to the transition linewidth 

11m. This condition is frequently satisfied when a laser is used to induce the 

transition. If the excitation takes place in an isotropic medium 
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(IV.9) 

Thus the transition probability can be expressed in terms of Pij and E as 

'14\ = IP;~~E 12 
ng(m) (IV.IO) 

It is obvious that the single-photon excitation probability (W1 is proportional 

to the square of the field strength. In other words, W1 scales with the 
' 

energy flux F or photon flux T of the incident light. F is related to IE 12 by 

F =co I~ 12 c (IV.ll) 

where c0 IE 1212 is the energy density in the incident radiation. F is in unit of 

J m-2 s-1. The photon flux Tis given by 

Tis expressed in photons m-2 s-1• 

T=.!!_ 
11m 

(IV.12) 

It is usually convenient to characterize the excitation in terms of an 

excitation cross section 0', which has the dimension of area. The excitation 

probability is then the product ofT and a. For the single-photon process we 

have 

(IV.13) 

whereupon 0'1 can be written as 

7W)IPii 12 

0'1 = g(m) 
- 3c0hc 

(IV.14) 

Note that the single-photon excitation cross section does not depend on the 

intensity of the incident radiation. 

The physical significance of the cross section is that it represents the 

effective area over which an atom (or a molecule) absorbs the incident 

radiation, and therefore the product of the cross section and the number of 

incident photons per unit area per unit time is the transition probability per 
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unit time. 

The cross section can be alternatively expressed m terms of an 

oscillator strength, defined as 

fr = 2m.Qii I Pi; 1
2 

'1 3he2 
(IV.l5) 

or, combined with equation (IV.5) 
'fm.f2;; 2 

fij= 3h lrijl (IV.l6) 

where e and m are the charge and mass of electron. The oscillator strength 

is a dimensionless quantity. It signifies the ratio of the quantum mechanical 

cross section to the classical counterpart. fij > 0 for absorption, and hj < 0 

for emission as .Qij < 0. In a sum over all the possible final states j, the 

oscillator strengths satisfy the Kuhn-Thomas sum rule 

'Lh-=1 . l) 
J 

The cross section has yet another form 
rce2m 

0"1 = 2e
0
cm.Q .. hj g(m) 

l) 

(IV.l7) 

(IV.l8) 

For the alkali atoms, the oscillator strengths have been extensively 

calculated using semiempirical methods and quantum defect formalisms, 

and the results of these calculations are generally in good agreement with 

experimentJ8,39.40.41,42.43. The oscillator strengths decrease as the principal 

quantum number n of the upper level increases, and scale as~ n-3 for large 

n. The single-photon excitation cross section and the excitation probability 

thus both scale as ~ n-3 for large n. 

A potassium atom, for example, has an oscillator strength of nearly I 

for the 4S ---1 4P transition, and the sum of the oscillator strengths for the rest 

of the 4S -> nP (n ~ 5) transitions is only~ 0.03. The 4S ---1 18P transition 
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has an oscillator strength~ 2xlo-5, which corresponds to a cross section 

(for an effective linewidth of~ 30 MHz) 

a1 ~ lxlo-18 m2 

A comparison between two-photon excitation and single-photon 

excitation helps to illuminate the physics behind the former process. The 

two-photon transition probability can be obtained by carrying the 
I 

perturbation theory to higher orders37. For a transition from state ito j, it is 

given by 

(IV.19) 

where the summation is over all atomic states k. Similar to equations 

(IV.7a) and (IV.7b), we have 
/).(I) 

gL(2ro) = .!_ T ( ) (for Lorentzian lineshape) (N.20a) 
1C /).(1) 

(Du- 2m)2 + 2 

2~1n2 [ (Dr- 2m)
2
] 

g0 (2m) = ...fic!J.m exp -4(ln2) (~m)2 (for Gaussian lineshape)(IV.20b) 

As expected, resonance occurs at m = !2;/2, and equations (IV.8a) and 

(IV.8b) still hold. 

W2 can also be expressed in terms of the dipole moment p and the 

electric field E as 
2 

w. = rcg(2m) ~ ( i I p•e I k )( k I p•e U) IE 14 
2 8h4 ~ (JJ- Qik 

(IV.21) 

where e is the unit vector of the electric field E. 

A major difference between the two-photon transition and single-
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photon transition is that ~ is proportional to the fourth power of the field or 

the square of the photon flux. The two-photon transition process may be 

viewed as two successive electric dipole transitions via a virtual 

intermediate state. Thus the dependence on the square of the radiation 

intensity can be readily understood. It is also apparent that the two-photon 

transition only takes place between two states with the same parity. 

For potassium atoms in the ground state 4S, the two-photon 

excitation can produce Rydberg atoms in nS states or nD states. The 

indices kin equations (IV.19) and (IV.21) refer to nP states with n ~ 4. As 

mentioned previously the oscillator strength between the 4S and the 4P is 

two orders of magnitude larger than the sum of the oscillator strengths 

between the 4S state and other nP (n ~ 5) states. As a consequence, the 

two-photon transition probability for potassium is effectively 
2 

U'
2 
= ng(2m) ( 4S I p•e 14P )( 4P I p•e U) IE 14 

8h4 (I) - Q4S4P 
(IV.22) 

or in terms of oscillator strengths 
tW, _ 9ng(2m)e4 E 4 

2- 32., ?_ 2 n n (m _ n ) 2 l,s4Pi,P) I 
f4rn1 ~~4S4P~~4Pj ~~4S4P 

(IV.23) 

and since l,s4P - 1 we have 

rW, - 9ng(2m)e4 h ·IE 14 
2 

32ft- n1
2 
Q4S4PQ4P/ (J)- Q4S4P)

2 4
PJ 

where j stands for a nS or nD state. The two-photon excitation cross 

section is then given by 

_ 9nmg(2m)e
4 h ·IE 12 

0"
2 16eoh Cn12 Q4S4PQ4P/ (I) - Q4S4Pp 

4
PJ 

(IV.24) 

Note that o-2 is proportional to the square of the field or the photon flux 

associated with the incident radiation. The single-photon excitation cross 

section is, however, independent of the photon flux. Nevertheless, the two-
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photon excitation bears one similarity with the single-photon process in that 

0"2 also scales with - n-3 for large n, since it basically varies linearly with the 

oscillator strength hPj. Experiments in this laboratory show a n-

dependence of n-2·7±0.4 for 12::; n ::; 30. The transition probability and the 

cross section are still related the same way, i.e. 

Wz = TO"z (N.25) 

Consider as an example, the cross section for the two-photon 

transition 4S ---7 18D. Potassium has an oscillator strength - 1x 1 o-4 

between 4P and 18D. In the present work, the effective linewidth was 

typically - 30 MHz (primarily due to Doppler broadening, see discussion on 

linewidth in a following section). (N.24) then gives 

a2 - 4x1o-37 1E 12 (N.26) 

in m2• Note that 0"2 - 10-191E 12 O"p and obviously a2 can be increased by 

increasing the power density of the incident light. The dye laser used in this 

research has a typical output power of - 1 W at the wavelength for this 

transition and only about 50% of the power gets to the interaction region due 

to loss in the electro-optical modulator and at several surfaces. The focal 

spot size 1J is - 10 Jlm. So the power density at the focal spot is 

F- 5x109 W m-2 

The electric field strength is then, from equation (IV.11) 

lEI- 2x106 V m-1 

Therefore the two-photon excitation cross section is 

a2 - 2x1o-24 m2 (1.6x1o-24) 

The photon energy is - 2 eV, corresponding, from equation (IV.12), to a 

photon flux 

r- 2x1028 photons m-2 s-1 (1.6x1028) 

and a transition probability, from equation (N.25), of 
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~ ~ 3x104 s-1 (2.6x104) 

Note that W2 scales with 1J as 
1 

W2oc4 
1J 

The strong dependence of W2 on 1J simply implies that the two-photon 

excitation primarily occurs in a volume characterized by 713 at the focal spot. 

The number of potassium atoms in this volume is 

N- nbi113 (IV.27) 

where nbi is the number density of the potassium atoms. As calculated in 

chapter III, nbi- 2x109 cm-3, which translates into~ 2 potassium atoms in 

the excitation volume, on average. Therefore we can expect that Rydberg 

atoms are produced at a rate 

p ~ 5x104 s-1 

The observed production rate is~ 4x104 s-1• 

The production rate p, a product of Nand~' scales with 1J as 
1 

p oc- (IV.28) 
1J 

The production rate can also be viewed from another angle. An average 

potassium atom traverses the focal spot in a time ~ 7]/vb, fib being the 

average velocity in the potassium beam. Thus the atom has a probability 

W27]/vb of being excited by the two-photon process. Using the value of vb 

calculated in chapter III, this probability is~ 5x1o-4• The production rate p 

can then be obtained by multiplying this probability by the number of atoms 

passing through the excitation volume per second, which is~ 1]2nbivb. 

3. Determination of Photoexcitation Wavelength 

The dye laser must be tuned to the exact transition wavelength to 

produce Rydberg atoms. This wavelength is determined by the excitation 
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energy, i.e., the energy needed to excite a potassium atom from the ground 

state to the desired high-lying state. The energy levels are similar in form to 

those of hydrogen, and can be expressed as 

E(n,lJ) =- [n _ ~~lJ)f (IV.29) 

where o(n ,l J) is the quantum defect, which can be evaluated to high 

precision by using a modified Rydberg-Ritz formula44 
at a2 a3 a4 

o(n,lJ)=a0 +( )2 +( )4 +( )6 +( )8 + ... (IV.30) 
n-~ n-~ n-~ n-~ 

where a0, al' a2, a3, and a4 are the modified Rydberg-Ritz coefficients. They 

are constant for a particular lj combination, and can be empirically 

determined. The Rydberg constant of potassium is accurately known from 

spectroscopic measurements. For 39K S and D states the modified 

Rydberg-Ritz coefficients are listed in table IV.l (see reference 44) 

Table IV.l The modified Rydberg-Ritz coefficients a0, al' a2, a3, and a4, the Rydberg 

constant of 39K. All data refer to the centers of gravity (e.g.) of the hyperfine-split ground 

and excited states (from reference 44). 

Term series 2 
n St/2 

2 
n D3/2 

2 
n Ds/2 

ao 2.1801985 0.2769700 0.2771580 
± 0.000015 ± 0.000006 ± 0.000006 

at 0.13558 - 1.024911 - 1.025635 
± 0.003 ± 0.001 ±0.002 

a2 0.0759 -0.709174 -0.59201 

a3 0.117 11.839 10.0053 

a4 - 0.206 -26.689 - 19.0244 

R 109735.774 cm-1 
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Using the above numbers, the energy levels can be calculated to an 

accuracy of 5x1o-4 cm-1 (15 MHz)44. The required excitation wavelength 

can be detennined by 
2hc 1 
T=E(n,l ,J)- £(4,0,2) (IV.31) 

where l = 0 (j = 1/2), or 2 (j = 3/2, or 5/2) for the two-photon excitations. A 

computer program was used to ca~culate the wavelengths. 

The dye laser can be easily tuned to within several GHz of the 

desired Rydberg state by mode hopping until the wavelength read by the 

wavemeter closely matches the required wavelength. A subsequent scan 

of the laser is usually sufficient to tune the laser onto the desired transition. 

4. Velocity Distribution of the Rydberg Atoms 

As a potassium atom passes the laser focal spot, the probability that it 

is excited to a Rydberg state is much smaller than 1. Hence this probability 

is proportional to the time the atom spends in the laser focal spot, which is 

1]/V, v being the velocity of the atom. As determined in chapter III, the 

atoms in the potassium beam have a velocity distribution given by 

~( ;T J v3exp(-~) 
Therefore the photoexcited Rydberg atoms have a velocity distribution 

given by 

( m Jfl 2 ( mv
2
J f(v) = 4n 2nkT v exp- 2kT (IV.32) 

Note that this distribution is Maxwellian in form, and that the Rydberg atoms 

all move in virtually the same direction. It is also important to bear in mind 

that this is not the commonly defined volume velocity distribution. This 

distribution will be obtained sampling all the Rydberg atoms. The average 
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-velocity of the Rydberg atoms is 

v=(~~r (IV.33) 

which is the same as the average velocity of potassium atoms in the oven. 

As calculated in the previous chapter, vis- 570 m s-1, and is- 15% smaller 

than the average velocity of the ground state atoms in the potassium beam. 

The linear momentum absorbed by a potassium atom during two

photon excitation is about four orders of magnitude smaller than the atom's 

momentum and hence has virtually no effect on the atom's motion. 

B. Spectra of the Rydberg Atoms 

In this section several additional factors that are important in 

excitation of the Rydberg atoms are discussed. Figure IV.2 illustrates the 

frequency dependence of pota~sium photoexcitation observed as the laser 

was scanned in the vicinity of 102D and 152D transitions. The linewidths of 

the various spectral lines and their origins will now be discussed. 

1. Transition Linewidth 

Several line broadening mechanisms can contribute to the overall 

linewidth and need to be evaluated to understand their relative importance. 

The laser beam intersects with the potassium beam perpendicularly. 

The Doppler broadening is basically determined by the velocity component 

of the potassium atoms in the direction parallel to the laser beam, i.e., 

perpendicular to the axis of the potassium beam. Using the divergence(- 1 

degree) and the average velocity(- 660 m s-1) of the potassium beam given 

in chapter III, this velocity component is only- 10m s-1• That results in a 

Doppler broadening of merely - 30 MHz. Note that this broadening is 
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Figure IV.2 Spectra of potassium Rydberg states showing fine structure, ground state 

hyperfine structure, and isotope shift. Note that the real splitting should be twice the 

amount shown in the figure because of two-photon excitation. (a) K(lOd). Obtained by 

counting SF6- ion signal in K(10d)-SF6 collisions while scanning the dye laser. (b) 

K(15d). Obtained by counting field ionization signal while scanning the dye laser. Note 

the decrease of fine structure splitting from K(lOd) to K(15d). 
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inhomogeneous, i.e., it is a collective mechanism arising from the fact that 

each atom has a different transition frequency. The lineshape is 

approximately Gaussian. 

Another important broadening mechanism is the transit-time 

broadening. The two-photon excitation can only occur as the atom 

traverses the las_er focal spot(~ 10 /J.m) at an average speed of~ 660 m s-1• 
' 

The excitation time is then ~ 15 ns, which translates into a Fourier

transform limited width in the frequency domain of ~ 10 MHz. It is 

important to note that this broadening mechanism applies to each individual 

atom depending on its velocity. 

The pressure broadening has no observable effect since the target 

gas pressure is ::;; 1 o-5 Torr. The naturallinewidth is typically ::;; 1 MHz. 

Thus the total expected linewidth is ~ 33 MHz, very close to the 

observed value. The linewidth has no strong dependence on n, since it is 

primarily determined by the Doppler and transit-time broadening. 

2. Fine Stmcture 

All the energy levels of the potassium Rydberg atoms, except the nS 

(l = 0) states, are split because of the spin-orbit effect. The physical origin 

of this effect is the interaction between the intrinsic magnetic moment of the 

electron and an effective magnetic field seen by the electron as it moves in 

the electric field of the core. The spin-orbit interaction can be treated as a 

perturbation, and its Hamiltonian is given by 

:J-l = 1 do/(r) L•S (IV.34) 
:so 2m2c2 rdr 

where o/(r) is the effective central potential in which the valence electron 

moves, L and S are the electron's orbital and spin angular momentum 
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operators, respectively. The perturbation can be diagonalized after 

introducing the total angular momentum of the electron 

(IV.35) 

so 

(IV.36) 

and 

(IV.37) 

The energy shift due to the spin-orbit coupling can then be expressed as 

M = ( . 1 do/(r) 1 (J2- L2- S2) ) 
so 2m2c2 rdr 2 

= ~ (g(r)) [j(j + 1) -1(1 + 1) -~] (IV.38) 

where j is the total angular momentum number, g(r) = 
2 

1
2 2 do/(dr) and 

me r,r 

(g(r)) denotes the average value of g(r) in the state I n1j). j = 1 ± l/2 for 1 "# 0, 

so each level is split into two, corresponding with two values of j. The other 

relativistic corrections are negligible compared to the spin-orbit effect. 

For a Coulomb field o/(r) depends on r as 1/r, whereupon g(r) is 

proportional to 1/r3• For hydrogenic states. with 1 "# 0 we have 
1 z3 

( 13 ) = a~n31(1 + 1/2)(1 + 1) 
(IV.39) 

Therefore, based on the fact that the potassium Rydberg electron moves in. 

a central field that closely resembles a Coulomb field, we can reasonably 

expect that for 1 ~ 1 Rydberg states the fine structure energy shift and 

splitting scale as 1/n3 as n increases. 

The D states, which are the focus of the present experiments, thus 

split into D512 and D312 levels. This fine structure splitting can be 

phenomenologically incorporated into the quantum defects. The difference 
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between the quantum defects for D512 and D312 levels of potassium is 

basically a constant 118 = 8(D 512) - 8(D312) - 2x 1 o-4 (see previous 

discussion of quantum defects and reference 44). Using equation (IV.29), 

the splitting between these two levels can be approximately estimated by 

or 

dE 
M = d8 118 

(IV.40) 

At n = 10, we expect, from equation (IV.40), a splitting of- 5x1o-2 cm-1, or 

1.4 GHz. At n = 15 the splitting decreases to- 0.4 GHz. The values of the 

splitting and their dependence on n are properly reflected in the observed 

spectra obtained by scanning the dye laser (see figure IV.2). The fine 

structure levels of a potassium D state are inverted, i.e., D512 is lower than 

D312, due to exchange interactions between the valence electron and the 

core electrons and other small core-related effects45. 

For the S states, there is no spin-orbit effect since l = 0. However the 

S states are affected by the Darwin term, which arises from overlapping of 

the s electron's wavefunction with the nuclei. The Darwin term is 

nit- ze2 0 2 
- 2m2c24neo l'l'no( )I (IV.41) 

where 'lfn0(0) stands for the wavefunction at r = 0. And for hydro genic 

wavefunctions, we have 

(IV.42) 

Thus we expect that for potassium the Darwin term will again decreases as 

1/n3 as n increases. It is important to note that the Darwin term does not 

split the S states and does not affect l -:t:= 0 states. 
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3. Hyperfine Structure 

Deviation of the nucleus from an ideal point charge gives rise to 

hyperfine structure effects which further shift and split the electronic energy 

levels. In addition to its otherwise predominant electric monopole, the 

nucleus possesses electromagnetic multipoles. The hyperfine effects are 

basically caused by two factors: a) the magnetic dipole moment, which is 
' 

associated with the nuclear spin, b) the electric quadrupole moment due to 

the departure from a spherical charge distribution in the nucleus. Again S 

states have different hyperfine effects from other states. 

l ::f:. 0 states 

a). The hyperfine effect due to the nuclear magnetic dipole 

A nucleus has a total angular momentum I, which is called nuclear 

spin. The eigenvalues of the associated operator 12 are I(I + l)h2 , where I 

is the nuclear spin quantum number. For 39K and 41K, I= 3/2. The nucleus 

has a magnetic moment associated with the nuclear spin I, given by 

M = giflnl (IV.43) 
n h 

where g1 is the nuclear Lande g factor, which is a dimensionless number on 

the order of magnitude of unity. g1 = 0.2609 for 39K (see reference 46). Jln is 

the nuclear magneton defined by 

(IV.44) 

where m and M P are the masses of the electron and proton, respectively, 

and Jla is the Bohr magneton (J18 = ;!). Note that the nuclear magneton Jln 

is about three orders of magnitude smaller than the Bohr magneton Jla, 
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therefore the nuclear magnetic dipole moment is much smaller than that of 

the electron. The hyperfine perturbation Hamiltonian due to the nuclear 

magnetic dipole is, for l :;t 0 

q_f =flo _!_ {L + [ 3(S•r)r- S]}•M 
"' 'md 27th flB 13 ,2 n 

flo 1{L [3(S•r)r S]}l 
= 2mt 8r 14 Jln ,3 + ,2 - • (IV.45) 

where flo is the permeability of free space. The term associated with L 

represents the interaction of the nuclear dipole moment M n with the 

magnetic field - 4~:,3 L created at the nucleus by the electron's orbital 

· d h · d · h 3(S•r)r S d f h d' I motiOn, an t e term assoctate w1t -? - stan s or t e 1po e-

dipole interaction between the magnetic moments of the electron and the 

nucleus, i.e., the interaction of the electron's magnetic moment with the 

magnetic field created by Mn. The total angular momentum of the atom is 

F=I+J (IV.46) 

The perturbation matrix can then be diagonalized, and the energy shift due 

to the magnetic dipole hyperfme effect is, for l :;t 0 
flo 1 3(S•r)r 

till,nd = 
2

n"lt- 8114 J.ln ( ,3 {L + [ ,2 - S]} •I) (IV.47) 

where ( ) denotes the expectation value. In terms of the total angular 

momentum number F, the energy shift is given by46.47 

tillmd = ~ [F(F + 1)- /(/ +1)- j(j + 1)] 

where A is the magnetic dipole constant given by 

A= 8r floflB J.ln l(l +1) ( _!_) 
21C j(j ± .1) ,-3 

b). The hyperfine effect due to the nuclear electric quadrupole 

(IV.48) 

(IV.49) 

This perturbation can be interpreted as the interaction between the 
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electric quadrupole moment of the nucleus and the electrostatic field E 

created by the electron at the nucleus, so the Hamiltonian can be expressed 

as 

n = eQ•VE eq (IV .50) 

where Q is the second rank tensor that describes the nuclear electric 

quadrupole 

Q;j = L 3Xpixpj- o;jR/ (i,j= 1, 2, 3) 
p 

(IV.51) 

where the sum is over all the protons in the nucleus, Xp;(i = 1, 2, 3) and RP 

are coordinates and distance with respect to the center of mass of the 

nucleus. Conventionally the magnitude Q of the electric quadrupole 

moment is defined as the average value of Qzz (= Q 33), and Q has 

dimensions of area. The energy shift due to the nuclear electric quadrupole 

is given by46.47 

~K(K + 1)- 2/(I + 1)j(j + 1) 

/illeq = B 2I(2I- 1)2j(2j- 1) (IV .52) 

where K = F(F + 1)- I(/ +1)- j(j + 1) and B is the electric quadrupole 

constant given by 

B = L 2j- 1 ( _!_) 
4nc0 2j+2Q ,3 (IV .53) 

There is no electric quadrupole moment for nuclei with I = 0 or I = l/2. 

c). The total hyperfine energy shift for l '* 0 states 

Combining equations (IV.48) and (IV.52), we have 
/ill _AK B 3K(K + 1) -4I(I + 1)j(j + 1) 

/if- 2 + 4I(2I- 1)2j(2j- 1) (IV .54) 

Since both A and Bare proportional to ( 1/r3 ), which decreases rapidly with 

increasing l and n ( ~ 1/n3), the hyperfine energy shift and splitting also 
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decrease with increasing /, n, and scale as l!n3• The hyperfine substates 

are labeled by F , and the possible values ofF are given by 

F =II- jl, II- jl + 1, ... , I+ j -1, I+ j (IV .55) 

The total number of hyperfine substates is the total number of the possible F 

values. Note that the hyperfine substates (when there are three or more) 

are not equally spaced, due to the nonlinear dependence of the energy shifts 
t 

on F. Each hyperfine level is (2F + I)-fold degenerate, since the energy 

shifts do not depend on the quantum number Mp(i.e., the quantum number of 

the projection ofF on a fixed axis) and Mp=- F,- F + 1, ... , +F. 

d). The hyperfine structure of potassium D states 

A D312 or D512 state of 39K (I = 3/2) is split into four hyperfine 

sublevels labeled by F = 0, 1, 2, 3, and F = 1, 2, 3, 4, respectively (see figure 

IV.3). For 6D312 and 6D512, the hyperfine energy shifts for the extreme 

members of the hyperfine sublevels are ·~ 1 MHz48.49,so. That is much 

smaller than the effective linewidth in the present experiments, so no 

hyperfine structures of the D states were resolved. 11Eeq is smaller !J.Emdso. 
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Figure IV .3 Sketch of hyperfine structures of 39K S and D states. Not drawn to scale. 
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The S states ([ = 0) 

An s electron differs from a/* 0 electron in two main respects: first, 

the magnetic dipole effect appears through the Fermi contact term which 

arises from the singularity at r = 0 of the field created by the magnetic 

moment of the nucleus, and second, the electric quadrupole moment of the 

nucleus has no effect on an s electron since its wavefunction is spherically 

symmetric. 

a). The Fermi contact term 

The magnetic field inside the nucleus is different in form from the field 

created outside by M n (which gives rise to the dipole-dipole interaction). 

The contact term represents the interaction between the magnetic moment 

of the electron spin and the magnetic field inside the nucleus. Only an s 

electron has such an interaction because only l = 0 wavefunctions overlap 

with the nucleus. The Hamiltonian is 
2flo 

1--f,nd=-TMs•Mn 8(r) 

4flo 
= 

3
11- g1 flB f1n S•I8(r) (IV.56) 

The delta function shows that the Fermi contact term will only be non-zero 

when the electron wavefunction in the nucleus is finite. The energy shift is 

then given by 

For an s electron, L = 0, so F = I + S, from which 
1 

S • I = 2 ( F2 - I2 - S2) 

and it follows that 

(IV.57) 

(IV.58) 
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A 3 
11Emd = 2° [F(F + 1)- /(/ +1)- 4] 

where A0 is the magnetic dipole constant for s states given by 

4f1o 
Ao = T gl Jln J1n ( o(r) ) 

4f1o 2 
= 3 gr fln J1n IV'no(O)I 

and from equation (IV.42) we have, for hydrogenic atoms 
4J.lo z3 

Ac = 3n- gr f.ln !ln ~ a0n 

b). The hyperfine structure of potassium S states 

(IV.59) 

(IV.60) 

(IV.61) 

For 39K (/ = 3/2), the S states (j = 1/2) are split by the hyperfine effect 

into two sublevels: F = 2, and F = 1 (see figure IV.3). From equations 

(IV.59) and (IV.61) we can reasonably expect that the hyperfine energy 

shifts and splitting decrease as ~ 1/n3 as n increases. The ground state has 

the largest shifts and splitting. A hyperfine splitting of ~ 0.5 GHz was 

observed for 39K 4S112 (see figure IV.2). The two hyperfine levels are five. 

fold (for F = 2) and three fold (for F = 1) degenerate, respectively. As will 

be discussed later, an external magnetic field will remove the degeneracy. 

4. Isotope Shift 

The isotope shift does not split the energy levels. It is in a sense a 

hyperfine effect since it originates with the nucleus. The isotope shift is a 

consequence of two effects: a) a mass effect caused by deviation of the 

nuclear mass from infinity (the reduced mass effect), b) a volume effect due 

to the fact that the nuclear charge is distributed in a finite volume instead of 

simply a point charge, and that this distribution varies with the number of 

nucleons. The most important volume effect occurs for the ground 4S state, 
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as the wavefunction of this state has t.~e largest probability density in the 

nucleus. The mass effect is manifest in the following two ways: a) a change 

of the Rydberg constant due to the change in the reduced mass, this effect 

shifts all the levels in the same manner, b) a mass polarization correction 

arising from the variation of the perturbation of the valence electron by the 

core electrons. 
' 

The next most abundant isotope to 39K is 41K, which has a natural 

abundance of ~ 7%. For an in depth discussion on isotope shift see 

reference 51. 

5. Selection Rules for Two-Photon Excitation 

For single-photon electric dipole transitions, the selection rules are 

Ill=± 1 

~}=0, ±1 

the transitions j = 0 ~ j' = 0 being forbidden. 

(IV.62) 

(IV.63) 

The two-photon transition, which can be viewed as two consecutive 

electric dipole transitions, has the following selection rules 

~1=0,±2 

I ~J I::; 2 

(IV.64) 

(IV.65) 

The ground state 42S 112 has l = 0, j = l/2. So two-photon excitation can 

populate n2D3!2(l = 2, j = 3/2), n2D5!2(l = 2, j = 5/2), and n2S112(l = 0, j = 1/2). 

The electric dipole operator does not act in the electron spin space. It 

follows that the component of the electron spin along the direction of 

quantization remains unchanged by photoexcitation 

~ms=O (IV.66) 

This is true for both single-photon and two-photon excitation. The selection 

rules for m, (the quantum number of the component of electron orbital 

53 



angular momentum in the direction of quantization) depend on the 

polarization of the incident photons. The selection rules have a simple 

interpretation in terms of conservation of the total angular momentum, the 

sum of the photon angular momentum and the electron angular momentum 

in the quantization direction. Let q1 and q2 represent states of polarization of 

the two photons: q 1' q2 = 1, -1, 0 correspond to O" +, O"-, and n- polarizations, . 
respectively. O" + and O" - stand for polarizations perpendicular to the 

quantization axis, superscripts + and - stand for left-hand circularly 

polarized and right-hand circularly polarized, respectively. rc stands for 

polarization parallel to the quantization axis. Then we have 

llml = ql + q2 (IV.67) 

In the present experiments, the laser output was linearly polarized, so we 

have, after choosing the polarization axis as the quantization axis 

!lm1 = 0 for q1 = q2 = 0 (IV.68) 

For hyperfine level transitions, the component of the nuclear spin 

along the quantization axis is not changed by the transition, that is 

llm1 = 0 (IV.69) 

since the electric dipole operator does not act on the nuclear spin. Thus, 

similar to equations (IV.65) and (IV.67), we have 

lllF I~ 2 (IV.70) 

(IV.71) 

For detailed discussion on the selection rules for two-photon transitions see 

references 52, 53, and 54. 

6. Verification of the Rydberg States 

Analysis of the photoexcitation spectra of the Rydberg atoms permits 

confirmation of the Rydberg state excited. A n2D state is lower in energy 
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than the (n + 2)2S state, but they are usually closely spaced. The calculated 

S-D spacing and the difference between the fine structures of the two 

states permit differentiating a D state from an S state. After identifying a D 

state, the D512 or the D312 levels can be differentiated because the former is 

slightly lower than the latter. 

C. Detection and Diagnostics of the Rydberg Atoms 

In this section we discuss field ionization, an important technique for 

Rydberg atom detection, and SFI used as a diagnostics technique. SFI also 

makes it possible to investigate an interesting effect of a magnetic field on 

the evolution of Rydberg states, i.e., quantum beats. 

1. Methods of Detecting Rydberg Atoms 

The Rydberg atoms can be detected using the following methods 

a). Fluorescence55,56,57 

b). Microwave multiphoton ionization34 

c). Optogalvanic techniquesss 

d). Space charge limited diodes59,60 

e). Field ionization6t 

In the present experiments the field ionization technique was chosen 

because it is superior to the other methods in that it permits the absolute 

detection of the Rydberg atoms, and its selectivity enables analysis of 

Rydberg atom population distributions. Field ionization can be briefly 

described as follows: a pulsed electric field is applied to a Rydberg atom to 

strip off the loosely bound electron, and the liberated electron or the 

resultant positive ion is detected by an electron multiplier. The strong 

dependence of the ionizing field strength on the Rydberg state allows 
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identification of the Rydberg state. As a result, it is widely used in Rydberg 

atom studies. We now examine the field ionization teclmique in some detail, 

starting with the Stark effect. 

2. The Stark Effect 

Knowledge of how an atom is influenced by an external electric field 
' 

is essential to understanding of field ionization. A ground state electron is 

subject to a strong Coulomb attraction from the nucleus. The potassium 

valence electron, for example, experiences a field of- 1010 V /m when it is in 

the ground state. However, this electric field decreases rapidly with 

increasing principal quantum number and scales as - 1/n4 (- 1/r2). At n = 

18, the excited electron experiences a field of- 105 V/m, and its motion will 

be significantly perturbed when an external electric field of this magnitude 

(easily achievable in the laboratory) is applied to the atom. The shift and 

splitting of atomic energy levels by an applied electric field is called the 

Stark effect (see figure IV.4). 

The fundamental effect of an external electric field is to change the 

boundary conditions for the electron from being closed to open, and to 

couple the bound states to the continuum. In an applied electric field E in 

the z direction, the Rydberg electron is subject to a perturbation of 

%= eEz (IV.72) 

and the Schrodinger equation becomes 
It- . 

[-
2

m V2 + o/(r) + eEz ]lfl(r) = Wlfl(r) (IV.73) 

where W is the energy. For a hydrogen atom, whose electron is in a pure 
2 

Coulomb potential (- -
4

e ), equation (IV.73) becomes 
77:£or 
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Figure IV.4 (a) Hydrogen Stark levels of lm I= 2 in the vicinity of n = 18. (b) Potential 

of a hydrogen atom in an external electric field. 
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1l e2 
(- -2 V2- -

4
- + eEz )1fJ(r) = WlfJ(r) 

m rrt:0r 
(IV.74) 

which is separable in parabolic coordinates and can be solved analytically 

forE= Q62. The states are labeled by a set of quantum numbers: n, nl' n2, 

and I m 1. n is the principal quantum number and m is the quantum number 

that describes the projection of the orbital angular momentum on the z axis. 

n1 and n2 are parabolic quantum numbers. They satisfy 

n1 + n2 + I m I + 1 = n (IV.75) 

and 

nl' n2 ~ 0 

The solutions to equation (IV.74) can be obtained by using perturbation 

methods. The first three terms in the expansion for the energy are63 

W
0 
=- R~c (IV.76a) 

n 
3ea0 W1 =~n(n1 - n2)E (IV.76b) 

(IV.76c) 

where a0 is the Bohr radius. From the above equations, we can identify 

some of the major features of the Stark energy shifts in hydrogen. The 

zeroth order term serves as a natural measure. The zeroth order separation 

between two adjacent levels is 
2Rhc 

~W0 = W0(n + 1) - W0(n) ~ - 3-
n 

(IV.77) 

The first order term indicates that the adjacent Stark levels in a given Stark 

manifold (a group of Stark levels with the same nand m) are separated by 

~W1 = W/n, n1, lml)- W1(n, n1 -1, lml) = 3nea0E (IV.78) 

States in two adjacent Stark manifolds start to cross (i.e., the highest level of 

manifold n intersects the lowest level of manifold n + 1) at a field strength 
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E- 2Rhc 
3ea0n

5 (IV.79) 

The Coulomb potential possesses a symmetry that permits levels of the 

same m to cross (see figure IV.4), i.e., there is no mutual coupling. 

When the electron energy is significantly altered by the external 

electric field, l is no longer an appropriate quantum number. Each Stark 

state can in fact be represented. as a superposition of states that are 

characterized by different values of l in zero field. Nevertheless m is still a 

good quantum number because of symmetry about the z axis (the system is 

invariant under rotation about the z axis). A Stark state In, nl' n2, m) can be 

expanded in terms of the ordinary spherical coordinate states61 
n -l 

In, nl' n2, m) = L a1 In, l, m) 
I= lml 

where a1 are Clebsch-Gordan coefficients. 

(IV.80) 

Under the perturbation of an external electric field, the center of the 

electron charge distribution is usually shifted away from the center of the 

positive charge. For n1 - n2 > 0, the probability of finding the electron in the 

z > 0 region is increased, and the reverse is true for n1 - n2 < 0. And from 

equation (IV.76b), the atom can be viewed as having an electric dipole 

moment which is approximately proportional to - n(n1 - n2). 

In a potassium Rydberg atom, the valence electron moves m a 

potential that is close but not identical to a Coulomb field due to the 

presence of core penetration and core polarization effects. This leads to 

coupling between levels of the same I m I and results in avoided crossings 

when levels of the same I m 1 approach63 (see figure IV.S). Nonetheless, a 

good approximation of the Stark energy levels of the potassium Rydberg 

atoms can be obtained from equation (IV.73) by using the Coulomb 
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Figure IV.S (a) Potassium Stark levels of lml = 2 in the vicinity of n = 15 (from 

reference 63). (b) Diagram of an avoided crossing. 
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approximation and quantum defect theory63. Numerical solutions to 

equation (IV.73) have been performed, and are usually presented in the 

fotm of a Stark map, a diagram that depicts the Stark energy levels versus 

the applied electric field (see figure IV.5). 

3. Field Ionization 

As a result of the applied electric field, the Rydberg electron has a 

probability of tunneling through the Coulomb barrier, even when its energy 

is below the saddle point (see figure IV.4). In other words, the Rydberg 

atom can be field ionized. In low fields the Coulomb barrier is wide and high 

and the probability of field ionization is extremely small. Field ionization 

becomes important when the tunneling probability becomes comparable to 

the natural radiative decay probability. In very strong fields, the field 

ionization rate becomes so large that the Stark states are broadened and 

lose their discrete nature. Once the external field reaches this strength, it is 

virtually 100% certain that an atom will be field ionized. Therefore field 

ionization occurs with unit probability. It is to be expected from classical 

mechanics that the field ionization will occur when the external field 
e 

strength becomes comparable to 
4 

?- . A better estimate of the threshold 
nea 

field can be obtained from simple energy arguments as follows. 

The total potential energy of an electron in a central potential ~ -
4 

e 
near 

and an external field E along z axis is 
e2 

'll(r) =- -
4

- + eEz 
near 

o/(r) reaches a maximum of 

(IV.81) 

(IV.82) 
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at 

z- ... G- - -\f 4lieoE (IV.83) 

The maximum of 'l{r), usually referred to as the saddle point, is illustrated in 

figure IV.4. Classically the electron will remain bound so long as its energy 

W is below o/m. Field ionization will occur when W lies above o/m, or in other 

words, when E reaches a critical value Ec such that 

_ .... R"Ec=W 
"\J 7ieo 

Using the zeroth order W given in equation (IV.76a), we have 

_ ... R"Ec __ Rhc 
-\J 7ieo - n2 

that is 

or in terms of a0 

(IV.84) 

(IV.85) 

For alkali Rydberg atoms, we c~n reasonably expect to replace n with the 

corresponding effective principal quantum number n * = n - o. Experimental 

investigations of field ionization indicate that the threshold field scales 

roughly as - n *-4 , with slightly higher values of E c than pred_icted by 

equation (IV.85). To ionize K(20d), a field of- 2 kV/cm is needed. As n 

goes down, the threshold field increases rapidly. A field of- 16 kV/cm is 

needed for K(12d). 

In addition to a strong dependence on n, the threshold field also 

depends on n1 and I m I, since the Stark energy·levels also depend on n1 and 

I m 1. Another important factor that determines the field at which the 
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ionization occurs is the slew rate of the external field (i.e., how quickly the 

external field changes with time). When the field increases slowly, the 

electronic state does not traverse the avoided crossings (see figure IV.5). 

Such passage to field ionization is called "adiabatic", i.e., the electronic state 

assumes sequentially the character of different Stark states. In case of a 

rapidly changing field, the avoided crossings are traversed diabatically, and 
' 

the atom remains in a single Stark state. The probability of diabatically 

traversing an avoided crossing is giv(en ~~~~~2LJandau-Zener formula6
4 

P = exp - dW (IV.86) 

h dt 

where V is the matrix element of the perturbation that gives rise to the 

avoided crossing, and dd~ is the rate at which the level separation changes 

with time as the avoided crossing is approached. 2V is the minimum 

separation of the levels. dd~ = ~~ ~~· and ~~ is the slew rate of the field. 

Note that during the passage to ionization many avoided crossings are 

encountered, some may be traversed adiabatically while others may be 

traversed diabatically. 

SFI is the application of field ionization as a technique to analyze 

Rydberg atom population distributions. A steadily increasing electric field is 

applied to the Rydberg atoms and the ionization signal is measured as a 

function of the applied field. For a state that is initially in zero field and 

labeled nand/, the threshold ionization field depends on I m I, and the slew 

rate of the external field. The interactions at the level crossings are strongly 

I m l-dependent65, decreasing rapidly with increasing I m 1. For example, a D 

state can give rise to states with 1m I = 0, 1, 2, and each of these states 

ionizes at different field strengths (see references 66, and 67 and figure IV.8). 
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TI1e 1m I = 2 state field ionizes at larger field strength because it is more apt 

to cross the avoided crossings diabatically. Given a field ionization 

spectrum, i.e., the dependence of the ionization signal on the applied field, 

information about the Rydberg population distribution prior to application of 

the ionizing field can be obtained. The SFI technique is particularly useful in 

studying collisionally induced state-changing processes. 
' 

In the present work, the Rydberg atoms were ionized by applying a 

high voltage pulse to the upper grid of the interaction region (see chapter 

III), which causes the electric field in the interaction region to rise from zero 

to a strength up to- 20 kV/cm in about 0.5 JlS. The electrons liberated by 

field ioniz~~ion are expelled from the interaction region by the electric field 

and are then detected by the electron multiplier in a few ns later. The signal 

is registered by the MCA which digitizes the time delay between the onset 

of the ionizing pulse and the signal. The field strength at which the ionization 

occurs is determined from the arrival time of the electron and the known 

time dependence of the applied field. 

D. Determination of Time Development of the Rydberg Atom 

Population 

As discussed in chapter II, in order to determine the rate constants 

for Rydberg atom depopulation, the decay of the Rydberg atoms in absence 

and presence of the target gas needs to be studied. In the present 

experiments, the Rydberg atom population distribution was determined by 

field ionization. And the Rydberg atom time development was determined 

by sequentially field ionizing the Rydberg atoms at several delay times after 

the laser pulse. 
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1. Detection of Electrons 

An electron multiplier (see chapter III) was used to detect the 

electrons liberated by the ionizing field. After ionization, the electrons are 

rapidly accelerated by the the ionizing field. For an ionization threshold on 

the order of - 1000 V /em, the electrons are expelled from the interaction 

region in a small fraction of a ns, during which the field strength remains 
' 

essentially constant. Therefore the electrons' kinetic energy in e V is 

- EtH1 (IV.87) 

where Et is the threshold field strength, and H 1 represents the distance from 

the center of the interaction region to the lower grid. The electrons then 

traverse a drift region (- 5 em in length) and are detected by the electron 

multiplier. The total flight time of the electrons is several ns. 
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Figure IV.6 Relative electron detection efficiency measured on the MM-1 electron 

multiplier at various electron impact energies. 

65 



The electron detection efficiency depends on the impact energy on 

the multiplier's first dynode (see figure IV.6). Using (IV.87), the impact 

energy in e V can be evaluated as 

Vd +EtHl (IV.88) 

where Vd is the bias of the first dynode. Due to the strong dependence of Et 

on n, electrons liberated from Rydberg atoms of different n are detected 

with different efficiencies. 

2. Timing Sequence 

A typical timing sequence is shown in figure IV.7. A laser pulse width 

of,... 1 flS was chosen to ensure that the probability of producing a Rydberg 

atom in each laser pulse is < 1 (usually on the order of 0.01) so that only one 

' ' 

' ~ 
I ,:--------------~ 

,_, 
' ' 

~ ~i ----~~---
Master pulse ' 

J Laser pulse 

Pr(\,arammable delay pulse 
' 

High Voltage pulse 

MCA 

~ MCA stop pulse 

""" 2 3 4 5 

Time, Jl s 

Figure IV.7 Timing sequence for detecting the Rydberg atoms using field ionization. 

Pulse amplitude is not drawn to scale. 
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Rydberg atom is field ionized at a time. The field ionization signal therefore 

provides a direct measure of the average number of the Rydberg atoms 

present at the time of field ionization. Field ionization signals were recorded 

at several delays to determine the time development. Maximum delays 

were less than 20 J..Ls to ensure that the Rydberg atoms would be ionized 

before they could move out of the interaction region. The repetition rate 
' 

(the frequency at which the laser pulse and the ionizing pulse are repeated) 

is primarily determined by the requirements that the time interval between 

two successive laser pulses should be longer than the longest delay, and 

that the field ionization pulse should be given enough time to relax back to 

zero before Rydberg atom excitation next takes place. The repetition rate 

was typically - 20 kHz. 

3. Quantum Beats 

Strong quantum beats were observed in the field ionization spectrum 

of nD Rydberg atoms produced by short laser pulses. The two major SFI 

peaks evolve differently, while the sum of the two peaks (the total Rydberg 

atom population) simply decays exponentially with time (see figures IV.8 

and IV.9). Each peak exhibits large periodic oscillations. The oscillation 

period is different for D312 and D512 (see figure IV.lO), but is independent of 

n. The phenomenon can be briefly explained as follows: the magnetic field 

splits a nD fine structure into Zeeman levels, which are coherently 

populated and subsequently precess about the B field at different Larmor 

frequencies. As a consequence, when an field ionization electric field (not 

parallel to the B field) is applied, the projection of these states onto the E 

field direction results in a time dependence of the m1 distributions. The 

phenomenon might be properly called Zeeman effect induced field ionization 
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quantum beats. We now discuss the related physics in detail, taking 18D312 

as example. In addition to the field ionization, the Zeeman effect and the 

behavior of angular momenta under coordinate rotation/transformation are 

essential to understanding of the quantum beats. 

The anomalous Zeeman effect 

When an atom is placed in a static magnetic field, the electron energy 

levels are split due to the interaction between the magnetic field and the 

magnetic dipole moment associated with the orbital angular momentum and 

spin angular momentum (electron spin and nuclear spin). The magnetic 

field in the present experiments was basically the local geomagnetic field, 

and a fraction of a Gauss in strength. We are dealing with the so-called 

anomalous Zeeman effect since the energy shifts caused by this magnetic 

field (- 1 MHz) are much smaller than the spin-orbit coupling (- 200 MHz at 

n- 18, see the previous section). In order to understand how the Zeeman 

levels in 18D312 are populated from the Zeeman levels of the ground state, 

we first examine how the ground state and the excited D312 state are 

affected by a weak external magnetic field. The Zeeman Hamiltonian can 

be expressed as 

(IV.89) 

where ML, Ms, and Mn are, respectively, the magnetic moments associated 

with the electron orbital angular momentum, electron spin, and nuclear spin. 

The magnetic moments are defined as follows 
e J.ln 

ML=-2mL=--,;L (IV.90) 

(IV.91) 
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and from equation (IV.43) 

M=~ 
n h 

where g
8 

(= 2) is the electron's spin gyromagnetic ratio, and fln is the Bohr 

magneton given by 

(IV.92) 

Thus the total interaction of an atom with an external magnetic field L:" Lhe z 

direction can also be expressed in terms of the angular momenta 

q_f = Jls B(L + 2S ) - 81&_ Bl 
-''z h z z h z (IV.93) 

Since the nuclear magneton Jln is three orders of magnitude smaller than the 

Bohr magneton fln• the last term in the above equation can be neglected. 

The Zeeman interaction is then effectively given by 

or 

~ = fln B(Lz + 2Sz) 
h 

~ = m0(Lz + 2Sz) 

where m0 is the Larmor frequency defined by 
JlnB 

mo=-
h 

(IV.94) 

(IV.95) 

(IV.96) 

The anomalous Zeeman effect manifests itself differently according to 

whether or not the hyperfine splitting is large compared with the Zeeman 

splitting. There are two important extreme cases which can be easily 

treated, one is that the hyperfine interaction is much smaller than the 

Zeeman interaction and the other is the opposite. The 18D312 and 4S 112 

states of potassium happen to be these two extreme cases, and they will be 

treated separately. 
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a). Hyperfine interaction much smaller than the Zeeman interaction 

In this case the hyperfine effect can be neglected in the first 

approximation. The Zeeman Hamiltonian can be diagonalized in the j and mj 

frame, j and mj being the quantum numbers of the total angular momentum J 

= L +~,and its component along the external magnetic field Jz, respectively. 

The possible values that mj can take are 
' 

mj=-j,-j+1, ... ,j 

The energy shift caused by the Zeeman effect is 

Ez = Wo( Lz + 2Sz) 

or 

Ez=ghw0mj 

where g is the Lande g factor given by 
_

1 
j(j + 1) + s(s + 1) -l(l +1) 

g- + 2j(j+ 1) 

(IV.97) 

(IV.98) 

(IV.99) 

It is apparent that in this case the number of Zeeman levels for a state with 

total angular momentum j is 2j + 1 and each of the Zeeman levels can be 

labeled by mj. 

The hyperfine interaction can then be added, if necessary, as a 

perturbation (see Appendix A). 

The hyperfine energy shifts for 18D312 are on the order of 10kHz (see 

previous discussion on hyperfine structure), and can therefore be neglected 

since they are much smaller than the expected Zeeman energy shifts, which 

are on the order of MHz. The 18D312 state is split by the Zeeman effect into 

4levels labeled by mj = 3/2, 1/2,- 1/2,- 3/2, respectively (see figure IV.ll). 

From equation (IV.99) the g factor is 4/5, and the Zeeman energy shifts are, 

from equation (IV.98) 

(IV.lOO) 
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b). Hyperfine interaction much larger than the Zeeman interaction 

In this case the Zeeman interaction can be treated as a small 

perturbation to the hyperfine structure. The atom is in an eigenstate of F2, 

J2, 12, and Fz. The energy shift is given by 

Ez = gFhmoM F 

where gF is a Lande factor given by 
F(F + 1) + j(j + 1)- !(I+ 1) 

gF=g 2F(F + 1) 

(IV.lOl) 

(IV.102) 

where g is given by equation (IV.99). For more details see Appendix A. 
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Figure IV.ll Diagram of Zeeman levels of 39K 18D312 and ground state 4S 112. Not 

drawn to scale. 

The ground state 4S112 has two hyperfine levels F = 2 and F = 1 

separated by - 0.5 GHz (as described in the preceding section), which is 

much bigger than the expected Zeeman energy shifts of- 1 MHz. TI1e F = 
2 level splits into five sublevels labeled by M F = 2, 1, 0, - 1, - 2. And the F = 
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1 level splits into three sublevels, M F = 1, 0, - 1. The Zeeman effect on the 

ground level is also illustrated in figure IV .11. For the ground state, j = 1/2, l 

= 0, so g = 2. And gF = 1/2, -l/2 for F = 2, and F = 1, respectively. 

Angular momentum under coordinate rotation 

In the present work, the direction of the external magnetic field does 
' 

not coincide with either the polarization of the laser beam or the ionLing 

electric field. The components of the total angular momentum, which 

determine the Zeeman shifts, therefore need to be transformed between the 

coordinate systems defined by the B field, the laser polarization, and the E 

field as we consider photoexcitation and field ionization. 

Assume f3 is the angle between quantization axis Z and quantization 

axis Z'. A given total angular momentumj has components m and m' in the 

coordinates defined by Z andZ', respectively. Then ljm) and ljm') can be 

related by a rotation matrix, the elements of which are given by6s 

(j) · ~ (-li·-/(i+m)!(j-m)!(j+m')!(j-m')! 
'])min(/3) = ~ A-!(j +m-A-)!(j -m' -A-)!(m' -m+A-)! X 

X (cos~ ?j+ m- m'- 21\. (sin~ )m'- m + 211. (IV.103) 

The summation is over all integral values of A, for which the denominator is 

finite. The transformation of the angular momentum under the rotation of 

coordinates is then expressed as 

(IV.104) 
m 

where PR(/3) is the rotation operator. 

Now consider an angular momentum that is composed of two angular 
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momenta that commute with each other. For example, the electron's total 

angular momentum is a sum of its orbital angular momentum and spin, i.e., J 
= L + S. LandS act in different spaces, L only acts in the real space cr and 

S only acts in the spin space cs. PR(/3) can then be expressed in the form of 

a tensor product 

(IV .lOS) 
' 

where (r)pR(/3) and (s)pR(/3) are the rotation operators associated with PR(/3) 

in £rand £s, respectively. When performing a rotation PR(/3) on an electron 

whose state is represented by 

llf!)=ll/J)®IqJ) 

where ll/J) E £rand I <p) E £s , we have 

PR ({3) IV') = [ (r)pR(/3) ll/J) J ® [ (s)pR(/3) I qJ) J 

(IV.106) 

(IV.107) 

which implies that we can either add such two angular momenta and then 

project the total angular momentum onto the new axis or equivalently 

project each of the two angular momenta and then add them. 

Excitation of Rxdberg atoms in a magnetic field 

The potassium atoms are excited from Zeeman levels of one of the 

two 42S 112 hyperfine levels (F = 2, and F = I) to the Zeeman levels of the 

Rydberg state, in this case 18D312• As discussed previously, the transition 

linewidth due to the transit-time broadening is about 10 MHz, much bigger 

than the Zeeman splittings which are on the order of 1 MHz. Consequently, 

all the Zeeman levels of a pertinent ground hyperfine state are pumped 

simultaneously, selection rules permitting. And the Zeeman levels in 18D312 

are excited coherently. It is important to bear in mind that the Zeeman 

interaction is much smaller than the hyperfine interaction for the ground 

state and that the reverse is true for 18D312 • The Zeeman levels of the 
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ground state are labeled by M F and each of the Zeeman levels can be 

constructed from the basis {I mjm1 )} (see Appendix A), and for the ground 

state mj = ± 1/2, ms = ± 1/2. The Zeeman levels of 18D3fl are labeled by mj' 

The proper selection rule is therefore 11mj = 0 along the quantization axis 

defined by the polarization of the incident laser beam. For more detailed 

discussion of the excitation, see Appendix A. 

Due to these complications, even semiquantitative analysis of the 

quantum beats is very complicated. Let b, p, and e represent the 

quantization axes of the magnetic field, the polarization, and the electric field 

ionization. Let f3p and f3e represent the angles between b and p, and 

between b and e. 

a). Rotation of the ground state from b top 

Before laser excitation, b defines a convenient quantization axis. 

During excitation, p defines a convenient quantization axis. To apply the 

selection rules, we need to rotate the states from b top. Since what really 

matters is mp from equations (IV.105), (IV.106), and (IV.107), we need to 

rotate only the electron angular momentum, which is merely its spin for the 

ground state. From equation (IV .1 03 ), the rotation matrix is 

l 1 
mj 2 2 

m.' 
J 

1 f3 .f!p_ 
2 

cos !3!.. sm 2 2 
1 .f!p_ f3 
2 -sm 2 cos !2. 2 
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Suppose the spin state is represented in b by 
1 1 

I 'fl)=a12)+bl-2) (IV.l08) 

where I al2 + lbl2 = 1. Then inp we have 

I VI')= (a cos P.J- b sin P.J) I i) +(a sin Pr- + b cos P.J) 1-i) (IV.109) 

b). Excitation along p 

The selection rule along pis !lmj = 0. As a result, only the mj = ± l/2 

18D312 states are populated. From equation (IV.106) the state inp at the end 

of the excitation can be represented by 

I cp) =(a cos P.t- b sin %z> I i) +(a sin Pr- + b cos Pr-) 1-i) (IV.llO) 

c). Projection of the excited state from p back to b 

After the Rydberg atom leaves the laser excitation region, it evolves 

in the B field and the quantization axis is b again. Therefore, we need to 

project the excited state from p to b. Since mj can take four values, this 

rotation is described by, from equation (IV.103), a four by four matrix 

3 1 1 3 
m. 

J 2 2 -2 -2 
m.' 

J 

3 c3 -{3c2s -{3cs2 . s3 2 
1 --{3c2s c(3c2 - 2) - s(3s 2 - 2) -J3cs2 2 
1 -{3cs2 s(3s 2 - 2) C(3c2 - 2) -{3c2s -2 
3 -s3 -{3cs2 --{3c2s c3 -2 

where C= cos~, and S=- sin Pr-. 
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The state in b right after excitation can then be expressed as 

I qi ) = -{!a sin /3p I ~) + (a cos f3p + ~ sin f3p) I ~) + 

+ (- ~ sin f3p + b cos f3p) 1- ~ ) - -{! b sin /3p 1- ~ ) (IV.111) 

d). Time evolution of the Rydberg state in b 

The {I m j)} basis in b consists of the eigenstates of the Zeeman 

Hamiltonian. Due to the Zeeman energy shift, an eigenstate I mj ) has a time 

evolution factor exp(- ig m/JJ0t). Therefore the time evolution of the 

Rydberg state can be expressed as 

I cp'(t)) =+-{!a sin f3p exp(-i ~ co0t)l ~) + 

+ (a cos f3p +~sin f3p) exp(- i ~ co0 t )I ! ) + 

+(-~sin f3p + b cos f3p) exp(i ~ co0t)l-!)-

{3 b . C. 6 )I 3 ) - 2 sm f3p exp z 5 co0t - 2 (IV.112) 

where g = 4/5 for D312 has been used. Apparently, I cp'(O)) is given by 

equation (IV .111). 

e). Projection of the Rydberg state from b toe 

If the Rydberg atom does not decay before it is field ionized, the state 

evolves according to equation (IV.112) until the ionizing electric field hirns 

on. And. then e becomes the proper quantization axis. And we need to 

project the state from b to e. The rotation matrix assumes the same form as 

the previous four by four matrix, with the change in notation that 
f3e d . f3e 

C= cos 2 an S= sm2 

The time evolved state in e can be represented by, before the electric field 
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begins to modify it 
3 1 1 3 

I X(t)) = C1 (t) l2) +cit) 12) + c3(t) 1-2) +cit) 1- 2) (IV.ll3) 

where the coefficients are given by 

c1(t) =fa sin .Bp exp(-i ~m0t)C3 -
- (a cos .Bp + ~ sin .Bp) exp(- i ~m0t )-{3 c 2 S + 

+ (- ~ sin .Bp + b cos .B~) exp(i ~m0t )-{3 cs2 + 

-13 b . f3 (' 6 ) 3 +2 sm Pexp z5m0t S 

c2(t) = fa sin .Bp exp(- i ~m0t )-{3 c2 S + 

+(a cos .Bp +~sin .Bp) exp(- i ~m0t )C(3 c2 - 2) + 

+ (- ~ sin .Bp + b cos .Bp) exp(i ~m0t )S(3S 2 - 2) -

-f b sin .Bp exp(i ~m0t )-{3 cs2 

c3(t) =+fa sin .Bp exp(- i ~m0t )-{3cs2 -

-(a cos .Bp +~sin .Bp) exp(- i ~m0t )S(3S 2 - 2) + 

+ (-~sin .Bp + b cos .Bp) exp(i ~m0t )C(3 c2 
- 2) + 

+ f b sin .Bp exp(i ~m0t )-{3c2s 

cit)=+ 1J a sin .Bp exp(- i ~m0t)s 3 + 

+(a cos .Bp +~sin .Bp) exp(- i ~mot )-{3 cs2 + 

+ (- ~ sin .Bp + b cos .Bp) exp(i ~m0t )-{3 c 2 S-

-13 b . f3 (' 6 ) 3 - 2 sm p exp z 5m0t c 

where C= cos ~e, and S= sin ~e. 

(IV.114a) 

(IV.114b) 

(IV.l14c) 

(IV.l14d) 
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f). f:ield ionization 

As the electric field increases, the Rydberg atom is ionized. And the 

ionization field strength depends on I m11 as we already discussed. The 

feature at higher field in the field ionization spectrum corresponds to I m11 = 
2. In order to see how to relate the I m11 signal to the mj distribution, we need 

to decompose lmj) in the {lm1,ms)} .basis. The Clebsch-Gordan coefficients 

can be easily found from standard textbooks on quantum mechanics. We 

have, for j = 3/2 
3 1 

l2 ) = --J5 ( 2 I 2, - ) - 11, + ) ) (IV.115a) 

1 1 
12)= --JS(-{311,-)-~10,+)) (IV.l15b) 

1 1 
1- 2 ) = --J5 ( ~ I 0, - ) - 131 - 1, + ) ) (IV.115c) 

3 1 
I - 2 ) = --J5 ( I - 1, - ) - 2 I - 2, + ) ) (IV.l15d) 

Therefore the probability of fmding the time evolved state on I 2, - ) is 

P1 =I ( 2, -I X(t)) 12 =I c1(t) ( 2, -I~) 12 (IV.116) 

or, using equation (IV.l15a) 
4 

P1 =slc/t)l 2 

Similarly the probability of fmding the state on I - 2, +) is 
4 

p2 = 5 1cit)l 2 

Consequently the probability of having I m11 = 2 is 
4 

P= PI+ P2 = 5 ( lc/t)l 2 +I c4(t)l
2

) 

(IV.l17) 

(IV.118) 

(IV.l19) 

Both c1 (t) and cit) are periodic in time, and they oscillate with frequencies 

± ~w0, ± ~w0 • As a result, P also oscillates. Out of the four frequencies ± 

~w0 , ± ~w0 , P could possibly have three frequencies w, 2w, and 3w, where 
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4 
(J) = s(J)o . And p can assume the following form 

P= a0 + a 1 cosmt + b1 sinmt + a2cos2mt + b2 sin2mt + 

+a3 cos3mt+b3 sin3mt (IV.120) 

Using equations (IV.l14a) and (IV.l14d), we have 

so that 

where 

- ~ [( . )2 ( . )2] 1_ ( . )2( . (l )2 a0 - 5 sm f3e + sm f3p - 10 sm f3e sm JJp 

a1 =- (0 (sin 2f3e) (sin 2{3p) 

- 1_ ( . (l )2 ( . (l )2 
~ - - 10 sm JJe sm JJp 

a3 =0 

(IV.121) 

(IV.122) 

(IV.123a) 

(IV.123b) 

(IV.123c) 

(IV.123d) 

It is important to note that the coefficients in the above equations do not 

depend on a and b, and therefore the probability P does not depend on the 

initial spin state of the electron in the ground state (see equation IV .1 08). 

Each Rydberg atom exhibits the same pattern. 

Time evolution of the signal associated with I m11 = 1, 0 can be worked 

out in a similar fashion. 

g). Comparison with observation 

The observed quantum beats (see figure IV.10) are in good 

agreement with those expected on the basis of the local geomagnetic field in 

the chamber. Fourier analysis of the oscillation patterns confirms the 

numbers of the frequency components. 
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Discussion 

a3 is the coefficient of the third harmonic, the frequency of which is 

directly related to the Zeeman energy difference between the two extreme 

members of D312 , i.e., I mj = 3/2 ) and I mj =- 3/2 ). These two Zeeman 

levels do not interfere because they always evolve in phase at the same 

frequency. It can be easily shown that a3 = 0 regardless of the initial 
' 

populations in the different Zeeman levels. The possible interferences are 

shown in figure IV.12. 
mi 
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D312 mj 
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Figure IV.12 Diagram depicting Zeeman levels that can interfere to produce the quantum 

beats when being field ionized. The dashed lines indicate possible interference. There is 

no interference between two symmetric Zeeman levels. It obvious that there are two 

frequencies in D312 quantum beats and possibly four frequencies for D512• 

The quantum beats observed in the 18D512 SFI data can be explained 

in the same way. As expected, there are more frequency components. 

Once again we do not expect interference between the two extreme 

members I mj = 5/2) and I mj =- 5/2 ). The fundamental frequency is 3/2 

that of D312, which can be easily understood since g = 6/5 for D512 and g = 4/5 

for D312 while the Larmor frequency is the same. 
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An S state splits into two Zeeman levels I mj = 1/2) and I mi = - 1/2 ), if 

the hyperfine interaction can be neglected compared with the Zeeman 

interaction. There is only one m1 component, so no quantum beats are 

expected. Indeed, we observed no quantum beats for high-lying S states. 

The Zeeman levels need to be excited coherently to produce the 

quantum beats. It is necessary that the Zeeman energy shifts are less than . 
the Iinewidth due to the transit-time broadening. This is not a collective 

phenomenon. It is the coherence among each individual Rydberg atom's 

Zeeman levels that produces the quantum beats, which were observed 

when there was, on average, much less than one Rydberg atom at any time 

in the apparatus. In order to see the quantum beats, however, we need to 

accumulate signals from many Rydberg atorris to iterate the oscillation 

pattern. The Rydberg atoms were produced in a laser pulse ,.., 200 ns in 

duration, which is much shorter than the quantum beat period 2rc/ m. It is 

necessary that the Rydberg atoms start their evolution in phase to observe 

the quantum beats. It is apparent that quantum beats will not be observed 

when the laser pulse width is comparable to the quantum beat period. 

Observations show that the quantum beats are damped if the Rydberg 

atoms undergo collisions before being field ionized, because these tend to 

randomize the phase of the Zeeman levels. 

The magnetic field has a strong effect on the relative strengths of the 

different I mtl signals, but not the total signal (sum of the various I mtl 
components), which simply decays exponentially. The D state lifetime is 

not affected by the weak external magnetic field. For the purpose of 

studying electron attachment, it suffices to know the time evolution of the 

total signal. 
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In addition to promoting understanding of the atomic structure, the 

Zeeman quantum beats may be used as a diagnostic to detect the existence 

of small off axis magnetic fields. 

Martin and MacAdam69 reported similar quantum beats using sodium 

D312 states. However, they failed to point out the hyperfine-Zeeman levels 

of the ground state. In order to derive equations similar to (IV.122) and 
' 

(IV.123), they made an unnecessary assumption that the initial populations 

in I ms = 1/2) and I ms = - 1/2) states are equal. Lowe and Hannaford70 also 

reported Zeeman quantum beats that have only one frequency component. 

4. State-Changing Induced by Blackbody Radiation 

The selectivity offered by field ionization permits opportunities to 

observe state-changing caused by the blackbody radiation (see figure 

IV.13). The rates for blackbody-radiation-induced photoexcitation or 

stimulated emission are very small so these processes can be neglected. 

E. Determination of Time Development of the Free Negative Ion 

Population 

Due to post-attachment interactions, the rate constant for formation 

of the free negative ions is usually different from that for Rydberg atom 

destruction. The rate constant for formation of free negative ions is derived 

from the time development of the free negative ion signal. 

I. Detection of Negative Ions 

Collisionally produced free negative ions are extracted from the 

interaction region by applying a negative-going voltage pulse to the top grid. 

They then traverse the drift region and are detected by the MM-1. To 
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Figure IV.13 SF! spectrum showing state-changing induced by blackbody radiation at 

room temperature. Smaller MCA channels correspond to larger values of ionizing field 

strength because of the reverse-coincidence timing employed to increase the signal/noise 

ratio. The main peaks (15d) are several orders of magnitude larger than the rest and are not 

shown to full scale. 
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increase the detection efficiency of the negative ions, the first dynode is 

biased at - 2500 V. The impact energy of an ion is therefore - 2500 e V plus 

the energy it has gained from the extraction pulse. 

2. TOFMS 

TOFMS techniques were used to identify the product ions and to 

discriminate against electrons produced by, for example, laser induced 

photo ionization. 

Assume that an ion is created at Z(O) = 0, the center of the interaction 

region (see figure IV.l4), and that at t = t 1 an extraction ramp is applied. 

The flight of the ion to the MM-1 consists of three parts: acceleration out of 

the interaction region, free flight in the drift region, and then acceleration to 

Figure IV.14 Illustration for the time-of-flight calculations. Not drawn to scale. 

Secondary acceleration region can be added if better mass resolution is desired. 
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the first dynode of the MM-1. In the third part, the ion experiences rapid 

acceleration and travels a short distance, so the corresponding flight time 

can be ignored. It is reasonable to assume that the voltage ramp can be 

represented by 'l((t- t 1), where '1( is the rate at which the electric field 

increases and (t- t 1) is less than the rise time of the ramp. Let Vz stand for 

the ion's initial velocity in the vertical direction before the ramp turns on. At 
' 

t = tl' the ion is at Z(t1) = Vzt1 (1Vzl11 < H 1 ), and traveling at velocity Vz. 

The equation of motion for t > t1 is 
t:Pz q'lC 
dt2 =- M (t - t1) (IV.l24) 

where q and M stand for the net charge and mass of the ion. The time at 

which the ion leaves the interaction region can then be expressed, to the 
Vt 

first order in H 1, as 
1 

.A3 {3ij1 Vzt1 
t2 = -\f G- ( 1 + 3H1 ) + t1 (IV.l25) 

where G = iX5· and Z(t2) =- H 1• In the present experiments Vz is on the 

order of 102 m/s, t1 is on the order of 1 JlS, and G,..., 5x1016 m/s3. And the 

velocity at Z = Z(t2) =- H1 is 

V(t2) = Vz- G(t2 - t1) 2 ~- G(t2 - t1) 2 (IV.126) 

The flight time in the drift region is 
H2 

(IV.127) 

and t3 - t2 > t2 - tl' i.e., the flight time in the drift region is much larger than 

that in the interaction region, since H2 > H1• Therefore the time it takes for 

the ion to travel to the MM-1 after the ramp turns on is approximately 
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(IV.128) 

which can also be expressed as 
3 

H2:.j2M 2Vi1 ) 
ta - tz = ( 1 - 3H 

~9Hiq1C t 

(IV.129) 

It is therefore possible to distinguish negative ions with different masses, 

and to discriminate against electrons. A typical arrival time spectrum is 

illustrated in figure IV.l5. A secondary acceleration region can be added 

underneath the interaction region if better mass resolution is desired. 
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Figure IV.lS Typical TOFMS of free negative ions produced in K(nd)-SF6 collisions. 

Shown here is the spectrum for n = 30 at 0.2 JlS after laser excitation. 

The signal width reflects a spread in the arrival times. We now 

discuss briefly the major factors that determine this width. First, the ions 

have different initial velocities, which can be characterized by a velocity 

spread ~Vz. Second, the ions are created at different times, which can be 
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roughly represented by an uncertainty in tl' L\t1• From equation (IV.128) we 

can get a rough estimate of the spread in the arrival time 

H2 2 
/),.£-:::::. 3 3H

1 

~. 
(IV.l30) 

- 2 2 -
where £7 and Vz stand for the averages of t7 and Vz. The two terms t7(L.\Vz)2 

the period of time in which the ions can be formed and distribution of Vz. 

Therefore it is evident that for a particular initial velocity spread and RMS 

velocity the signal width increases as t1 increase. That explains the 

observed increase of the signal width with delay time. For fixed t 1, the 

signal width increases with initial velocity spread and RMS velocity. Thus it 

is easy to understand that the signal width of the I- ions is broader than that 

of SF6- ions since the I- ions are formed with sizable kinetic energy. 

3. Escape of the Ions from the Interaction Region in Absence of Electric 

Field 

Due to thermal motions, a fraction of the product ions may drift out of 

the interaction region before application of the extraction pulse, and will 

therefore not contribute to the ion signal. Since the vertical separation of the 

two mesh grids is much smaller than their horizontal dimensions, we can 

simply treat the escape as arising from the vertical velocity component Vz. 

Suppose an ion is created at time t0 at the center of the interaction region 

and V z is its vertical velocity component, then the ion remains in the 

interaction region at time t if 

(IV.l31) 
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The ion's mean free path is several orders of magnitude larger than H 1 at 

typical target gas pressures of- lxlo-5 Torr. For ions whose vertical 

velocity distribution is f(V z), the fraction of the ions that remain in the 

interaction region at time t is 

J
l/l 

lf(t) = f(Vz)dVz 
-1 Jlt 

(IV.132) 

In case of Maxwellian f(Vz) given by 

M MVZ 
( 2J f(V,)=~exp- 2kT (IV.l33) 

where MandT stand for the ion mass and temperature, respectively, :F(t) 

can be expressed simply in terms of the error function 
H 

:F(t) = erf ( V 1t) (IV.l34) 
p 

where V P = ( 2kT!M) Ifl and the defmition of the error function is given by 

erf (x) = _ ~ {exp(- y2 )dy (IV.l35) 
-'J re-x 

It is apparent that a significant fraction of the ions will escape from the 

interaction region after a timet- H/Vp, which is- 10 JlS for the SF6- ions 

and - 3 JlS for the 1- ions, because the J- ions are more energetic (the 

above estimate still holds even though the velocity distribution of the r- ions 

is not Maxwellian, see Appendix C). 

If the ions are not produced exactly at the center, but at Z (I Z I < H 1 ), 

equation (IV.132) becomes 
(//1 - Z)/l f. 

:F(t) = jf(Vz)dVz + f(Vz)dVz (IV.l36) 
- (//1 + Z)/l 

For f(Vz) that is symmetric about Vz = 0, we can easily show that, to the first 

order in Z, :F(t) is given by 
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Assuming a Maxwellianf(V) for example, from equation (IV.l36) 

J(t) =Herr( H~~~z)+err( H~:~z)] 
From the definition of the error function we have 

erf(x + L\x) = erf(x) + _ ~ exp(- x2 )L\x + 0(&2) 
I 'J1t 

(IV.l37) 

(IV.l38) 

(IV.l39) 

where L\x is a small quantity. Therefore equation (IV.l38) can be rewritten 
H1 Z 2 

:F(t) = erf( vt) + 0( 22) (IV.l40) 
P Vvt 

In reality the ions are produced at various times. Suppose the ions 

are produced at a rate of s(t), then the fraction of the ions produced 
.• 

between time 0 and t that remains in the interaction region at time t is 

f
1

s(t')[ Hd<fjc9z)dVz ]dt' 
-HJ~ti- t') 

:F(t) = _o ------

Js(t') dt' 

(IV.l41) 

Predictions based on the above equation agree well with experiment and 

care was taken to ensure that no significant ion loss from the interaction 

region would occur prior to application of the extraction ramp. 

4. Timing Sequence 

The timing sequence used to determine the time evolution of the free 

negative ion is basically similar to that used to study the time development of 

the Rydberg atom population. Since the probability of producing a Rydberg 

atom in each laser pulse is very low, there is at most one negative ion in the 

interaction region at any time. The total negative ion signal therefore 
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provides a direct measure of the probability of having a free negative ion in 

the interaction region at the time of application of the extraction ramp. 

Again data were recorded at a number of delays to determine the time 

development of the negative ion signal. The maximum delay is limited by 

the ions' escape from the interaction region, i.e.,~ 10 J.!S for the SF6- ions 

and~ 3 J.!S for the 1- ions. 
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V. DATA AND INTERPRETATION 

A. Time Development of the Rydberg Atom Population 

An example of the time development of the Rydberg atom population 

during the laser pulse is shown in figure V.I. The linear growth with time is 
' 

expected because the laser pulse width is much shorter than the Rydberg 

atom lifetime. The time development of the Rydberg atom population after 

the laser pulse is also illustrated in figure V.l, both with and without SF6 

present. The differences in the decay rates result from collisions. It is 

apparent that the decay of the Rydberg atom population, as indicated in 

equation (TI.l2), is exponential with time to a very good degree, and that the 

decay rate increases as the pressure of the target gas increases. In case of 

CF3I, the time development of the Rydberg atom population due to collisions 

is basically similar. Analysis of the SFI spectra showed no observable sign 

of state-changing of the Rydberg atoms in collisions with SF6 molecules. 

CF3I molecules induce a small amount of !-changing at n > 20. The rate 

constant for !-changing is, however, about an order of magnitude smaller 

than that for electron attachment, and therefore the state-changing 

processes do not contribute significantly to destruction of the Rydberg 

atoms. It is easy to understand that there is virtually no !-changing for 

thermal energy collisions at intermediate n. The energy separation between 

the initial nd state and other neighboring levels of different l scales as l/n3• 

15d, for example, is separated from 15p by- 12 meV and from 15f by- 2 

me V. The maximum energy exchange in elastic electron scattering by a 

thermal energy molecule is -~ E, where m and M are masses of the 
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Figure V.l Examples of time development of Rydberg state population. K(16d) data are 

shown. (a) Showing the linear behavior during the laser excitation pulse. The straight line 

is a linear fit to the data points. (b) Showing the exponential behavior after the laser 

excitation pulse in absence of target gas and at two values of SF6 pressure. The lines are 

exponential fits. 
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electron and molecule, respectively, and E is the kinetic energy involved in 

the collision. In the present experiments, ~is - 1/500 and E is ~ 20 

me V. Therefore sufficient energy can not be transferred in the collisions to 

cause !-changing. No collisional ionization by SF6 was detected. Collisional 

ionization by CF3I is negligible compared with electron attachment at 

intermediate n. Therefore for both SF6 and CF3I the rate constants for 

Rydberg electron transfer are essentially those for depopulation (or 

destruction) of the Rydberg atoms. 

B. Time Development of the Free Negative Ion Population 

An example of the time development of the free negative wn 

population is depicted in figure V .2. It is apparent that the negative ion 

population is well described by a form of 1 - exp(-t/-r) after the laser pulse 

and is quadratic in time during the laser pulse. TOFMS measurements 

indicated that SF6- and 1- were the predominant free ions produced in the 

collisions with room-temperature SF6 gas and CF3I gas, respectively. No 

other ion species were detected. No evidence of SF6- decay on the time 

scale of the present experiments (typically a few !lS) was observed. 

C. Rate Constants for Depopulation of the Rydberg Atoms 

The rate constants for depopulation of the Rydberg atoms were 

determined using equation (11.13) and the decay rates of the Rydberg atom 

population measured with and without target gas present. The number 

density of the target molecules in the present experiments was maintained 

below 4x 10 11 cm-3, to ensure that the data were taken under single

collision conditions. The depopulation rate constants are independent of the 
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Figure V .2 Examples of time development of the free SF; ion. Data for K(30d) 

collisions with SF6 (at pressure of 8.0x10-6 Torr) are shown. (a) Showing the quadratic 

behavior during the laser excitation pulse. (b) Showing the 1 - exp(- t/1:) behavior after 

the laser excitation pulse. 1: is the Rydberg state lifetime in presence of the target gas. 
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number density (or pressure) of the target molecules, as illustrated in figure 

V.3. The rate constants for collisional depopulation by SF6 and by CF3I are 

shown in figure V.4. Both sets of rate constants decrease as n decreases, 

and this decrease is more pronounced for CF3I. 

The decrease in the depopulation rate constants with decreasing n is 

attributed to the rapid decrease of the "geometric cross section" of the 
' 

Rydberg atoms, which scales roughly as n4• It needs to be pointed out that 

the "geometric cross section" is not a precise concept, and it is used here 

merely to present a qualitative picture. At high n (say, n = 40) the geometric 

cross section of a Rydberg atom is- 106 A2, and the rate constant for the 

"hard-sphere" collisions between the Rydberg atom and target molecules is 

- lo- 5 cm3/s for a typical relative velocity of- 600 m/s. The rate constant 

for thermal energy electron attachment to SF6 molecules is- 4xlo-7 cm3/s, 

more than one order of magnitude smaller. So the probability that electron 

attachment occurs is much smaller than the probability that the target 

molecule encounters the Rydberg atom. Indeed, most molecules simply go 

through the Rydberg electron "cloud" without significantly perturbing the 

electron, and the Rydberg atom appears "transparent" to the molecules. 

However, as n goes down, the geometric cross section of the Rydberg atom 

decreases dramatically. As a result, the rate constant for collision of the 

Rydberg atom with the molecules drops rapidly, and at n - 14 the "hard 

sphere" rate constant becomes comparable to that for electron attachment. 

Therefore, the rate constant for Rydberg atom-molecule collision imposes 

an upper limit for the rate constant for Rydberg atom destruction, since in 

order for the Rydberg atom to be destroyed the molecule must first 

encounter the Rydberg electron cloud. 
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The cross section for thermal energy free electron attachment 

depends on the relative electron-molecule velocity. Since the Rydberg 

electron moves much faster than the molecule, the relative velocity is 

essentially the velocity of the electron. The rate constant for capture of the 

free electrons with velocity distributionf(v) is given by 
00 

kau = J 'f!O"au<v)f(v)dv (V.l) 

For electron energies ~ 10-20 meV, the free electron capture cross section 

a-au< v) for many molecules is inversely proportional to electron velocity 

v20,7I. It follows that katt is independent of f(v). Therefore katt can be 

assumed to be constant. Although O"att(v) departs from this simple 1/v 

behavior at higher electron energies, it nonetheless represents a reasonable 

assumption when considering Rydberg states of low angular momentum 

because the Rydberg electron velocity distribution function f(v) for such 

states peaks at low velocities (see figure V.S). The median energy of 

K( 1 Od) Rydberg electrons is ,.., 25 me V, considerably less than their average 

kinetic energy. !-changing can alter the electron momentum distribution, 

but it is unlikely to happen at intermediate n. Although it is a possibility at 

high n, the resulting electron energies are still small. 

A quantitative treatment is presented here to relate ke, the rate 

constant for Rydberg electron transfer, with kau· The independent particle 

approach used in the present treatment is similar to that employed in several 

earlier theoretical studies of Rydberg atom collision processesl0,72,73,74. 

Figure V.6 helps to illustrate the calculations involved. Consider a molecule 

that moves toward a Rydberg atom with velocity u (relative to the Rydberg 

atom) at impact parameter b. It travels a distance dx in time dt (= dx/u), 

during which P, the probability that it remains a neutral molecule changes by 
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Figure V .6 Schematic diagram of the collision model. 

dP. Assuming that the range of the Rydberg electron-molecule interaction 

is small compared to the dimensions of the Rydberg atom, it is reasonable to 

write 
dP 2 
dt =- Pl1fJ(r,8,cp)l katt (V.2) 

where llJI(r,8,cp)l 2 is the electron probability density. The electron 

wavefunction 1fJ(r,8,cp) can be approximated by a hydrogenic function 

1fJ(r,8,cp) = Rn/r) Yt(B,cp) (V.3) 

where Rn1(r) is the electron radial function (see figure V.5) and ~\8,cp) is a 

spherical harmonic. The electron has equal probability of being in any one 

of the available m levels. Consequently, the average of IJ1C 8,cp)l 2 over all 

possible atomic orientations is 
4
1
n' i.e. 

103 



1 ~ -y:z 2 1 
21 + 1 L I 1 ( e,qJ)I = 4n 

m=-1 

which can be easily proved. Equation (V.2) then becomes 
2 

P Rnl(r) katt 

4n 

or 

dP 
p 

(V.4) 

(V.5) 

(V.6) 

The probability that the molecule goes through the electron cloud without 

attaching the electron is 

P(b,u) = exp[- k~"_p,.R~tCr)dx] (V.7) 

where r = .Y b2 + x2• Therefore the probability that the Rydberg electron is 

attached is 

1- P(b,u) 

and the total cross section for Rydberg electron transfer is then 
00 

ac(u) = J2nb [1- P(b,u)] db (V.8) 

or using equation (V. 7) 

o-.(u) = ~n-b { 1 - exp [- k~"_P" R;k )dx ]} db (V.9) 

The rate constant for Rydberg electron transfer can be determined by 
00 

kc = Ju ac(u)f(u)du (V.IO) 
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where f(u) is the distribution of the relative velocity u (between a Rydberg 

atom and a molecule, see Appendix B). 

For a given Rydberg state and f(u), ke is a function of kau· The two 

rate constants, however, do not necessarily equal each other. ke is usually 

smaller than katt· Nevertheless, in the limit of large principal quantum 

number n, the electron cloud becomes so tenuous that a molecule has very 
' 

small probability of attaching the electron as it traverses the Rydberg 

electron cloud (see figure V.7), whereupon 
00 

(V.ll) 

-00 

if u is not too small. Under the above condition, equation (V.9) is in effect 

or 

(V.12) 

Note that the quantity in the braces is simply equivalent to integration of the 

electron probability density over all space, so 

Therefore from equation (V.12) the electron transfer cross section is simply 
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(V.13) 

yet another cross section that is inversely proportional to the relative 

velocity. Using equation (V.lO) and considering thatf(u) is normalized, we 

arrive at 

ke = kall (V.14) 

which is the result expected on the basis of the simple free electron model. 

This also explains why the electron transfer rate at high n (say, above 30) is 

independent of n. Values of ke calculated from equation (V.lO) using kau = ke 

at high n (> 30) are plotted in figure V.4 for collisions with SF6 and CF3I, 

respectively. Agreement with the data is very good. 

Calculated cross sections ae(u) for Rydberg atom destruction in 

K(nd)-CF3I collisions for n = 13, 20, and 30 are shown in figure V.9 as a 

function of the relative velocity u. The rate constant katt used in these 

calculations is derived from measurements of Rydberg atom depopulation at 

high n. For high relative collision velocities, the calculated cross sections lie 

on a common line and are inversely proportional to the relative velocity. 

This is to be expected because, for a particular Rydberg state (not 

necessarily at high n), condition (V.ll) will be satisfied for sufficiently large 

values of u. Whereupon equation (V.13) can again be applied. 

The present model, however, indicates that the simple free electron 

picture is only valid when condition (V.ll) is satisfied, i.e., when the 

probability that an electron attaching molecule captures the Rydberg 

electron during its passage through the electron cloud is small. This 

transparency condition can be satisfied if the principal quantum number n is 

large, if the relative velocity between the Rydberg atom and the molecule is 

large, or if the rate constant for attaching free electrons is small. At low-to-
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intermediate n, the decreasing size and increasing opacity of the Rydberg 

electron cloud becomes important. For a given Rydberg state kc can be 

significantly lower than katt if the relative velocity is low or if katt is large. It is 

now apparent why the depopulation rate for CF3I drops faster with n, and 

why the drop starts at slightly larger n, as compared with SF6, since the 

former has a larger katt (or ke at high n, see figure V.4). 
' 

D. Rate Constants for Formation of the Free Negative Ions 

Rate constants k_ for formation of the 'free negative ions are obtained 

from measurements of the time development of the free negative ion 

population as discussed previously. Values of k_ are plotted in figure V.lO for 

SF6- and I- ions, respectively. The rate constants for Rydberg atom 

depopulation are also included in the figure for comparison. For both SF6-

and I-, k_ is lower than the corresponding kct (or ke), and the difference 

between k_ and kd increases as n decreases. At lower n, the rate constants 

for formation of the free SF6- ions fall substantially below the corresponding 

values of kd, indicating that only a fraction of the electron transfer events 

leads to formation of free ions. This fraction is larger for r-at the same n. 

The discrepancy between kd and k_ can be accounted for by 

considering the Coulomb interaction between the ion pair formed after a 

Rydberg electron is captured by an electron attaching molecule. Whether 

the ion pair can break apart depends on whether they possess enough 

kinetic energy in their center of mass frame (COMF) to overcome the 

electrostatic binding, which depends on the distance between the two ions. 

It is the distribution of the kinetic energy in the COMF and the distribution of 

initial ion-pair separations that determines the fraction of the electron 

transfer events that can result in free ion formation. At lower n, the 
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ion pairs fonn in closer proximity so that a smaller fraction of the ion pairs 

can separate. Compared to the SF6- ions, the 1- ions are more energetic 

and hence have a larger probability to separate from the K+ ions. A 

quantitative study of the separation probability is now presented. The 

dependence of the Rydberg electron transfer rate constant on the relative 

Rydberg atom-molecule velocity is neglected in the following treatment 
' 

because it does not significantly alter the results (of separation probability) 

while it enormously complicates the computation. Also, it is evident that the 

spread of the relative velocity is not too large (see figure V.9). 

When a negative ion is formed at distance r from a positive ion, 

whether these two ions can separate depends on their kinetic energy 'E in 

their COMF. The condition for separation as free ions is 

'E+ o/(r) > 0 (V.15) 

The interaction between the product ions is well described by the Coulomb 

potential and the criterion for separation becomes 
e2 

'E>--
4neor 

(V.16) 

For ion pairs who_se energy distribution in the COMF is represented by 

!F('E), the fraction of the ion pairs that can separate is determined by the 

separation probability tJ:(r), given by 
00 

tJ:(r) = l :J( 'E)d'E . (V.17) 

where 
e2 

'Ec = 4ntQr (V.18) 

:J('E) can be determined from the velocity distributions of the positive ions 

and negative ions (see Appendix B). Assume m+ and m_ are the masses, v+ 

and v_ are the initial velocities in the laboratory frame, v+ =I v+ I and v_ =I v_l. 
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Let £(v+) and f(v_) represent the velocity distributions in the laboratory 

frame for the positive ions and negative ions, respectively. The total initial 

translational energy of the ion pair in the COMF can be expressed as 
1 

'E='j)-l(V+- v_) 2 (V.19) 

where 11 is the reduced mass of the ion pair, given by 
m+m_ 

11= m+ + m_ 

The relative velocity is 

u=~ 
From equation (B.11), the distribution of 'E can be expressed as 

oo w2 

.1('£) = _!_ff-(v_) dv ffr(v+) dv 
211 v_ - v+ + 

0 Wt 

where 

w1 =1u-v_l 

w2 = u +v_ 

(V.20) 

(V.21) 

(V.22) 

(V.23a) 

(V.23b) 

The distribution of the initial velocities of the Rydberg core ions should 

be basically that for the potassium Rydberg atoms (a Maxwellian 

distribution, see chapter IV and figure V .11 ), given by 

( 
m j312 ( m+ v '}:J 

fr(v+) = 4rc 2rck~+) v'}:exp - 2kT+ (V.24) 

or 

4 2 [ v'}:J £(v+) = -'- 3 v+exp -2 (V.25) 
vrcvp+ vp+ 

(
2kT )1!2 

where vp+ = m+ + and T+ is the temperature of the positive ions, i.e., the 
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temperature of the potassium Rydberg atoms. Using the above equation, 

equation (V.22) can be reduced to 

2 ( u2JJoo f_(v) [ V_
2
J [2uv l :F('E) = {1c v exp -2 -v_- exp -2 sinh -~ dv_ (V.26) 

11 p+ vp+ vp+ vp+ 
' ) 

The distribution of the initial velocities of the negative ions can also be 

derived. For the SF 6- ions, it should essentially be that of the SF 6 molecules 

(see figure V.ll) because the momentum of an average SF6 molecule is 
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about two orders of magnitude larger than that of a Rydberg electron at 

intermediate n, i.e. 

f_(v_) =- '-4 3 v_2exp[- v~l 
-'J rc vp- vP_ 

(V.27) 

(
2kT JI/2 

where vp- = m_- and T_ is the temperature of the SF6- ions. In this case 

' 
1{'£) is Maxwellian and assumes the following form (see Appendix B) 

1{'£}= 4 -{nexp(- 2'£ J 
3 - r---f flV 2 Vpu-'11C fl'"' pu 

(V.28) 

where vpu = ..y.-v-:_+_v-~-. 1{'£) for the K+-sp6- ion pairs is plotted in figure 

V.l2. 
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For the r- ions, the distribution of the initial velocities is slightly more 

complicated due to the energy release that accompanies dissociation of the 

parent molecule CF3I. It is given by (see Appendix C) 

mm_v_ ~v_,Y2m(m-m_)Q] [ 
f(v) s exp 
- - ,YnkTm_(m-m_)Q kT{iiC 

mv_2 (m-m_)d 
2kT m_kT ] 

(V.29) 

where m and T are the mass and temperature of the parent molecule, 

respectively. Qis the dissociation energy, with an approximate value of 0.8 

e V. f( v _) for the I- ions is plotted in figure V.ll. 

Substitution of f(v_) in equation (V.26) provides the initial kinetic 

energy distribution :/('E) for the K+- I- ion pairs. It is plotted in figure V.l2. 

The separation probability P(r) can then be determined by using equation 

(V.17). Considering that the range of the Rydberg electron-molecule 

interaction is small compared to the dimensions of the Rydberg atoms, it is 

reasonable to assume that the probability that electron attachment occurs at 

r (from the core ion) is proportional to the radial electron density at r. 

Therefore the fraction of the ion pairs that can separate is 
00 

!Tnt= J rR~,(r)P(r)dr (V.30) 
0 

where Rn1(r) is the electron radial function, which is well approximated by a 

hydrogenic function (see figure V.S). 

On average, the K+- I- ion pairs are more energetic than the K+

SF 6- ion pairs. The separation probability versus initial separation for the 

ion pairs is plotted in figure V.13. As expected, for the same separation, the 

K+- I- ion pairs have larger separation probabilities than the K+ -SF 6- ion 

pairs. The separation probability versus n is calculated using equation 
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(V.30) and is illustrated in figure V.14. It is not surprising that at each and 

every n the separation probability for the K+- I- ion pairs is larger than that 

for the K+ -SF6- ion pairs. Using the calculated rate constants for Rydberg 

atom destruction and the separation probabilities, the rate constants for 

formation of the free negative ions are calculated and are plotted in figure 

V.lO along with the corresponding experimental data, for SF6- and r-, 
I 

respectively. Agreement between the theory and experiment is quite good. 

Figure V.l5 includes rate constants for formation of free SF6- ions in 

collisions with K(nd)3 and Na(np)4 obtained in earlier studies. Having no 

direct measurement of the number of Rydberg atoms, these results were 
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Figure V.15 Comparison of the rate constants for formation of free SF6 ions in the 

present work with previous results. Solid squares, K(nd)-SF6 (present work). Open 

triangles, K(nd)-SF6 (see reference 3), typical error bar is shown. Crosses, Na(np)-SF6 

(see reference 4). 
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derived assuming a n-dependence of the cross section for Rydberg atom 

photoexcitation. Despite this, the earlier K(nd) data are in fairly good 

agreement with the present data. It needs to be pointed out that the rate 

constants are specific to the experimental conditions. · 

As suggested by the present experiments, at intermediate n, a 

significant fraction of the ion pairs formed by Rydberg electron transfer are 
' 

electrostatically bound and unable to separate as free ions. Attempts have 

been made, though without success, to detect these ion pairs through field

induced dissociation by applying a large external electric pulse. This 

suggests that the ion pairs are probably short-lived and undergo rapid 

mutual neutralization. 

However, subsidiary experiments showed that the separation 

probability of the K+ -SF 6- ion pairs was significantly increased at 

intermediate n if the Rydberg electron transfer occurred, and the ion pairs 

were formed, in an external electric field. Time development of the free 

SF6- ions was obtained by summing the ion signal at the multiplier during the 

interval 0 ~ t, taking into account the ion flight time to the multiplier. At n = 

15, the rate constant for formation of free SF6- ions showed an increase of,... 

40% when an external field of,... 2 kV /em was applied in the interaction 

region. The rate constant for Rydberg atom destruction was, however, 

essentially unchanged by the applied field. This demonstrates that external 

electric fields can counterbalance the mutual electrostatic attraction 

between the product ions, and thereby allow more ion pairs to separate. 

E. Angular Dependence of the Ion Pair Separation Probability 

The kinetic energy of an ion pair in the COMF can be expressed in 

terms of the relative velocity u by 
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(V.31) 

where J.l is the reduced mass of the positive and negative ions, and u2 is 

given by 

(V.32) 

where v + and v _ are velocities of the positive and negative ions in the 

laboratory frame, and () is the angle between them. When the initial 

velocities of the positive and negative ions are comparable, the angle 

between these two velocities becomes very important in determining the 

magnitude of the kinetic energy in the COMF, upon which the separation 

probability hinges. In the laboratory frame, the average initial velocity is ~ 

700 m/s for the 1- ions (see Appendix C), and~ 570 m/s for the K+ ions. At 

these two velocities, 'E will increase from~ 3 meV to ~ 250 meV, as () 

increases from 0 to rr. Therefore we can expect that the separation 

probability varies strongly with() at intermediate n. 

The angular dependence of the separation probability is calculated as 

follows. The problem amounts to finding out the distribution of the total 

translational energy 'E in the COMF for any ()between 0 and rr, given fr(v+) 

and f_(v _), the velocity distributions of the positive and negative ions in the 

laboratory frame. The separation probability at a particular () can then be 

derived using equations similar to (V.17) and (V.30). From Appendix B, this 

distribution assumes two different forms depending on () 
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u 

:F('E;8) for the K+-I- ion pairs at 8= 0, n/2, nis illustrated in figure V.l6. It 

needs to be pointed out that j{0;8) is singular at e = 0. ~ 2p'E:F('E;O) is finite 

when 'E approaches 0. However, for e ;;t 0 ~ 2p'E:f('E;8) equals to zero 

when 'E approaches 0. Because it only requires v_ = v+ for 'E to be zero ate 

= 0, but unless v_ = v + = 0, 'E will not equal to zero for e ;;t 0. 
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Figure V.16 The calculated angular dependence of the distribution of kinetic energy in the 

COMF of the K+-I- ion pairs at()= 0 (--), n/2 (--- ), n (- ·- ·). See Appendix B. 

The vertical axis is a product of '.f('E;O) and J.lll because '.f('E;O) is singular at ('E = 0,() = 

0). The same parameters are used in the calculations (see caption for figure V .11 ). 
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Separation probability P(r; 8) can be calculated for ion pairs formed at 

separation r 
00 

P(r;e) = J !J('E;8)d'E 
c 

(V.34) 

e2 
where 'Ec = -

4
-- . The separation probability at e for collisions with 
rce0r 

Rydberg atoms m a particular ,state labeled by n and l can then be 

determined by 
00 

:Fn1(8) = J ?-R;z(r)P(r;e) dr (V.35) 

0 

where Rn1(r) is the electron radial function. :Fn1(8) versus e is illustrated in 

figure V.17 for the K+- I- ion pairs. 
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Figure V.17 The calculated angular dependence of the separation probability of the K+-

1- ion pairs in K(nd)- CF3I collisions at n = 13, and 26. The angle () refers to the angle 

between the initial velocities of the positive and negative ions. j{'£;8) (see figure V.16), 

equation (V.34), and equation (V.35) are used in the calculations. 
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The global average of :!111( 8) is :!111 , the overall separation probability, 

I.e. 

i J :F,i e)sine de= !Tnt (V.36) 

and thus provides an alternative expression to equation (V .30) for :!111• 

In experiments performed in another apparatus in this laboratory the 

angular dependence of the 1- ion' signals was measured using a position 

sensitive detector (PSD), as depicted in figure V.l8. After allowing 

collisions to occur for a few J..LS, an electric field pulse accelerates the 

negative ions in the interaction region to the PSD. The distribution of 

negative ion positions gives the energy and angular distribution, because the 

arrival position is determined by the product of the measured ion flight time 

and the velocity in the horizontal plane. 
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BEAM 
~ 
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APERTURE 
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Figure V.18 Schematic diagram for the PSD setup. 
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Subsidiary experiments indicated that at intermediate n, most free K+ 

ions produced in K(nd)-CF3I collisions move in directions close to that of 

the potassium beam. Furthermore, considering the fact that the r- ions are 

much heavier (more than 3 times) and faster (statistically speaking) than 

the K+ ions, those r- ions that are able to separation are essentially 

undeflected by the interaction with the K+ core ions. Therefore scattering . 
of the free negative ions can be neglected when comparing calculated 

angular distributions with r- angular distributions recorded on the PSD. 

However, the three-dimensional angular distribution needs to be projected 

onto the PSD plane. The geometry of the projection is illustrated in figure 

V .19. ¢ = 0 ( or 2~) is along the direction of the potassium beam. 

Potassium beam 

Figure V.l9 Schematic diagram for the projection onto the PSD plane. OY is 

perpendicular to the PSD plane and the potassium beam. N is a point in space, and N' is 

its projection on the PSD plane. 
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From spherical geometry we have 

cose = cosf/J sina (V.37) 

The differential solid angle in the (f/J,a) coordinate is sinadadfjJ. The 

projection onto the PSD plane is in effect the integration 

!Fn,(t/J) = w~r,ie) sinada 

(V.38) 

Using equation (V.37), sinada can be expressed in terms of e, f/1, and de, as 

follows 
. d - cose sine de srna a= ----;:::::======:=========== 

cosf/J ~ (cosf/1)2 - (cos8)2 
(V.39) 

and thus 
n:/2 

!F. (f/J) = J (e) cose sine de 
nl :Tnt cosf/J .Y (cosf/1)2 - (cos8)2 

(V.40) 

l/J 

:Fn1(f/J) is plotted in figure V.20 for the K+-r- ion pairs along with the 

measured r- ion distributions on the PSD. The agreement between theory 

and experiment is fairly good. The angular dependence of the signal on the 

PSD is not as strong as in the three-dimensional space because the 

projection at a particular fjJ involves !Fn1( e) in a range of e, as reflected by the 

integral in equation (V.40). 

It can also be proved that the average of !Fn1(fjJ) is !Fni' i.e. 

2~T !Fnlcf/J)df/1 = !Fn1 (V.41) 

For the SF6- ions, which are much less energetic than the r- ions on 

average, scattering by the K+ ions may have to be taken into account when 

calculating the angular distributions. 
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Figure V.20 Angular distribution of the I- ion signal on the PSD. Data points for the I

ions produced in K(nd)- CF3I collisions at n = 13, and 26 (courtesy of C. Wesley Walter) 

are scaled for comparison with the calculated angular distribution, which takes the 

percentage values of 7'nJC¢). 

F. Error Assessment 

There are basically two types of uncertainties in the measured rate 

constants for Rydberg atom depopulation. The first is a random error. It 

results from uncertainties in the decay rates obtained from measurements 

of the Rydberg atom time development, which range from~ 5% to~ 15%. 

The second results from an uncertainty in the pressure measurement of the 
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target gases, which is mainly due to the error in the Baratron factors. This 

error is typically 10% to 15%, and it affects the rate constants in the same 

fashion. The total uncertainty ranges from ~ 20% at n ~ 30 to nearly 40% at 

n ~ 13. It increases as n decreases primarily because the difference 

between decay rates of the Rydberg atoms in presence and absence of the 

target gases becomes smaller as the lifetime of the Rydberg atoms becomes 

shorter. 

In addition to these uncertainties, there is an additional uncertainty in 

the measured rate constants for formation of free SF6- ions and 1- ions. 

The number of the Rydberg atoms was determined by measuring the 

number of electrons liberated by field ionization whereas the ion signals 

were measured directly. The electrons and negative ions are detected by 

the electron multiplier with different efficiencies. The error in determining 

their relative detection efficiencies is about 10% to 15%. However, the 

combined uncertainties are similar to those for the rate constants for 

Rydberg atom depopulation. 
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VI. SUMMARY AND CONCLUSION 

In the present work, thermal energy collisions of K(nd) Rydberg 

atoms with SF6 and CF3I were studied at intermediate n, where the binding 

energy of the Rydberg electrons is comparable to or even larger than the 
' 

kinetic energies of the colliding Rydberg atoms and molecules. Both the 

rate constants for Rydberg atom depopulation and for formation of free 

negative ions were directly measured for n as low as 12 using the field 

ionization techniques. These experiments, in conjunction with the 

theoretical studies, promote understanding of the electron transfer process 

and of post-attachment interactions. 

The data show that, at intermediate n, the rate constants for Rydberg 

atom depopulation decrease as with decreasing n. A model employing an 

independent particle treatment is proposed to explain this decrease. This 

model permits calculations of the cross sections and rate constants for 

Rydberg atom depopulation in collisions with electron attaching molecules 

in terms of the rate constant for free electron attachment. It explicitly 

reveals the relationship between ke, rate constant for Rydberg electron 

transfer to electron attaching molecules, and kaw the rate constant for free 

electron attachment to the molecules. It is shown that the commonly used 

simple free electron model is only valid when the probability that electron 

transfer occurs during a molecule's passage through the Rydberg electron 

cloud is small. This transparency condition is satisfied if the principal 

quantum number n is large, if the relative collision velocity between the 

Rydberg atom and the molecule is large, or if katt is small. Under this 

condition, ke = katt· At low-to-intermediate n, ke drops below katt due to the 
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decreasing size and increasing opacity of the Rydberg electron cloud. 

Caution must be exercised in interpreting rate constants for Rydberg atom 

depopulation simply in terms of rate constants for electron attachment, 

although the two are clearly related. The measured rate constants are in 

good agreement with the calculated ones. The present work shows that the 

independent particle treatment can be successfully applied to describe 

collisions of Rydberg atoms with molecules at intermediate n. 

The data also show that a Rydberg electron transfer event does not 

necessarily lead to formation of a free negative ion. Some of the ion pairs 

formed by Rydberg electron transfer are electrostatically bound and are 

unable to separate. The present work suggests that formation of a free 

negative ion can be viewed as a two-step process: first, a molecule attaches 

the Rydberg electron, becomes a negative ion, and the Rydberg atom is 

destroyed, however the positively charged core ion remains; second, 

depending on the initial separation between the product ions and their 

relative speed (or the kinetic energy in their COMF), they may either 

overcome the mutual Coulomb attraction and become free ions or may stay 

bound and undergo mutual neutralization. Calculations of the separation 

probabilities taking into account the kinetic energy distribution in the COMF 

and the electrostatic interaction are in good agree·ment with the data, and 

properly account for the measured n-dependence of the rate constants for 

formation of the free negative ions. External electric fields can be effective 

in increasing the separation probability of the ion pairs by counterbalancing 

the Coulomb attraction. The angular distribution of the r- ion signal is also 

explained by the calculations based on the kinetic energy distribution of the 

ion pairs and the Coulomb interaction. 
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The present work also suggests some possible avenues for future 

research. Study of then-dependence of the Rydberg atom depopulation 

rate constants using velocity selected potassium atoms can further test the 

theory offered in this thesis regarding the relationship between the rate 

constants f9,r free electron capture and for Rydberg atom depopulation at 

intermediate n. It is predicted by this model that the opacity effect will be 
' 

more important at lower relative collision velocities. The fate of the 

electrostatically bound ion pairs, including their lifetime, is also of interest. 

Ion pairs formed at larger impact parameters should have longer lifetime 

against mutual neutralization compared with those formed at smaller impact 

parameters. This lifetime is also expected to exhibit a strong n-dependence. 

Experiments employing coincidence measurement of the positive and 

negative ions may yield valuable information about the bound ion pairs. 

Rydberg atoms in spherical states (l = n- 1) would be ideally suitable for 

studying the collisions with molecules. They not only have longer natural 

lifetimes but also have much better defined electron radial distribution and 

velocity distribution (see figure V.S). However, difficulties in efficiently 

creating Rydberg atoms in spherical states must first be overcome. 
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APPENDICES 

A. Hyperfine-Zeeman Levels of 39K Ground State and 18D312 in 

Geomagnetic Field 

I 

I. Representation of the Ground State Zeeman Levels in the {I msJ11q)l 

Basis 

The Hamiltonian for the hyperfine interaction and Zeeman interaction 

of the ground state takes the following form 

;J{ =AI •S + 2m0Sz (A.1) 

It is a weak-field Zeeman effect, i.e., Ah2 » hm0 in the geomagnetic field. 

Eigenvalues of AI•S can be determined in the {IF,Mp)} basis. Each IF,Mp) 

is an eigenvector of I2, 82, and F2 (F =I+ S). From equation (IV.58) 
1 

I oS = 2 ( F2 - I2 - 82 ) 

thus 
Art- 3 

AI•S IF,Mp) =y [F(F + 1)- I(I + 1)- 4] IF,Mp) (A.2) 

I = 3/2 and F = 2, 1 (F = I ± s ). Therefore AI oS has two eigenvalues 

~Art- for F = 2 
4 

_1Art- for F= 1 
4 

In absence of the Zeeman effect the two hyperfine states are each 

degenerate, the degeneracies are 5 and 3 for F = 2, and F = 1, respectively. 

The Zeeman effect introduces a small perturbation to the hyperfine states, 

and the degeneracies are removed. Each I F,M F) can be constructed from 

the {I ms,m1 )} basis. Note that for F = 2, MF = 0, ±1, ±2 and for F = 1, MF = 
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0, ± 1 and m1 = ± 1/2, ± 3/2, ms = ± 1/2 (which will be simply denoted as + 

and-). Keep in mind that F =I± s, M F = m1 + ms. Using appropriate 

Clebsch-Gordan coefficients, we have 

and 

I 2, 2 ) = I +, i ) 
~ 1 1 3 

I 2, 1 ) = yl +, 2 ) + 21-, 2 ) 

1 1 1 1 
I 2, o ) = ~ I +, -2) + ~ 1-, 2) 

1 3 ~ 1 
I 2, - 1 ) = 21 +, - 2 ) + yl -, - 2 ) 

I 2, - 2 ) = 1-, - ~ ) 

~ 3 1 1 
11' 1 > = yl -, 2 > - 21 +, 2 > 

1 1 1 1 
11,0)= ~1-,2)-~l+,-2) 

1 1 -{3 3 
11' - 1 > = 21 -, - 2 > - yl +, - 2 > 

(A.3a) 

(A.3b) 

(A.3c) 

(A.3d) 

(A.3e) 

(A.4a) 

(A.4b) 

(A.4c) 

Each I ms, m1) is an eigenvector of Sz, and we have from equations (A.3) 

h 3 
Szl2, 2) = 21 +, 2) (A.5a) 

h ~ 1 1 3 
Szl 2, 1 ) = 2 [ yl +, 2) - 21-, 2 ) ] (A.5b) 

h 1 1 1 1 
Szl2,0)=2[.y21+,-2)- ~1-,2)] (A.5c) 

h 1 3 {3 1 
Szl2, - 1 ) = 2 [ 21 +, -2 ) - 2 I-, - 2)] (A.5 d) 

h 3 
Szl 2, - 2) =- 21-, - 2) (A.Se) 

and from equations (A.4) 

h {3 3 1 1 
Szl1, 1 )=-2[21-,2)+21+,2)] (A.6a) 
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(A.6b) 

(A.6c) 

As a result, the eigenvalues of !J-{ for each eigenstate IF,M F) can be 

expressed as 

12, 2): 
3 

( 2, 2 I !J-{1 ,2, 2 ) = 4 Afil + hro0 (A.7a) 

12, 1): 
3 1 

( 2, 1 I !J-{1 2, 1 ) = 4 Afil + 21zroo (A.7b) 

12,0): 
3 

( 2, 2 I !J-{1 2, 2 ) = 4 Afil + 0 (A.7c) 

12,- 1): 
3 1 

( 2, - 1 I !J-{1 2, -l ) = 4 Aft - 2hroo (A.7d) 

12,-2): 
3 

( 2, - 2 I !J-{1 2, - 2 ) = 4 Aft - hro0 (A.7e) 

and 

11, 1 ): 
5 1 

( 1,11 !J-{11, 1 )=-4Aft-2hro0 (A.8a) 

11,0 ): 
5 

( 1, 0 I !J-{11, 0) =-4 Aft+ 0 (A.8b) 

11,-1 ): 
5 1 

( 1,-11 !J-{11, -1) = -4 Afil +2nOJ0 (A.8c) 

If we choose to express the Zeeman shifts in the form of gpMphOJ0, then 
1 

gF=2 forF=2 

1 
gF=-2 for F= 1 

2. Representation of the 18D312 Zeeman Levels in the {I m1. m1)} Basis 

Although the magnetic field strength is still the same, the perturbation 

it introduces is larger than the hyperfine perturbation resulting in a strong

field Zeeman effect. The Hamiltonian of the Zeeman and hyperfine 

interactions can be symbolically expressed as 

J{= ~if+ (L2 + 2S)ro0 (A.9) 
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where :H,zf stands for the hyperfine Hamiltonian. 

Eigenstates and eigenvalues of the Zeeman term (L£ + 2Sz~ 

The Zeeman term is diagonal in the {lm1,m1 )} basis, and we have 

m0(Lz + 2Sz) lmi'm1 ) = gmjhm0 lm1,m1 ) (A.lO) 

where g = 4/5 for D312 (see equation IV.99). For m1 = ± l/2, ± 3/2 we have 
3 ' 6 3 

m0(Lz + 2Sz) 12, m1 ) =5 fuv0 12, m1 ) (A.lla) 

1 2 1 
m0(Lz + 2Sz) 12, m1 ) =s hm0 12, m1 ) (A.llb) 

1 2 1 
m0(Lz + 2Sz) 1- 2, m1 ) =-5 fuv0 1- 2, m1 ) (A .II c) 

3 6 3 
m0(Lz + 2S) 1- 2, m1 ) =-shmo 1- 2• m1 ) (A.lld) 

Each m 1 state is four fold degenerate, for m 1 can assume four possible 

values. This degeneracy will be removed by the hyperfine interaction. 

The hyperfine effect as a small perturbation 

The hyperfine Hamiltonian has two parts (see chapter IV) 

~if= ~nd+ ~q (A.12) 

where Jf,nd and ~q stand for the nuclear magnetic dipole term and nuclear 

electric quadrupole term. For 39K, ~d > ~q • 

a). The nuclear magnetic dipole term 

From equation (IV.45), we have 

f1-f _ J!:.g_ .!_ {L [ 3(S•r)r _ S]} I 
"''-rrut- 2nlt- gi 14 Jln 13 + -?- • 

Let 

G = L + 3(~r)r- S (A.l3) 
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so that 

(A.14) 

for a state with total electron angular momentum number j, we have46 

G•I = (G•J)(I•J) (A.l5) 
j(j + 1)11-

Usirtg equation (A.13) and J = L + S, we have 

G•J = [L + 3'(~r)r- S]•(L + S) (A.16) 

Note that L•r = 0 

(A.17) 

And also 

(A.18) 

so that 

(A.19) 

and 

(A.20) 

Note that L2 is equivalent to l(l + 1)h2• Therefore from equations (A.l4) and 

(A.15), the nuclear magnetic dipole term can be represented by 

~ru1=A'I•J 

where 
, flo 1 l(l + 1) 

A = zmt- gi 11n l1n ,3 j(j + 1) 

and A' 1t ~ tzco0 • Now we have 

~d lmj,m1 ) =A'I•J lmj'm1 ) 

To find the eigenvalues of ~nd we use 

I•J = [XJX +fly+ IZJZ 

(A.21) 

(A.22) 
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where 

/± =lx ± ily 

J± =Jx ± iJY 
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(A.23) 

(A.24a) 

(A.24b) 

The operator I •J is diagonal in each of the four subspaces {I mj,m1 )} 

associated with the four values of !flj' Therefore the eigenvalues of 9-{,nd are 

simply the diagonal elements 

( mpm1 1A 1 I•J I mj,m1) = (mpm11A 1 1zJzl mj,m1 ) = A 1
1?-mjm1 (A.25) 

so that 

(A.26) 

The degeneracy is completely removed and the eigenvalues of the Zeeman 

and the nuclear magnetic dipole effects are 
3 3 

12>2): ~ hm0 + ~A I 11- (A.27a) 

3 1 
12> 2 ): ~ hm0 + i A I 11- (A.27b) 

3 1 6h. 3AI11-12.-2): 5 mo-4 (A.27c) 

3 3 
1:?>- 2 ): ~ hm0 - i A I 11- (A.27d) 

1 3 
12. 2>: 2h 3AI11-5 mo+4 (A.28a) 

1 1 
12.5): ~ hm0 + ! A I 11- (A.28b) 

1 1 
12.-2>: ~ hm0 - ! A I 11- (A.28c) 

1 3 
12.-2>: ~ hm0 - ~A I 11- (A.28d) 

1 3 - ~ hm - ~ A1 11-1-2. 2>: (A.29a) 
5 ° 4 

1 1 - ~ hm - _!_ A1 11-1-2, 2>: (A.29b) 
5 ° 4 

1 1 
1-2.-2 ): - ~ hm0 + ! A' 11- (A.29c) 



1-!,- ~ ): 
3 3 

1-2:.2 ): 
3 1 

1-2· 2): 
3 1 

1-2,-2 ): 

3 3 
1-2·- 2 ): 

-j f1W0 + ~ A't{l 

- §_ 1101 - 2_ A I fi2 
5 ° 4 

_§_hm _lA'fil 
5 ° 4 

- §_ hm + ~A' fi2 5 0 4 

-:- ~ hw0 + ~ A' fi2 

The energy levels are illustrated in figure A.l. 

b). The nuclear electric quadrupole term 
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(A.29d) 

(A.30a) 

(A.30b) 

(A.30c) 

(A.30d) 

The nuclear electric quadrupole term assumes the following form46,75 
3 

~q = B [3(1•J)2 + 2 h2I•J- J2 J 2
] (A.31) 

where B is a constant for a state I nlj ). It is determined by the nuclear 

electric quadrupole moment and the gradient of the electrostatic field 

created by the valence electron at the nucleus. B describes the strength of 

the hyperfine interaction arising from the nuclear electric quadrupole 

moment. For 39K, B'lt- is significantly less than A'. 

:J{eq does not have non-diagonal elements in each of the four 

subspaces {I mpm1 )} associated with the four values of mj, since from 

equation (A.23) 

(I•J)2 = (I•J)(I•J) 
1 1 

= [l)z +2 (/+]- + /_]+)] [l)z +2 (/+]- + !_]+)] 

2 2 1 1 
= Jzjz +2 (!.pi_+ J_j+)l)z +2 l)z(J+J- + /_]+) + 

1 2 2 2 2 
+ 4 (I+J- + I_J+ + 1+/_j_j+ + l_I+J+J_) (A.32) 

and I2J2 is equivalent to 1(1 + 1)j(j + 1)h4• 
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Figure A.la Diagram of 39K 0 312 hyperfine-Zeeman levels in weak and strong magnetic 

field. The nuclear quadrupole term is neglected. Not drawn to scale. 
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Figure A.lb Diagram of 39K S112 hyperfine-Zeem:m levels in weak and strong magnetic 

field. Not drawn to scale. 
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Then using 

we have 

J+J_Im1,m1 )=11-[j(j+ 1)-m/m1-1)] lm1,m1 ) 

JJ+I mp m1 ) = 11- [j(j + 1)- m/mi + 1)] I m1,m1 ) 

IJJ m1, m1 ) = 11- [j(j + 1)- mim1 - 1)] I mj' m1 ) 

1_1+1 m1, m1 ) = 11- UU + 1)- mim1 + 1)] I m1, m1 ) 

( mj' m1 1(1 •J?I mj' m1 ) 

2 2 1 
= ( mpm1 1lzlz I mpm1 ) +4 (m1,m1 I(IJ_l_J+ + l_l+J+J_)I mpm1 ) 

(A.33a) 

(A.33b) 

(A.33c) 

(A.33d) 

= ~ h4 [ 3mJmJ- m1m1 + j(j + 1)/(/ + 1)- j(j + 1)m} -/(/ + 1)m]J (A.34) 

Also 

( m1, m1 1 I •J I m1, m1 ) = 11-m1m1 

( m1, m1 112 J2 1 m1,m1 ) = /(/ + 1)j(j + 1}/f 

Thus 

(m1,m1 1 ~ql mi'm1 ) 

(A.35) 

(A.36) 

= B;4 

[j(j + 1)/(/ + 1) + 9mJmJ- 3j(j + 1)mJ- 3/(/ + 1)m]J (A.37) 

The eigenvalues of ~q are listed as follows 

m. 
J ml < ~q> 

+~ 
-2 +~ 

-2 2Btz4 
2 

+.!. -2 -~Bh4 
+.!. -2 +~ -2 - ~Btz4 

+.!. -2 2Bh4 
2 

For alternative approaches to this problem, see references 75 and 76. 
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3. Connection between Hyperfine-Zeeman States in Weak and Strong 

Fields 

In the weak-field region, the Zeeman interaction is much smaller than 

the hyperfine interaction. J and I are strongly coupled, and the total angular 

momentum F ( = J + I) precesses around B while J and I precess around F 

(see figure A.2). M F' the quantum number that describes the component of 
' 

F in the direction of the magnetic field, is a good quantum number. The 

Zeeman levels are labeled by MF. The eigenstates are IF,MF ). For each F, 

there are 2F + 1 Zeeman levels. Hence there are altogether (2j + 1)(2/ + 1) 

hyperfine-Zeeman levels for a c·omplete hyperfine multiplet. 

B B 

I 

(a) (b) 

Figure A.2 Diagram of atomic angular momenta in weak and strong magnetic field for 

Zeeman effect on hyperfine structures. (a) Weak field situation. Zeeman splitting smaller 

than hyperfine splitting. (b) Strong field situation. Zeeman splitting larger than hyperfine 

splitting. 

In the strong-field region, the strong interaction of I and J with the 

magnetic field decouples I and J. I and J precess around B independently. 

mj and m1 are good quantum numbers. The eigenstates are I mj,m1 ). There 

are altogether (2j + 1)(2/ + 1) Zeeman-hyperfine states, just as in the weak 

field. 
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The correlations between the hyperfine-Zeeman levels in the weak 

and strong fields are illustrated in figure A.l. Connection between a week

field hyperfine-Zeeman level and a strong-field hyperfine-Zeeman level is 

made such that the magnetic quantum number m is preserved. m = M F in 

the weak field and m = mi + m1 in the strong field. 
m, 
3/2 

lnj= 3/2 1/2 
-112 
-312 

3/2 

lnj= 1/2 1/2 
-1/2 
-3/2 

1803/2 

-3/2 

lnj= -1/2 -1/2 
1/2 
3/2 

-312 

lnj = -3/2 -112 
1/2 
3/2 

F=2 0 

-I 

-2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I I 
I 
I 
I 
I 
I 

1 : 
! 
I 

I 

f 
I 

! 
I .. 

I A I i 
I I 

Figure A.3 Transition diagram for two-photon excitation of 39K from 4S 112 hyperfine

Zeeman levels (only F = 2 shown) to 180312 hyperfine-Zeeman levels in the earth magnetic 

field. Levels are not drawn to scale. Linearly polarized laser beam. 
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4. Two-Photon Excitation of the Hyperfine-Zeeman States 

The excitation from the ground state to 18D312 in the geomagnetic 

field takes place from weak-field hyperfine-Zeeman levels (ground state) to 

strong-field hyperfine-Zeeman levels (18D312). Along the quantization axis 

of the polarization of the incident laser (linearly polarized), the selection 

rules are 
' 

!l.mj= 0 

!l.m/=0 

!l.ms= 0 

(A.38) 

(A.39) 

(A.40) 

The details of the transitions from ground state hyperfine structure F = 2 to 

18D312 are illustrated in figure A.3. 
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B. Distribution of Kinetic Energy in the COMF and Distribution of 

Relative Velocity 

Consider collisions of two molecular species, such as the potassium 

Rydberg atoms and electron attaching molecules. Given the velocity 

distribution of each species, what is the distribution of relative collision 
' 

velocity (or equivalently, distribution of kinetic energy in the COMF)? Two 

important cases are discussed in this appendix: collisions of a directed beam 

with a target gas, and collisions at fixed angle in the laboratory frame. 

1. Collisions of a Directed Beam with Gaseous Target Molecules 

Let A (v1) and fz(v2) denote the velocity distributions of the molecules 

in the beam, and of those in the gas, respectively. :F('E), the distribution of 

kinetic energy in the COMF of two colliding molecules, will be derived first. 

It can then be easily related to the distribution of relative collision velocity. 

Assume m1 and m2 are the masses of the two molecules, v 1 and v 2 are their 

vector velocities in the laboratory frame (see figures B.l and B.2), 

respectively. The total translational energy of the two molecules in their 

COMF can be expressed as 
1 ( . )2 'E = 2 f.1. vl - v2 

where f.1. is the reduced mass, given by 

Equation (B. I) is equivalent to 

ml m2 
f.l.= ml +mz 

1 2 2 
'E=2J1(V1 +v2 - 2v1v2 cos8) 

(B.l) 

(B.2) 

(B.3) 

where v 1 = I v 11, v 2 = 1 v 21, and e is the angle between v 1 and v 2. e is 
between 0 and n. Consider large numbers of such collisions, v 1 is along the 
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v, ll 

"l v2 

tv, 
v, 

v, 

(a) (b) 

ll 

(c) (d) (e) 

Figure B.l Schematic diagram of various configurations of v 1 and v 2. e is the angle 

between the two velocities. (a) e = 0. Two possible values of v2 (=I v2 D for given VI (= 

I v 1 D and u (~ v 1). (b) 0 < e < n/2. Two possible values of v2 for given v1 and u (~vi). 

(c) e = n/2. (d) n/2 < e < 7r. (e) e = 7r. 
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z 

y 

Figure B.2 Diagram of v1 and v2 in a polar coordinate. The polar axis is along v1• 

beam and v 2 is randomly distributed in space. For fixed v1 and v2, the 

maximum value for ~is attained when v 1 and v 2 are antiparallel and the 

minimum is attained when v 1 and v 2 are parallel. The maximum and 

minimum are given by 

~ax=± f.l (vl + v2)2 

1:min = ~ f.l (vl - v2? 
(B.4a) 

(B.4b) 

~ varies with fJ between ~min and ~max as f) varies between 0 and '!r, and 

d~ = J.l v1 v2 sin f) dfJ (B .5) 

On the other hand the probability that the kinetic energy is between 1: and 'E 

+ d'£ is proportional to (rsin9dql )de (see figure B.2), i.e., 2nsin9d9, or 

sinfJdfJ. So that 

(B.6) 

where 'D('E; vpv2) is the distribution of kinetic energy at fixed v1 and v2• 

Therefore 'D('E; vpv2) is a step function as shown in figure B.3. Imposing 

the normalization condition, we arrive at 
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1 

(B.7) 

0 for 'E < '£min or 'E > 'Emax 

and from '£max- 'Emi = 2jlv1v2, we have 
1 

for 'Ernax ;;::: 'E ;;::: 1inin 

(B.8) 

0 for 'E < '£min or 'E > '£max 

1 -

... 
0 

'E 

Figure B.3 Distribution of kinetic energy in the COMF at fixed v1 and v2• 

Then the distribution of the initial kinetic energy in the COMF is 
00 00 

:J('E) = J dv2J j(VpV2) V('E; VpV2) dv1 (B.9) 

where f(v1,v2) is the distribution of v1 and v2, given by 

f(vpvz) = h (vl) fz(vz) (B.10) 

because v1 and v2 are not correlated. Using equations (B.8) to (B.lO), we 

have 
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(B.ll) 

where the limits w 1 and w2 can be easily determined for certain 'E using 

equations (B.4a) and (B.4b), and are given by 

w1 = lu- v2 1 

w2.= u+ v2 

where u = I v 1 - v 2 1 is the relative speed, and is related to 'E by 

u=-f! 
:F('E) can be readily converted to f(u) by using 

f.lU:f('E) } 
. 1 --7 f(u) 

'E= 2 f.1U2 

Using equation (B.ll) 
oo Wz 

ji( ) = !:!:.Jh(v2) d Jh (vi) d u 2 v v2 v vt 
2 1 

0 W1 

(B.12a) 

(B.12b) 

(B.13) 

(B.14) 

(B.l5) 

where w 1 and w2 are given by equations (B.12a) and (B.12b), respectively. 

In case that both ft (v1) and h_(v2) are Maxwellian, f(u) has a simple 

analytical expression, and it is Maxwe~ian a[s we~l(see figure B.4). 

4 vi vt 
ft(vt)=_c-3 exp -2 

·v nvP1 vP1 
/ 

where v pl is the most probable velocity given by 

v = (2kTtJl/2 
pi ml 

and 

Suppose 

(B.16a) 

(B.16b) 

(B.16c) 
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where 

V 
-- (2kT2)1/2 

p2 m2 

(B.16d) 

Using equations (B.15) and (B.l6), through lengthy but manageable 

integrations, we have 
4 

u
2 

( u
2 

J 
f(u) =- 2 2 3/2 exp - 2 2 

fir (vp1 + 'l!p~) vP1 + vP2 

2 

1.8 

......... 

.§. 
en 

1.6 

b 1.4 
....... 
'-" 

......... 1.2 
~ 

~ 
c:: 1 0 

'l:j 
::I 
.0 0.8 ·a 
en :a 0.6 
0 .... 
8 0.4 
~ 

0.2 / 
I 

/ 

0 
0 

.··~~·;:;::.::.:.·.:::, . ..,'" 

.. />~' 
.. , .. , .., 

:, .. , .. , .. , :, .. , .. , .., .. , .. , ,., ,., .. , .., .. , ,., .. , 
·> .> 

·' .. , 
·' 

,//' 
, 

I 
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Velocity u (m/s) 

1000 1200 

(B.l7) 

1400 

Figure B.4 Distributions of relative collision velocity for the K(nd)- SF 6 (- - - ) and 

K(nd)- CF3I ( ...... ) collisions. Velocity distribution of K(nd) Rydberg atoms (--) is 

also plotted for comparison. The following values of temperature are used: 575 K for the 

potassium Rydberg atoms, 300 K for the both types of target molecules. The three curves 

are similar because the target molecules are at lower temperature and their masses are much 

larger than that of potassium atom. 
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Note that v pl and v pz play symmetric roles. It is convenient to define a most 

probable relative velocity vpu' given by 
.----

(B.l8) 

Thus it becomes obvious that f(u) is Maxwellian and can be expressed in 

the following form 

(B.19) 

2. Collisions at Fixed Angle 8 

The angle e between vl and v2 in the laboratory frame is shown in 

figure B.l. Considering collisions at fixed e, such as collisions of two beams, 

what is the distribution of relative velocity, and how does this distribution 

vary withe? 

From figure B.l, we have 

u2 = (v1 - v2cos8)2 + (v2sine)2 (B.20) 

where u is the relative speed and is related to 'E, the kinetic energy in the 

COMF, by 

(B.21) 

For fixed e and v2, the probability that the total initial translational energy lies 

in the range from 'E to 'E + d'E is 

(B.22) 

where v 1 satisfies equation (B.20), and :f('E;8,v2) is the distribution of 

translational energy in the COMF at fixed e and v2• From equations (B.20) 

and (B.21), d'E and dv1 are related by 
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I d1: I -\) . (v2sin8J --=f..LU 1- ---
ldv11 u 

(B.23) 

Therefore for all the possible values of v2 

(B.24) 

or 

(B.25) 

v1 can be solved from equation (B.20). In terms of u, 8, and v2, v1 is given by 

v1 =v2cos8±~u2 -(v2 sin8)2 for0~8<~ (B.26a) 

1C 
for 2 ~ 8~ 1C (B.26b) 

Therefore equation (B.25) assumes two different forms depending on 8 

~2f.11: 5{1:;8) = 

1C forO< 8< 2 (B.27a) 

ll 



0 

(B.27b) 

And for three special angles 0, n/2, and n, we have simpler expressions 
00 00 

~2J1'E !1('£;0) = jft(v2 + u)_h(v2)dv2 + jft(v2 - u)_h(v2) dv2 (B.28a) 

u 

ft[(u2- v~)I/2] _h(v2) 

"2Jl1: :F{X; ~ > = [ 
1

_ (:2 Jr dv2 
(B.28b) 

~2J1!E !l(t£; n) = Jft(u- v2)_h(v2) dv2 (B.28c) 

:F( 'E; 8) so derived reflects proper normalization over entire energy 

range if the two velocity distributions are normalized. For example, from 

equation (B.28a) 

00 

Ioo d'£ [oo oo J j!lC'E;O)d'E= ~ jft(v2 +u)_h(v2)dv2 +jft(v2 -u)_h(v2)dv2 (B.29) 

0 

Using equation (B.21) we have 
d'E 
~=du (B.30) 

Equation (B.29) is then equivalent to 

J :F( X; 0) dx = Jdu [ J_t;( v2 + u) .h. ( v2) dv2 + J_t;( v2 - u) .h.( v2) dv2 J (B .31) 

And 
00 00 00 00 00 

J !l('E;O)d'E = jh.Cv2)dv2jft(v2 + u)du + J dujfi(v2 - u)J;(v2)dv2 
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Therefore 

= j/,<v2)dv2 [ 1-Jf.(u)du] + Jj,(v2)dvJj;(v2 - u)du 

= 1 -jh.<v2)dv2J~cu)du + jh.Cv2)dv2 jfiCu)du 

00 

J fi.'E;O)d'E = 1 

It can be shown that 
00 

J fi.'E;8)d'E = 1 0 s; e s; n (B.32) 

The equations (B.27) and (B.28) can be used not only in beam-beam 

collisions, but also in beam-gas situations when collisions at a particular 

angle need to be studied. 
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C. Velocity Distribution of the I- Ions in the Laboratory Frame 

In the vacuum chamber, the CF3I molecules have a Maxwellian 

velocity distribution of velocity fc(vc). We need to find the velocity 

distribution of the r- ions in the laboratory frame after electron attachment 

and dissociation energy release. The dissociation energy Qis converted to 
' 

translational energy of the two fragments CF3 and I-. An approach similar 

to that used in Appendix B is used here. 

Q is distributed between CF3 and I- according to momentum 

conservation. In the COMF of CF3 and I-, the kinetic energy of I- is 

increased from 0 to '£I, and '£ 1 is given by 
m-m 

'£' = -Q m (C.l) 

where m and m_ are the masses of CF3I and I-, respectively. The velocity 

of I- in the laboratory frame is then 

v_=V1 +Vc (C.2) 

where vc is the velocity of the CF3I before dissociation, i.e., the velocity of 

the COMF in the laboratory frame. V
1 is the velocity of I- in the COMF, 

given by 
1 2 m_v~2 = '£1 (C.3) 

The angle between V
1 and vc is isotropically distributed in space. So the 

distribution of'£_= m_ v~/2 for fixed V
1 (=I vii) and vc (=I vc I) is, similar to 

equation (B.8) 
1 

2m_V
1

Vc 
(C.4) 

0 otherwise 
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where 
_ m_ 1 2 

1:max- 2 (v + vc) 

m_ 1 2 
1:min = 2 (v - vc) 

The distribution of the initial kinetic energy 1:_ for the r- ions is 
00 00 

:f..(1:_) = J dvcJf<vc, V1

) tfJ('E_; V1,Vc) dvl 

where f(vc, V1
) is distribution of vc and V1

, and it is given by 

five, vi)= fc(vc)f'(vl) 

(C.Sb) 

(C.Sb) 

(C.6) 

(C.7) 

because vc and V 1 are not correlated. f 1(V1
) can be taken as a delta function, 

and fc(vc) is Maxwellian 

f 1(V 1
) = 8(v1

- .... {2ir) -\1 rrc 

fc(v0 ) = 4t<( z:T r v~exp(- ;:;J 
Combining equations (C.6), (C.7), and (C.4) we have 

where 

I 

Vmax 

:F..('E_) = J fc(vc)dvc f f'(v') 2m~'vc dv' 
I 

Vmin 

v1
max= .... ~ +vc -\I rrc 

I ~'E-vmin= --vc m_ 

(C.8) 

(C.9) 

(C.IO) 

(C.lla) 

(C. lib) 

Analytical expressiOn of :;:_('£_) is obtained after carrymg out the 

integrations in equation (C.IO) 

( 
m JI/2 [ m('E_ + '£

1

)] ·~-J 2m('E_'£
1)I/2] 

:f..('E_) = n:kTm_'£ 1 exp - m_kT sml m_kT (C.l 2) 
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where 'E' is given by equation (C.l). 

J:.('E_) can be readily converted to f_(v_) by using 

m_v_:F..('E_)) 

'E =.!. m v2 --7 f_(v_) 
- 2 - -

(C.13) 

The kinetic energy distribution of the I- ions calculated using equation 

(C.l2) is in good agreement with experiments. 
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CAMAC 

COMF 

cw 
EA 

ETC 

MCA 

PSD 

RMS 

SFI 

TOFMS 

TPSA 

GLOSSARY 

Computer automated measurement and control 

Center of mass frame 

Continuous wave 

Electron affinity 

Elapsed time counter 

Multi-channel analyzer 

Position sensitive detector 

Root-mean-square 

Selective field ionization 

Time of flight mass spectroscopy 

Threshold photoelectron spectroscopy by electron 

attachment 
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