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ABSTRACT 

The spectroscopy and decay dynamics of highly excited 

Rydberg states of molecular hydrogen in an external electric 

field are systematically studied in this thesis which 

combines experimental studies with theoretical 

interpretation. Laser multiphoton excitation and ionization 

techniques are used to produce hydrogen molecules in high 

Rydberg states, and Time-of-Flight mass spectrometry is used 

to detect the ionization and dissociation products 

separately and simultaneously. Stark spectra are acquired 

for electric fields in both weak and strong regimes, and for 

different rotational and vibrational core states. The first 

fully resolved Stark spectra with detailed dynamical 

information have been generated for both ionization and 

dissociation channels. The experimental results are compared 

to energy matrix diagonalization model with and without 

inclusion of decay dynamics, and quantum defect Stark 

theory. The results of this thesis provide important 

information which allow us to understand the detailed decay 

dynamics of highly excited Rydberg Stark states of molecular 

hydrogen, and provide solid experimental data which are 

essential to the development of a complete multichannel 

quantum defect theory (MQDT) of molecules under external 

electric field. 
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CHAPTER I 

INTRODUCTION 

Highly excited states of molecular hydrogen in an 

external electric field are a complicated and rich system. 

This problem can yield information which is important in 

both basic science and application. However, the molecular 

Stark effect on high Rydberg states has been essentially 

unexplored for many years due to technical difficulties 

which will be discussed in this chapter. 

The field needed to strongly perturb a hydrogen atom in 

its ground states is about 10^ V/cm, and can never be 

realized in present experiments. However, for an atom in 

loosely bound, highly excited Rydberg states, the required 

field is much weaker. Highly excited Rydberg states 

therefore play an important role in the study of the Stark 

effect. It is in these highly excited Rydberg states that 

the influence of the external field-induced force on an 

excited electron can be made to be comparable to that of the 

ionic core. In this regime, the atomic structure is strongly 

altered by the presence of the external field, resulting in 

electronic states with novel properties that cannot be 

understood in the framework of perturbation theory. In the 

strong field regime, one of the important properties of high 

Rydberg states is field ionization. It is important not only 

in spectroscopy, but also in practical applications. Field 

ionization has proven to be an invaluable experimental 

technique for detecting Rydberg atoms and molecules. It has 

played a pivotal role in numerous experiments, including 

both spectroscopic and scattering studies, and it promises 



to be useful in applications ranging from infrared detection 

to isotope separation. Thus, there are extremely important 

practical reasons for understanding the field ionization 

processes of atomic and molecular species. 

Despite the early interest in the Stark effect and its 

historical importance, the Stark effect in highly excited 

states of atomic systems has long been rather poorly known, 

except in atomic hydrogen, owing to several experimental and 

theoretical difficulties. The advances in tunable laser and 

nonlinear optics techniques for the generation of tunable 

narrow band light have made high resolution studies of the 

strong field, highly excited state Stark effect in atomic 

systems possible by multiphoton excitation and ionization. 

For the case of static electric fields, experimental studies 

have examined atomic hydrogen and complex atoms. ̂̂ "*̂  Advances 

have simultaneously been made in the theoretical 

understanding of strong-field effects in non-hydrogenic 

systems through the use of a modified version of 

multichannel quantum defect theory (MQDT) . <̂^ The existing 

body of theoretical and experimental work has led to a good 

understanding of the strong field Stark effect in atomic 

systems. 

In contrast to the situation for atoms, the effects of 

strong external fields on highly excited Rydberg states of 

molecules have been considered only very recently. The 

additional degrees of freedom resulting from the rotation 

and vibration of the ionic core lead to fundamentally new 

phenomena in the Stark effect of molecules. In the absence 

of an external field, coupling between the electronic motion 

and vibrational and rotational motions of the core can lead 



to the opening of a decay channel which is not present in 

atomic systems, predissociation. The congestion of states in 

the region near the ionization limit owing to the presence 

of various Rydberg series converging to different core 

levels causes many perturbations between states and leads to 

energy shifts, and dynamical effects such as accidental 

predissociation. The addition of a strong field complicates 

the situation further and results in new field-induced 

coupling between states, producing profound changes in their 

spectroscopic and dynamic properties. 

Several recent studies of the Stark effect on highly 

excited states of diatomic molecules have examined the 

appearance of hydrogenic Stark manifolds in Naj, '̂^ electric 

field-induced forced autoionization in Li2̂ ^̂  and H2, ̂®* 

electric-hindered autoionization in Na2, ̂ ^̂  and the Stark 

effect on vibrationally autoionizing Rydberg states of H2.̂ °̂̂  

However, except for ref.(8), none of these have addressed 

the fundamental difference between atomic and molecular 

cases: the presence of the predissociation decay channel in 

molecules. Field-induced predissociation of molecular 

hydrogen in low lying states has been previously noted^^^^ 

and may be expected to play an important role in the decay 

dynamics of highly excited Stark states. A recent study was 

the first to simultaneously observe field-induced ionization 

and predissociation, <®> and revealed a number of novel 

phenomena. 

Although very few detailed calculations of strong field 

effects for highly excited molecular states have been 

reported, such calculations are apparently possible now for 

molecular hydrogen within the framework of MQDT.̂ '̂̂ ^̂  A 



recent paper has applied multichannel quantum defect theory 

to the problem of H2 in an external electric field, 

resulting in predictions of state energies and 

photoionization cross sections. <̂ '̂ However all these 

theoretical works noted above have not include the important 

decay channel of dissociation in the Stark effect. In part, 

because of the lack of the experimental data, a complete 

MQDT Stark theory including all the important decay channels 

has not yet been developed. 

Molecular hydrogen is the most desirable system for 

studies of the Stark effect on diatomic molecules for 

several reasons: its field-free spectroscopy and dynamics 

are relatively well understood due to the extensive studies 

of last twenty years; it is the simplest and therefore 

theoretically the most tractable system; the field-free 

Rydberg states are relatively long lived, and the large 

energy spacing of its core ro-vibrational levels leads to an 

open spectral structure. The Stark effect of molecular 

hydrogen can be viewed as a "bridge" between the well 

understood atomic Stark effect and the largely unexplored 

Stark effect of Rydberg states of molecular systems. 

In this thesis a systematic exploration of spectroscopy 

and dynamics of high Rydberg states of molecular hydrogen in 

an electric field will be provided experimentally and 

theoretically, using the techniques of multiphoton 

excitation, ionization, and time-of-flight mass spectrometry 

to produce and detect the products of ionization and 

predissociation separately and simultaneously. The results 

of the experiments will be compared to an energy matrix 

diagonalization model with and without inclusion of decay 



dynamics, and quantum defect theory. The experimental and 

theoretical works include: 

1. Observing for the first time the fully resolved 

Stark spectra on predissociating singlet Rydberg states 

converging to the vibrational ground state of the ion core, 

examining the rotational series interaction and field-

induced predissociation. The experimental results are 

compared to an energy matrix diagonalization calculation. 

2. Studies of dissociation and ionization of 

vibrationally autoionizing Rydberg Stark states converging 

to the first vibrationally excited core state (V*"=l) . By 

comparing the experimental results with the results of a 

perturbation calculation based on energy matrix 

diagonalization including both autoionization and 

predissociation decay dynamics, we can obtain detailed 

dynamical information of the Stark components, such as the 

direct observation of field-hindered autoionization rate, 

field-induced predissociation, and the rotational 

interaction on the Stark spectra. 

3. Generation of detailed and fully resolved Stark maps 

in the strong-field regime for both ionization and 

dissociation channels. The experimental results reveal 

detailed dynamic behavior of the Rydberg Stark states. The 

effects of a novel dynamical property, electric-field 

induced interference, on the dynamics of high Rydberg Stark 

states has been observed. The comparison of our experimental 

results with the results of a single-channel quantum defect 

(QDT) Stark calculation shows that the couplings between 

states converging to different rotationally and 

vibrationally excited core states have to be included in the 



theoretical model in order to understand the dynamical 

behavior of the Rydberg Stark states of a diatomic molecule. 

In Chapter II, I will discuss the theoretical 

background of the Stark effect beginning with the hydrogenic 

and complex atom cases, which are a necessary preliminary 

for the follow up discussion of the molecular Stark effect; 

Chapter III gives the experimental techniques; and in 

Chapter IV, I will discuss in detail the experimental 

results and compare them with theories. 



CHAPTER II 

THEORETICAL BACKGROUND 

In this chapter, the important results of theories of 

the Stark effect for atomic hydrogen and complex atoms will 

be presented, with emphasis on the energy region near the 

classical field-ionization limit. We will then introduce the 

basic concepts of diatomic molecules and examine the 

differences of electric field effects between atoms and 

molecular hydrogen, and point out how these differences will 

give rise to new phenomena. 

2.1 Theory of the Stark Effect for 
Atomic Hydrogen 

Atomic hydrogen is in many ways very special. It is an 

one electron atom; therefore, the ion core can be viewed as 

a point charge. In zero external field and in the absence 

of relativistic effects, the electron moves in a spherically 

symmetric Coulomb potential, and all the orbital angular 

momentum states with same principal quantum number n are 

degenerate. The energy of a Rydberg state can be described 

by a simple Rydberg formula (atomic units are used unless 

otherwise stated) 

E{n,l)=--^ . (2.1) 

Under a uniform external electric field F along z-axis, 

the non-relativistic Hamiltonian of a hydrogen atom is 

H= - Av2 - 1 + Fz . (2.2) 



-**w ^y^^aj. poten-cial of the system is now the combined 

Coulomb and Stark potential. Fig.2.1 shows the potential 

curve in a plane including z-axis. 
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Fig. 2.1. The combined Coulomb plus Stark potential along 
the z axis. The dash line is the Stark potential alone. 

8 



Several general properties of the resulting potential should 

be noted; first because the spherical symmetry is destroyed 

by the external field F, neither the principle quantum 

number n nor the orbital angular momentum quantum number 1 

are good quantum numbers. The eigenstates of this asymmetric 

potential will in general be asymmetric respect to the z=0 

plane. They are the mixtures of all the angular momentum 

states of zero-field Hamiltonian, and no longer degenerate 

for states of the same n. Also it should be noted that the 

external electric field leads to a lowering of the 

ionization potential of the hydrogen atom to a value 

E^=-2y/F (called the saddle point energy) as shown in Fig. 

2.1. Below the saddle point energy E^, the electron may 

escape through this lowered barrier by quantum mechanical 

tunnelling, while above E^ the electron escape becomes 

classically possible. Therefore, under an external electric 

field there are no true stable states, since all the states 

have non-zero ionization rates. However, the tunnelling rate 

is usually small for those states with energies below E^; 

consequently, they still can be treated as stable states. 

Another general property of this potential is that the 

states whose charge densities extend along the positive z-

axis, where the combined Coulomb and Stark field results in 

a raised barrier will be shifted to higher energies compared 

to their field-free energies. These states will also have 

lower ionization rates than other states in the same energy 

region which are not extended along positive z, since the 

highly extended states will feel most strongly the effects 

of the raised potential barrier, while not sampling the 

lowered barrier in the -z direction. Conversely, states 



which extend along the negative z direction will be lowered 

in energies, and have relatively higher ionization rates, 

since these states feel more effects of the lowered 

potential barrier and have larger classical and tunnelling 

escape probabilities. In spherical coordinates, the 

Hamiltonian Eq.(2.2) is not separable; however, since the 

system has cylindrical symmetry, leaving the azimuthal 

quantum number m good, the Schrodinger equation is separable 

in parabolic coordinates*^^^ 

l^i'rz, r\=r-z, (p = tan-M^) . (2.3) 
X 

Writing the full wave function in product form as 

i|;(̂ ,Ti,4)) = U^il)U^ir\)e^"^ , (2.4) 

and substituting this into the Schrodinger equation in 

parabolic coordinates yields the separated equations for 

motions in ^ and r| coordinates: 

^(j^).(|5.z,-|i4F5^)cr, = o (2.5, 

^i,^^.ijn^Z,-^*l^^)U,-0 (2.6, 

where the separation parameters Ẑ  and Z2 are related by the 

condition Zi+Z2=Z (Z=l for the hydrogen atom) . For the case 

of F=0, these equations can be solved in closed form, giving 

eigenstates characterized by the quantum number n^ in ̂  

coordinate, and n2 in T| coordinate, and azimuthal quantum 

number m (here m has the same meaning as that in spherical 

10 



coordinates). Of course, the zero field states of the 

hydrogen atom can be expressed equally well in this 

parabolic set of basis states or in the spherical set. The 

quantum numbers n̂  and Hz are directly related to the values 

of the separation parameters Ẑ  and Zj for the states in 

question, and are also related to the principal quantum 

number n by the expressions 

Z,-Z, = —^—^ , (2.7a) 
^ ^ n 

n=n^+n2 + \m\+l . (2.7b) 

For non-zero field, the wave Eqs. (2.5) and (2.6) cannot be 

solved analytically; however, for weak fields perturbation 

theory has been applied extensively to the problem. The 

lowest order result for the energies of the perturbed states 

is given by 

Ein.n^.n^.m) ^ -^^+^n{n^-n2) F , (2.8) 

showing a linear Stark shift as a function of external field 

F. The degenerate states with the same principal quantum 

number n at zero field now fan out into a hydrogenic 

manifold as the field is increased. The shift is positive 

for states with n^ > HZ (hence Ẑ  > Zj, blue shifted states) , 

which extend along positive z, and negative for states with 

ni < n2 (Zi < Z2, red shifted states) , which extend along 

negative z. This linear Stark shift is a consequence of the 

zero-field degeneracy of states of identical n and different 

If allowing states of indefinite parity with a permanent 

11 



electric dipole moment to be constructed by mixing of states 

of different I by any finite field. The linear Stark shift 

for any finite field is unique to the non-relativistic, 

spinless hydrogen atoms. 

Because of the uniqueness of atomic hydrogen, its field 

ionization characteristic should be discussed in more 

detail. For a hydrogen atom, a state's ionization rate 

depends strongly on its energy relative to the top of the 

lowered barrier, and also depends on its charge 

distribution's asymmetry. The energy of the barrier top for 

a hydrogenic Stark state is given by E^=-2^f2^ . A state 

that lies below Ej, must ionize by tunnelling through the 

barrier, and will have a small ionization rate. As the 

state's energy goes through and over the barrier ionization 

becomes classically allowed, the rate increases very 

rapidly, and the state will quickly broaden out into a 

photoionization continuum. Thus, states of a given value of 

n̂  will appear as sharp resonances in ionization only in a 

narrow energy region near the top of their barriers. Since 

for atomic hydrogen the problem is exactly separable in 

parabolic coordinates due to the azimuthal symmetry, there 

is no coupling between the various Stark eigenstates with 

different values of n̂ . All states, whether stable or 

continuum, can cross each other with no interaction, another 

unique property of atomic hydrogen. At energies above the 

classical field-ionization limit (saddle point energy) 

E^--2\fF~ the stable states with high value of n^ (small Z2, 

blue shifted states) will retain their stability and exist 

degenerately with the ionization continuum created by the 

rapidly ionizing states of small n^ large Z2 (red shifted 

12 



ouaues; . £ig.^.ii shows the calculated ionization rates by 

four-order perturbation theory for various Stark states of 

atomic hydrogen in the region of the field-ionization 

limit. ̂^̂^ As shown in the figure, the ionization rates can 

be orders of magnitude different in a given energy and field 

regiond for different states. 

>.280 
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Q: 
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Fig. 2.2 stark structure of |;n|=l levels of hydrogen in the 
vicinity of n=19. The ionization rates are indicated for 
some Stark levels. The dotted line is the classical field-
ionization threshold.(Littman, kash, and kleppner, ref.[15]) 
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High order perturbation theory applied to the Stark 

effect gives a good approximation of Stark energies for the 

energies region below Ê .<̂ >̂ However, the perturbation 

expansion is known to be divergent, ̂ "̂̂̂  and gives inaccurate 

results for states with energies well above E^. In this 

energy region non-perturbative techniques such as WKB<̂ '̂ '̂ 

and exact numerical approaches'^®' have been successfully 

applied to the hydrogenic Stark problem. The WKB method will 

be outlined in next section in the context of the Stark 

effect of complex atomic systems. 

2.2 Stark Effect of Complex Atoms 

In this section, we will first discuss the non-

hydrogenic core effects in complex atomic systems. Then some 

of the general results and nomenclature of the Stark effect 

will be extended from the hydrogen atom to complex atomic 

systems. We will point out how the non-Coulombic core effect 

will lead to a different ionization mechanism for complex 

atomic systems. In the end two different theoretical 

treatments of the Stark effect, namely the numerical 

diagonalization of energy matrix and the WKB-quantum defect 

theory will be outlined. 

2.2.1 Effects of a Non-Coulombic Core Potential 

In complex atoms (defined here as atoms other than 

atomic hydrogen), the core potential near the nucleus is 

non-Coulombic due to the other electrons in the core. This 

non-Coulombic core field will induce couplings between 

various Stark states (which are determined by the long-range 

behavior of the excited electron) and will dramatically 

14 



change the ionization mechanism of the complex atom system. 

For Rydberg states the excited electron spends most of its 

time far away from the core, and feels approximately an 

Coulomb potential. The residual effect of the non-Coulombic 

potential can be very well described by a parameter 6̂  

called the quantum defect for the channel with orbital 

angular momentum I. The quantum defect is generally a slowly 

varying function of energy. In order to understand this, we 

will look into the details of the behavior of the different 

angular momentum states of Rydberg electrons. 

The non-relativistic radial Schrodinger equation for a 

complex atom is (in ordinary units) : 

where the effective potential 

V^,,= V{r)^^^^^^\^' (2.10) 
2p,r̂  

has two terms. The first term V(r) represents all the core 

potential including the nuclear Coulombic and the non-

Coulombic core electron potentials. The second term is from 

orbital motion of the Rydberg electron and is called the 

centrifugal potential. This potential diverges at small r. 

High orbital angular momentum states have relatively larger 

centrifugal potentials, and the centrifugal potential tends 

to push the Rydberg electron away from the core. This 

potential gives rise to the behavior of the wave function of 

the Rydberg electron near the core. The asymptotic 

wavefunction when r approaches zero is: 

15 



^i^T(r) ocr^ r,,,(0,(p) . (2.11) 

It is obvious that states with large 1 have negligible 

probability in the core region. In general, states such as 

s(I=0), and p(l=l) with small orbital angular momentum have 

larger probabilities to collide with the core and sample 

more non-Coulombic potential than those of the high orbital 

angular momentum states. These states are called penetrating 

states, and usually have relatively larger quantum defects. 

Fig.2.3 shows the probability distributions of an electron 

with different orbital angular momentum near the core. 

In zero field, due to the non-Coulombic core effect, 

the penetrating Rydberg states with identical principal 

quantum number n but different angular momentum quantum 

number 1 are not degenerate. Their energies can be labeled 

by a modified Rydberg formula 

^^^'-^^""TT m " ~ ^ r ^ ' (2.12) 
2(72-6j)2 2n*^ 

where n*=n-5j is the effective principal quantum number. 

Under an external electric field, the penetrating states 

will undergo a quadratic Stark shift as'̂ '̂ 

E^V =^2 
( 
K^;.i;rkl^nJ*Jl' . \^'^nlnSA"^nl-X^\^\ 

\ ^nl ^n,l*l ^nl ^n,l-l 
(2.13) 

in low field and eventually join the manifold from the non

penetrating states through avoided crossing at high field 

due to the core induced coupling to form a complete I-mixing 
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r (0.0) 

Fig. 2.3. Probability distributions of s, p, and d electron 
near the ionic core. 

hydrogenic manifold. The field required for such mixing is 

such that (ilfjFzliir̂ -fi/n̂  Fig. 2.4 shows a calculated Stark 

map of the Na atom based on an energy matrix diagonalization 

calculation. <̂ >̂ 
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Fig.2.4. Calculated Stark map of m=0 levels for the Na at om 

2.2.2 Basic Properties of Stark States 
and Scaling Laws 

In order to understand qualitatively the Stark effect 

of complex atomic systems and the order of magnitude of the 

field effects, let's extend some of the basic results of the 

hydrogenic Stark theory to complex atoms. 

(i). The mean orbital radius of the high Rydberg state 

is proportional to the square of the principal quantum 

number r^ - n^ . 
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(ii). From Eqs (2.7) and (2.8), for a given m, a state 

with principal quantum number n (neglecting the displacement 

caused by the quantum defect) is split into {n-\m\) 

sublevels. All the zero quantum defect sublevels constitute 

an incomplete hydrogenic manifold with a sublevel energy 

spacing given by 3nF. As the electric field increases to a 

strength which mixes the non-zero quantum defect sublevels 

with the incomplete manifold, a complete manifold having 

width »2n'^F is formed. 

(iii) . The energy space between two successive Rydberg 

states n and n+1 in zero-field is approximately equal to 

1/n^. The field strength at which these two successive 

manifolds overlap is called the Inglis-Teller limit and is 

given by 

^j.r.=v^ • (14) 

For a given value of the principal quantum number n, the 

Inglis-Teller limit determines the relative scale of the 

applied electric field strength. As long as the n and n+1 

manifolds do not overlap, the intra-manifold coupling (n-

mixing) is negligible and n is almost a good quantum number. 

However, as soon as the electric field is larger than F^^ , 

n mixing begins to be important and the quantum number n 

loses its significance. This is called the strong-field 

regime, while the low-field regime is defined as F<.Fj^j. . 

The following numbers give an order of magnitude of the 

Inglis-Teller limit: The Inglis-Teller limit is on the order 

of 1.7X10* V/cm for n=10, and 16 V/cm for n=50. 
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(iv). As shown in Fig.2.4, the penetrating states which 

have non-zero quantum defects displace from the non

penetrating states at zero field, and shift quadratically at 

low field. These penetrating states to a large extent will 

keep their zero-field I characters as long as they are 

outside the hydrogenic manifold. This holds true until the 

field F reaches SjFj- j, , at which point the Stark interaction 

becomes comparable to the core interaction responsible for 

the quantum defect, and the non-penetrating states begin to 

mix strongly with the manifold. 

(v). Another important scaling law is related to the 

classical saddle point energy E^=-2^F^ . Neglecting the 

Stark splitting, the field corresponding to the saddle point 

energy at which the electron escape becomes classically 

possible for a given value of n is 

^ c = — ^ • (2.15) 

The field needed to ionize the atom classically is in the 

order of F^=3.2X10* V/cm for n=10, and F^=51 V/cm for n=50. 

(v). The relative intensities of the transition to the 

individual Stark component may also be estimated using the 

hydrogenic model. For a transition originating from lower 

state with s character, the intensity of a 7i-transition 

{Am=0) is proportional to (n̂ -122)̂ ^ a^d for o-transition 

iArn=l) it is proportional to {n.+D (̂ 2+1) . Thus, the 

intensity distributions depend on the parabolic quantum 

numbers. They peaks at the red and blue sides of the 

manifold for a n transition {n^=0, n2=n-\m\-l) , and at the 

center of the manifold for a o transition in,^n^ = — ) . 
^ ^ 2 
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2.2.3 Ionization Mechanisms of Complex 
Atom System 

The influence of the ionic core is not limited to the 

penetrating states. In the strong field region, especially 

near the field ionization threshold, the core induced effect 

has spread out over all the Stark components since each of 

the Stark states is the mixture of all the orbital angular 

momentum states. Because of this core induced effect, unlike 

the hydrogen atom the complex atom system has two distinct 

ionization mechanisms. The first one is the hydrogenic 

tunneling and direct field ionization over the lowered 

Coulomb + Stark barrier; the second one, which does not 

exist in atomic hydrogen, is related to the core induced 

coupling of Stark states. In the energy region above the 

saddle point E^=-2y/F~, the otherwise stable states such as 

those with larger n̂  (blue shifted states) will couple to 

the underlying continua or quasi-continua and acquire very 

much larger ionization rates than the tunneling rates for 

the corresponding hydrogenic states. Such an induced 

ionization rate, unlike that of the hydrogen atom, is not 

very sensitive to the energy of the state in question. 

Consequently, states of a given value of n̂  can appear as 

sharp resonances in ionization over a broader energy region 

above the saddle point energy, compared to a very narrow 

region of ionization resonances for atomic hydrogen. This 

ionization process is similar to autoionization, which will 

be discussed in next section, and usually gives rise to a 

resonance shape described by a Fano profile. ^̂ °' 
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2.2.4 Theories of the Stark Effect for Complex 
Atomic Systems 

In this section, two theoretical models, the energy 

matrix diagonalization and WKB-quantum defect theory, will 

be discussed along with the introduction of the mathematical 

description of quantum defect. I will outline only the basic 

principle of these models and leave the mathematical details 

in section 2.3.6.1 and 2.3.6.2 where these two models are 

adapted with modifications to the molecular case. 

2.2.4.1 Low-Field Stark Effect Calculation— 
Energy Matrix Diagonalization 

In the low-field regime, below the Inglis-Teller limit, 

the most convenient way to calculate the Stark state 

energies and transition oscillator strengths is to use the 

energy matrix diagonalization technique. This method is 

basically a numerical perturbation calculation developed by 

Zimmerman et al. and applied to the Stark spectra of alkali 

atoms. ̂̂ ^̂  If the electric field is weak enough, the mixing 

of different n states induced by the external field is weak 

and is limited to the adjacent manifolds. The basis 

functions used in the calculation can be truncated to the 

minimum to conserve computer resources and still obtain 

reasonably good results. Because the unperturbed energies 

for complex atoms are diagonal in a spherical, not a 

parabolic basis since I is a good quantum number in zero-

field, a spherical representation is chosen to be the basis 

set for the calculation. Neglecting the fine and hyperfine 

structure, the off-diagonal elements of the Stark 

interaction have the form 
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^n,l,m\Fz\n',l',m') = ^^^^,(>^^^,^^F{l,m\cose\l^,m'){n,l\r\n\l^). (16) 

The diagonal elements are taken to be their zero field 

energies eq. (2.12) . The angular matrix elements can be 

evaluated easily using elementary algebra of spherical 

harmonics: 

a,in|cos0|J-l,;7i) = (- ^1^ \^ . (17) 
' ' \ (2i + l) (2i-l) / 

The problem then reduces to evaluating the radial integral 

in,l\r\n^,lO. The most satisfactory technique of evaluating 

this integral is the numerical integration. It can easily 

take into account the long-range perturbation, for instance, 

fine structure (~r"'*) . The wave functions can be calculated 

by using the Numerov algorithm. The major source of 

numerical error in a matrix element is caused by the 

truncation of the radial integration near the core. The 

typically fractional error of this kind is 10"*. For a 

simple but less accurate calculation, the integral can be 

evaluated using hydrogenic wave functions^^*^ 

in, l\r\n, l-l)=^ny/n^-l^ , (18) 

for the interactions within the same n manifold. For the 

matrix elements between different manifolds, the formula is 

more complicated. ̂ *̂̂  Once the radial matrix elements are 

evaluated, diagonalizing the energy matrix is a 

straightforward task, limited only by computer capabilities 

The eigenvalues are the energies of the Stark states. The 

oscillator strengths can be calculated using the 
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eigenvectors by projecting out the amplitudes of states 

which can be optically excited from the initial state. There 

are several advantages of the matrix diagonalization 

technique: the physical model and calculation are simple and 

straightforward; the general accuracy is good with no 

adjustable parameters, and it is relatively easy to draw 

physical meaning from the results of the calculation. The 

disadvantages are that the calculations are limited to the 

region of relatively low field. Also as the field increases, 

the increase in the number of basis functions and hence the 

computation time needed are tremendous. In addition to the 

Stark energies the calculation gives only the transition 

oscillator strengths. No information on dynamic processes 

such as autoionization and the direct resulting line shape 

is given by the matrix diagonalization calculations. 

2.2.4.2 Mathematical Descriptions of Quantum Defect 

A rigorous and non-perturbative theory called quantum 

defect theory (QDT) was developed by Seaton̂ ^̂ '̂ ^̂  to 

calculate the energies and other properties of atomic states 

in zero-field. QDT is valid for a very broad energy range 

from low Rydberg states to above the ionization continuum. 

The so-called quantum defects are real numbers which are 

slowly varying functions of energy, and describe the effect 

of the short range deviation of the full potential from a 

pure Coulomb potential on states with particular value of I. 

The quantum defects are intimately related to the phase 

shifts of the electron-atomic core scattering. Above the 

continuum threshold the short range deviation from the 

Coulomb potential manifests itself in the asymptotic 
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scattering phase shifts. At the continuum threshold, the 

quantum defects are related to the phase shifts by Seaton's 

theorem: 

l^t>i(n) = ^ l^4>i . (2.19, 

where 6̂  is the quantum defect and ^^^ is the related phase 

shift. 

The quantum defects are embodied into the solution of 

the Schrodinger equation for an electron in a non-Coulombic 

core potential in spherical coordinates, in the region 

outside the core, as 

Y,_j„(r) = [f,j(r)cos7t6_j-sr̂ j(r)sin7r5J Y^JQ,<^), (2.20) 

where the functions fj^^ir) and gij^ir) are the regular and 

irregular Coulomb functions, respectively. Eq.(2.20) would 

reduce to ordinary hydrogenic wave function for the Coulomb 

potential when 5^-0. The various forms of Coulomb functions 

and their asymptotic properties are well documented by 

Seaton.^^^^ By properly applying the boundary conditions at 

r-oo, the two mathematically similar but physically 

different situations just below and just above the continuum 

threshold can be summarized in one uniform equation of one-

channel quantum defect theory, 

tanTT (v+6_j) =0 (2.21) 

where v=i2* is the effective quantum number and related to 

the state's energies of the Rydberg states by \={-2e)~^^^ . 
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Eq. (2.21) is equivalent to the Rydberg formula Eq. (2.12) . By 

experimental fitting of Rydberg series energies, the quantum 

defects can be obtained and used as input parameters for the 

calculations of excitation and ionization cross section. 

Alternatively, the quantum defects can be shown to be 

related to the action integral by the semiclassical approach 

of Wentzel, Kramers and Brillouin, the WKB method. In the 

WKB method, the one dimension radial equation (2.9) can be 

expressed as a function of a real amplitude and a phase: 

i|r(r) = Air) exp(is(r)), (2.22) 

with Air) =const. is'ir))-^/^. Therefore the solution of the 

radial Schrodinger Eq.(2.9) reduces to a calculation of the 

phase s(r) which has the dimension of action 

sir) = jpir')dr, (2.23) 

where pir) = yJ2 [E-Vir) ) . For bounded states, the Bohr-

Sommerfeld quantization condition 

2Jpir)dr= (i2+-|)7c (2.24) 

â 

determines the system's state energies, where r̂  and r^ are 

the classical turning points. The quantum defect which 

arises from the non-Coulombic short-range potential can be 

expressed as 

^b 

') dr '-

^b 

•I' ^_,„,(r')dr'), (2.25) 
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where Pcoui^r) = y/2 {E-V^^^^^ir) ) , V̂ oui is the pure Coulomb 

potential plus the centrifugal term, p(r) and V(r) are the 

non-Coulomb counterparts. 

2.2.4.3 WKB-QDT of the Stark Effect for 
Non-Hydrogenic Atoms 

A major advance in the theory of the Stark effect in 

Rydberg atoms was made by David Harmin, (5,23,24,25) ^^^ combined 

a modified WKB approximation approach with quantum defect 

methods in parabolic coordinates to predict the 

photoionization cross sections of atoms in static electric 

field. This theory, proven to be a powerful tool for the 

Stark effect calculation of alkali atoms , has the basic 

advantage over the matrix diagonalization method in that it 

is non-perturbative and is generally valid for all field 

strengths and spectral regions. In addition it predicts line 

shapes and ionization rates of the Stark resonances for 

which the matrix diagonalization method gives no 

information. 

The usefulness of WKB-QDT to the Stark problem of 

complex atoms is based on the fact that the space of the 

electron can be separated into three different regions where 

the electron experiences very different potentials: 

region (1) : 0<r<ro, where TQ-I a.u. is the core boundary; 

region (2) : rQ<r<rp,, where r^-^F'^'"^ corresponds to the 

position of barrier top; 

region (3) : F-^''^<r, 

In region (1), the external electric field is totally 

negligible comparing with the core potential which deviates 

considerably from the Coulomb potential due to the existence 
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of other core electrons and is rather complicated in nature. 

All the non-Coulombic core (short ranged) effects can be 

propagated to the entire Stark problem by quantum defects 

which give the asymptotic phase shifts of the Coulomb 

functions which are valid outside the boundary of the core. 

In region (2), the Stark potential Fz is still 

negligible compared to the atomic core potential. This core 

potential is nearly Coulombic since the field of the nucleus 

+ core electrons is approximately equivalent to that of a 

point charge. Seaton's quantum defect method Eq.(2.20) as 

discussed in 2.2.4.2 can be used. 

In this region, the problem is also separable in 

parabolic coordinates. The regular and irregular parabolic 

functions analogous to îeĵĵr ̂ ^^ 9^i^im ^^® defined according 

to Eq.(2.4) of section 2.1 as 

Yz,;r,(^Ti,(p) - U^il) U2ix\) e^^. (2.26a) 

x£̂ (̂ .T),<p) = C7,(0Î (Ti)ê -*. (2.26b) 

The eigenvalue Ẑ  defined in Eqs. (2.5, 2.6) is calculated by 

WKB method. '̂^̂  The connection between the spherical and 

parabolic basis functions (2.20) and (2.26) is established 

by the frame transformation matrices Ul\^ and t/ĵ^ for 

regular and irregular functions respectively: 

f,(r) =E(y-i),^T?., (2.27a) 

gAr) = E C7 cscY. Xz. • (2.27b) 
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where YZ^ is the phase shift due to the Coulomb-Stark 

barrier<̂ *'2̂ > and determined by the wave functions' long-

range behavior. 

In region (3), where the Stark field becomes important, 

the parabolic basis functions are the only good basis set in 

this region. The wave functions of states evolve from small 

distance form (2.20) through transformation (2.27) to the 

large distance form in parabolic coordinates: 

W,ir) =cos7i6,E (l7-M,^T£(r)-sin7i6,Ei}, cscY.xJ,(^) • (2.28) 

Eq.(2.28) must be normalized per unit energy. Finally, the 

photoabsorption cross section is expressed as 

o^ = 4f;^G)E (o|r|Y,/>(Tj|r|o)D^(E), (2.29) 

where D^iE) = (¥^|T)'^ is the density of states matrix which 

contains all the Stark field effects. |0) is the initial 

state of the atom (for example, the ground state). Because 

the wave function of the initial state is non-zero only 

around the core area, the non-zero contribution to the 

overlap integration (o|rli|rj), is also limited in the 

innermost core region. Therefore \}\rj) can be replaced with 

the field-independent form of eq.(2.20). The input 

parameters needed in eq.(2.29) are the zero field dipole 

matrix elements and the quantum defects, which are 

presumably known from experiments or ab Initio calculations. 

In the WKB-QDT model, the Stark effect for any two different 

non-hydrogenic atoms differs only by these two factors. 
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Although this WKB-QDT method is an excellent approach 

to the problem of the Stark effect, and gives satisfactory 

results in energies, widths, asymmetries, and intensities, 

this model is restricted only to a single channel. It does 

not give any information related to the interaction of 

different core states, such as autoionization involved more 

than one series. For a qualitative comparison with 

experimental result, the reader is referred to Chapter IV. 

Extended from Harmin's model, a more general multichannel 

quantum defect theory (MQDT) of the Stark effect developed 

by K. Sakimoto, which can be adapted with modifications to 

the molecular Stark problem, will be summarized in section 

2.3.6.2. 

2 . 3 Molecular Hydrogen 

A molecular system in its high Rydberg states is in 

many ways similar to a complex atom. Most of the properties 

discussed above for complex atoms under the influence of an 

electric field, such as all of the scaling laws and some of 

the electric field effects can be directly extended to the 

molecular system. However, due to the non-centrally 

symmetric core structure and the additional degrees of 

freedom resulting from the rotation and vibration of the 

molecular ion core, the properties of molecules, even for 

the simplest molecule, molecular hydrogen, are expected to 

be much more complicated than that of complex atoms. First, 

the Rydberg states of molecules are usually very congested 

near the ionization threshold because there are Rydberg 

series converging to each of the closely spaced rotational 

and vibrational core states. Another important feature which 
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is unique to molecules is the presence of the dissociation 

decay channel. Perturbations between different series and 

decay channels due to the breakdown of Born-Oppenheimer 

approximation usually make the interpretations of spectra 

difficult. In this section, we will first introduce some 

basic nomenclature and concepts of diatomic molecules, and 

then discuss the field effects of molecular hydrogen. 

2.3.1 Nomenclature 

A homonuclear diatomic molecule has two nuclei spaced 

at a distance R and surrounded by electrons. Obviously this 

system has no spherical symmetry, but has cylindrical 

symmetry with the internuclear axis as the symmetry axis. In 

low lying states, where the average electron orbital radius 

is small, the total electronic orbital angular momentum L is 

strongly coupled to the internuclear axis. The projection of 

L onto the internuclear axis, designated as A=|M^|, is well 

defined. A takes on integral values ranging from 0 to L and 

is designated by Greek letters S, II, A, $, etc. 

Obviously, the directions of the projection of L onto the 

internuclear axis do not affect the energy of the electronic 

state, therefore, the electronic states with A=|+Ar̂ | and 

A=|-Afr| (Mr>0) are doubly degenerate. The projection of the 

orbital angular momentum I for a single electron is called 

\ . The values of X ranging from 0 to I are designated by 

Greek letters o, n, 6, ^,""r etc. 

The term symbol for the electronic state of molecule 

contains three parts: the molecular orbital configuration 

inlX) , a letter, and a spectroscopic symbol such as '̂^̂''̂ Â;'. 

For example, the ground state of H2 is denoted by 
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ilso)^X^l,g, while the first singlet excited electronic state 

is ilso2pa) B^Jlu. The molecular orbital designator gives 

one-electron orbitals for the united atom limit. Because we 

consider only one electron excited states, the other 

electron in H2 is always in the ground Isc orbital and will 

be ignored throughout this thesis except for its 

contribution to the core field. Only the excited electronic 

orbital will be listed. The preceding superscript (2s+l) 

gives the spin multiplicity, a subscript g (gerade) or u 

(ungerade) indicates even or odd symmetry of the electronic 

wavefunction, respectively, under inversion of all electrons 

through the center of the molecule. A superscript + or -

indicates whether the electronic wavefunction remains 

unchanged or changes sign, respectively, when reflecting all 

the electrons at any plane containing the molecular axis. 

To completely specify a molecular energy state, we must 

consider the rotational and vibrational structure. The 

rotational angular momentum of a diatomic molecule, denoted 

by Rf is perpendicular to the internuclear axis. The 

coupling of rotational angular momentum to the electronic 

angular momenta (orbital and spin) is described by Hund's 

coupling cases. ̂̂ ^̂  In low lying valence states of H2, the 

coupling of angular momentum is best described by Hund's 

case (b). In this coupling scheme, the orbital angular 

momentum L is not coupled to the rotational angular momentum 

R, but rather to the internuclear axis as A. A couples to R 

to produce N, which is the total angular momentum exclusive 

of spin S. We finally have total angular momentum J=N-\-S, In 

this thesis we limit ourselves in singlet electronic states, 

so S=0, and J=N. Since the total angular momentum J" is 
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always conserved in zero-field, vJ is a good quantum number. 

As discussed above A is also a good quantum number in 

Hund's case (b), while R is not well defined. Thus for a 

given value of A, the possible values of J are 

J=A, A+1, A+2, A+3, - . (2.30) 

The rotational states in Hund's case (b) are labeled by 

quantum number J. 

As the principal quantum number n increases, the 

orbital radius becomes large (7 ~ n^) . The orbital angular 

momentum L will gradually decouple from the internuclear 

axis and couple to the rotational angular momentum R in high 

Rydberg states. This coupling scheme is called Hund's case 

(d). The total angular momentum J is given by standard 

angular momentum coupling: 

J-^ iR+L) , iR+L-1) , '" \R-L\ . (2.31) 

In Hund's case (d), while J is rigorously conserved, L and R 

are approximately good quantum numbers. The rotational 

states are labeled by quantum number H. For molecular 

hydrogen, the np Rydberg states with n ^ 9 can be considered 

to be well described by Hund's case (d). The transition of 

angular momentum coupling for Hj from Hund's case (b) to 

case (d) for the 1=1, np series is shown in Fig.2.5. The 

strength of the interaction between L and the internuclear 

axis increases from left to right, while the coupling of L 

to R decreases. The doubly degenerate states (A = 1) in 
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Fig. 2.5. Correlation between Hund's case (b) and Hund's 
case (d) for an np electron. 

Hund's case (b) with the two sublevels n̂j] (lower) and 'IIu 

(upper) are shifted and split in the transition into two 

states in Hund's case (d) with different rotational 

energies. This phenomenon is called I-uncoupling or A-type 

doubling. 

The rotational states of a diatomic molecule are also 

classified according to their symmetry properties. A 

rotational state is called positive (+) or negative (-) 
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depending on whether the total eigenfunction remains 

unchanged or changes sign with respect to reflection at the 

origin (distinguish here the (+) and (-) rotational states 

from the electronic state's +,- designation defined 

earlier). A rotational state of a homonuclear diatomic 

molecule is called symmetric (s) or antisymmetric (a) 

depending on whether the total eigenfunction remains 

unchanged or changes sign for exchange of the nuclei. 

For molecular hydrogen, because each of the nuclei is a 

fermion (proton nuclear spin 1=1/2), the total wave function 

of the nuclei (nuclear spin + rotational wavefunction) must 

be antisymmetric. Therefore the rotational levels with even 

rotational quantum numbers (J"=0, 2, 4 ... in Hund's case b, 

or R=0f 2, 4 ... in Hund's case d) which are symmetric are 

coupled to the antisymmetric nuclear spin function (total 

spin 1=0) to form the total antisymmetric wavefunction. 

These states are called para-hydrogen. Contrarily, the odd 

rotational quantum number states (J=l, 3, 5 ... in Hund's 

case b, or R=l, 3, 5 ... in Hund's case d) which themselves 

have antisymmetric wavefunctions are coupled to the 

symmetric nuclear spin functions with total spin 1=1 to form 

an antisymmetric total wavefunction. These states are called 

ortho-hydrogen. In thermal e<quilibrium, the ratio of 

statistic weight of para to ortho is 

2iparâ ^ ^ 1 

The labeling of vibrational states of diatomic 

molecules by the vibrational quantum number v are relatively 

simple, because it does not involve any symmetry operations. 
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2.3.2 Selection Rules 

The general selection rules for one photon electric 

dipole transitions in a homonuclear diatomic molecule are: 

AJ'=0,±1, (J-=0 -I- ̂7̂ =0) , (2.32a) 

+ — - , +-+- + , --H— , (2.32b) 

s*—•s, 3'—'a, s^-h^a , (2.32c) 

g*-^u, g*-+^g, u^+^u . (2.32d) 

For a molecule with negligible spin-orbital interaction such 

as Hj, 

A5 = 0 . (2.32e) 

Furthermore para and ortho hydrogen do not combine with each 

other, because the transition process does not flip the 

nuclear spin. 

Although there is no strict selection rule for the 

vibrational quantum number v since the potential curves 

involved in the transition are usually anharmonic, the 

intensity distribution of vibration bands is governed by the 

Franck-Condon principle. ̂^̂^ The physical essence of the 

Franck-Condon principle is that the nuclei are essentially 

motionless compared to the electron during the transition. 

The electron jump during the transition in a molecule takes 

place so rapidly in comparison to the vibrational motion of 

the nuclei that immediately afterwards the nuclei still have 

very nearly the same relative position and velocity as 

before the jump. Therefore transitions which do not require 

that the position and velocity of the nuclei change will 
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have high intensities. Mathematically, the Franck-Condon 

principle is represented by a overlap integral called the 

Franck-Condon factor: 

\{v'\v")\^ <, \ , (2.33) 

where |v)=|i|;̂ ) is the vibrational wavefunction in the Born-

Oppenheimer approximation î ô̂  l̂ ©î  l^vM^r^ • 

2.3.3 The np Rydberg Series of H, and 
Their Quantum Defects 

For a hydrogen molecule initially in its ground state 

(Iso)^X S^(iJ"=0,l) (double prime denotes lower levels) or 

an intermediate state such as the (lso2so)£"2^(J'=0,1) 

(single prime denotes intermediate levels) which has so 

character, a one-photon excitation will excite the molecule 

into a final npc, or npn orbital. We expect two odd parity 

Rydberg series (27po)̂ Su and (iipTt)̂ !!̂ . In each of them, there 

are J=l (no prime denotes upper levels) rotational levels 

that can combine with the J' , or Ĵ '=0 rotational level of 

the lower state, giving rise to the two observed Rydberg 

series npQ'^T,l^ and rzpTîIIu of para-Hj ( R(0) transitions, 

AJ=J-J'=1) . For ortho-H2 there are 17=0,1,2 levels which can 

combine with the J"' , or LJ" = 1 level of the lower state and 

give rise to four transitions: P(l) (̂ =0) npo^Hl,, Q(l) (̂ =1) 

npn^Ul, and two R(l)'s (J=2) npo^Jlu, and iipTî H*. 

In molecular hydrogen, as in an atom, the interaction 

of the Rydberg electron with the core is characterized by 

quantum defects. The finite size of the charge distribution 

of the molecular core will cause the quantum defect to be 
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different for ns, np, nd,... electrons. Unlike the case of 

atoms, the core potential of Hj is not spherically 

symmetric; therefore the quantum defects will be different 

for the various orbital configuration nsa, npo, npn ndo, 

nd%, ndb and so on. Therefore the quantum defects are 

denoted in H2 by 5,,, b^, h^, b^,, 6̂ ,, 5̂ ,̂ etc. 

With the increasing of the principal quantum number n, 

there is a transition from Hund's case (b) to Hund's case 

(d) due to the uncoupling effect of orbital angular momentum 

I from the internuclear axis. For high n Hund's case (d) 

applies, so the two para-Hj series npo and npn converge to 

R=0 and R=2 rotational core states, respectively, and are 

referred to as npO and np2 in high Rydberg series. Three 

levels of ortho-H2 with J'=0,l,2 converge to the R=l 

rotational core state, and another J"=2 state converges to 

R=3. 

Because of the contribution of the I-uncoupling effect, 

the electronic Hamiltonian (including the I-uncoupling term) 

is not diagonal in case (b) basis functions. The 

diagonalization of this Hamiltonian leads to the case (d) 

basis functions which are the mixture of the case (b) basis 

functions, and vice versâ "̂̂ ^ 

/ / ^ ) 1/2 / L J + 1 V 1/2 \ 

2 ^ + 1 2 J-+1 

/ J + 1 V 1/2 _ ( J \l/2 

^^ 2J+1 2c7+l 

^ . ( 2 . 3 4 ) 

The quantum defects b^^ and 5^^, describing the ^=1 series 

npo and npn in case (b) , will also transform into 6̂ ^ and 

5 , which describe the corresponding Rydberg series npO and 
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np2 in case (d), respectively. The relations between the 

case (b) and case (d) quantum defects for the J=l states are 

^po = -^^po^-^^pn ' (2.35a) 

^P2 = -^^po^\^pn • (2.35b) 

To a first-order approximation, the modified Rydberg 

formulas without considering the interactions between series 

are given in case (d) by 

c7=0 inpDnpo E=T„+Giv)+2B^- ^^—- (2.36a) 
(^-^po)' 

J=l inpDnpn- E=T^+Giv) +2B- ^ (2.36b) 

J=l npO E=T„+Giv)- -^—- (2.36c) 

J=l np2 E=T^+Giv)-eB^- r^—r/ (2.36d) 
in-6p2)^ 

where i?̂  is the Ry(dberg constant for H2, T^ is the bottom 

of the electronic potential curve, G(v) is the vibrational 

energy, 2B^ and 6B^ stand for the rotational energies of 

i?=l,2. For vibrational ground core state G(0), the npO 

states has the lowest ionization energy, which corresponds 

to the zero point energy of the ion ground state of H2'̂ (v=0, 

J=0) . This energy (K15.43 ev) is often referred to as the 

first ionization potential of H2. These Rydberg series are 

well understood by the work of Herzberĝ "̂̂ ^ and others. ̂ ®̂̂  

Since the two para-H2 Rydberg series npO and np2 which 

converge to different rotational core states have the same 
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symmetry, these two series can perturb each other. These 

perturbations cause energy shifts, and affect the decay 

dynamics. Herzberĝ *̂̂ ) showed that this kind of rotational 

series interaction can be described in Hund's case (d) basis 

by the matrix elements: 

Hii.02 = ̂ n^,pO,l,Q\H^\n^,p2,l,2> _ ^ ( 6 ^ ^ - 6 ) , ( 2 . 3 7 a ) 

~2\[2R 
Hiic.Q2=^n^,pO,l,i^\H^\n^,p2,l,2)= —^ (^p^-^n^) • ( 2 . 3 7 b ) 

For those np2 Rydberg states with energies above the first 

ionization potential Ejpiv=0, R=0) but below the np2 series 

limit Ejpiv=0, R=2) , the rotational interaction will cause 

coupling between the discrete states np2 and the underlying 

npo ionization continuum, and results in rotational 

autoionization. Physically, it is the interaction between 

the Rydberg electron and the rotationally excited core that 

induces the transfer of energy from the rotational core to 

the electron and hence causes the ionization. We will show 

how to incorporate the rotational interactions into the 

Stark effect calculations, and how the Stark spectra are 

affected by the rotational coupling in section 2.3.6.1. 

The rotational perturbations discussed above belong to 

Rydberg series converging to the same vibrational core 

states, and are referred to as Av=0 perturbations. However, 

for states converging to different vibrational core states, 

there are similar perturbation processes called vibrational 

perturbations (Av̂ 'O) . Vibrational couplings between states 

arise from the variation of quantum defect b^ iR) with the 

internuclear spacing 'R. The quantum defects can be 
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expressed as 

b,iR) =6,(^;)+-^(^-:R;)..... , (2.38) 

where J?* is the equilibrium internuclear distance of the Hj* 

ion core ground state. It is shown<'"> that the vibrational 

interactions, to a first-order approximation, are related to 

the linear term db^/dR as 

2Rjj ^ 5 

^iic,w^=- ,3/, l3/2-:^^^v|i^-i^;i^./) . (2.39) 
72j nj^ O.K 

This coupling will cause vibrational autoionization for 

states with energies above the vibrational ground state of 

the H2'*' core. The calculations of vibrational coupling 

matrix elements are much more involved (except for the case 

of Av=±l coupling) , because H^y^^^, is related to the 

internuclear distance "R which is a variable of the 

potential curves of the system. We will show in the data 

section how vibrational autoionization is affected by the 

Stark mixing. 

2.3.4 Predissociation of H, 

Under certain conditions the hydrogen molecule in its 

excited electronic states may dissociate into two neutral 

hydrogen atoms with one of the atoms in its ground Is state. 

The other atom may be in a nl state depending on initial 

state's energies and the molecular orbital configuration, 

and also depending on the detailed dissociation process. The 

dissociation process leading to production with H(ls)+H(ls) 
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has lowest dissociation energy, L>Q»4.48 ev, relative to the 

ground state Z^S* (v̂ =̂0, J"̂ =̂0) of Hj. This energy is referred 

to as first dissociation threshold. The second dissociation 

threshold has energy 14.68 ev, and products H(ls)+H(2I); and 

the third has energy 16.56 ev and products H(ls)+H(3I), etc. 

Fig.2.6 shows some of the potential energy curves of 

interest in this study for H2, with their correlated 

dissociation thresholds. ̂̂ >̂ Throughout this thesis, we 

consider only the energy region around the first ionization 

limit which contains Rydberg states with energies above the 

second dissociation threshold and below the third 

dissociation threshold. As can be noted from Fig.2.6, all H2 

Rydberg states with principal quantum number n>3 are 

correlated to the third or higher dissociation threshold. 

Therefore, Rydberg states in the energy region of interest 

can dissociate into the second dissociation continuum only 

through coupling directly or indirectly to a state such as 

(3po) B̂ '̂ 'Su. This process is referred to as predissociation. 

Although it is energetically possible for the Rydberg states 

to predissociate into the first dissociation continuum 

(H (Is)+H (Is) ) of the X^Iig electronic state, the different 

symmetry between the ungerade (u) Rydberg states and the 

gerade (g) continuum of the ground electronic state Z^S^ 

prohibits the coupling from happening. 

The dissociative decay dynamics of the lower members of 

the np-Rydberg series with n=3 to 9 have been studied in 

detail. ̂ °̂"̂ ^̂  It was found that the symmetric properties of 

the electronic states play an important role in determining 

the predissociation rates of these Rydberg states. 

Specifically, levels npo^H^r and npn'^IL^ which have 
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even-symmetry with respect to the reflection on any plane 

containing the intermolecular axis can ro-vibrationally 

couple directly or indirectly to the even-symmetry 

dissociation continuum of 3po^'Ll,f and are therefore 

strongly predissociated. The odd-symmetric levels npTi'^Ul 

are forbidden to couple to the dissociative continuum of the 

3po Su configuration, and generally have very small 

predissociation rates. The symmetry properties of molecular 

states therefore play an important role in determining the 

decay dynamics. 

With regard to predissociation of the high Rydberg 

states, only a few studies have been reported. One of these 

studies reported high resolution Doppler-free measurements 

of high np Rydberg levels with principal quantum number n up 

to 90, and observed a wide range of predissociation 

decays. ̂̂ ^̂  Another study revealed the fact that symmetric 

properties of electronic wavefunctions not only determine 

the predissociation behavior of low-lying states but also 

that of high-lying Rydberg states. ̂̂ '̂ Predissociation was 

also used to measure the energies of even-parity gerade 

Rydberg levels. ̂ "̂̂̂  

Regardless of the symmetric properties of the 

wavefunctions, the dissociation processes involve the 

exchange of energy between the excited electron and the 

molecular ion core. It is to be expected that high Rydberg 

states generally have small dissociative rates, because the 

excited electron will have a relatively low probability of 

entering the core (the probability of the excited electron 

entering the core scales as n"̂ ) . As for high Rydberg states 

with same quantum number n, the penetrating levels with low 
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orbital angular momentum I, such as s and p have relatively 

larger predissociation rates than high orbital angular 

momentum levels. The d orbital may also have relatively 

larger predissociation rate due to its configuration mixing 

with the s orbital. (̂•''3«'3̂> Configuration mixing, existing 

only in multielectron systems, results from the 

electrostatic interaction between configurations of the same 

parity. In molecular systems, configuration mixing also 

arises from the effect of the non-centrally symmetric core 

potential. The mixed state will share the dynamic properties 

of the states joining the mixing. In Chapter IV, I will give 

a qualitative analysis which will demonstrate the importance 

of these considerations in the determination of the decay 

dynamics of Stark states. 

High Rydberg levels sometimes show strong 

predissociation rates in a limited region of energies. 

Whenever this happens, there usually are perturbative levels 

with low principal quantum number, but converging to ro-

vibrationally excited core states nearby. This process is 

often referred to as accidental predissociation. ̂^̂^ 

Accidental predissociation occurs when a stable state is 

perturbed by a predissociating state, and the perturbed 

state mixes with the corresponding predissociating state and 

borrows dissociation intensity from the perturbing state. 

Examples of accidental predissociation will be given in the 

data sections. 

2.3.5 Field Effects on Hiph Rydberg States of H, 

Although the electric effects of Rydberg states of H2 

have many similarities to that of complex atoms as outlined 
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in the beginning of section 2.2.3, the rotational and 

vibrational degrees of freedom of the ionic core and the 

underlying continua of the dissociation decay channel which 

do not exist in atoms will lead to important differences in 

the molecular case. A large density of perturbing states 

converging to the excited rotational and vibrational states 

of the core can couple to and perturb the highly excited 

Stark states, causing their energies to shift and affecting 

their decay dynamical properties. In addition, the 

predissociation channel may compete with the ionization 

channel for those states lie above the field ionization 

limit E^. In order to understand the field effects and 

correctly interpret the Stark spectra of molecular hydrogen 

under different conditions, it is necessary to discuss the 

various ionization and predissociation processes in detail. 

These processes include: field ionization and field 

predissociation mechanisms of high Rydberg states under 

strong electric fields; field-induced interference effects 

on dissociation and ionization decay dynamics of Stark 

states; electric field-forced autoionization, and electric 

field-hindered autoionization. 

2.3.5.1 Field Effects on Ionization and 
dissociation of High Rydberg States of H2 

Field ionization becomes classically possible for state 

energies above the field ionization limit E^=-2/F. In a 

non-hydrogenic system such as H2 the field ionization 

mechanism is similar to that of the complex atom system 

discussed in section 2.2.3, since H2 is a non-hydrogenic 

system. The field ionization of most of the states above E^ 
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is due to non-Coulombic core induced coupling between the 

quasi-discrete Stark states (usually the stable blue shifted 

states) and the other Stark states (fast ionizing red 

shifted states) which have broadened into ionization 

continua. Thus the ionization rates are determined by the 

coupling strengths, which in turn are determined by the 

quantum defects of the system. Since the coupling is induced 

by the non-hydrogenic core effects, the coupling strength 

should be a slowly varying function of energy, and we should 

expect to observe field ionization resonances over a broad 

range of energy. However, there is another field ionization 

mechanism as discussed in section 2.1 for the hydrogen atom, 

which is the escape of electron over the Coulomb+Stark 

barrier either classically or by quantum mechanical 

tunnelling. The ionization rates of this type would be a 

very rapidly increasing function of energy, since they 

reflect the long range behavior of the wavefunction near the 

combined potential barrier. The combined effect of field 

ionization should be expected as following: for a state with 

an energy from just above the classical field ionization 

limit E^ up to a broader energy region than that for the 

case of the hydrogen atom, we would see sharp ionization 

resonances, these resonances resulting from the non-

Coulombic core inducing coupling between the quasi-stable 

Stark states and the underlying Stark continua; for states 

with energies well above E^, the ionization is so rapid that 

essentially all the resonances eventually will broaden out 

into ionization continua. 

As discussed in section 2.3.3, predissociation is a 

process involving the exchange of energy between the excited 

47 



electron and the molecular ionic core. The predissociation 

rates, therefore, depend on the probabilities that the 

excited electron collides with the core. Penetrating levels 

which have small orbital angular momentum I generally have 

relatively larger predissociation rates compared to the non

penetrating levels. In zero-field, however, all the high np 

Rydberg levels of H2 usually have small predissociation 

rates as shown by our data and previous work, except for the 

cases of accidental predissociation induced by nearby 

perturbing states. As a weak electric field is turned on, 

the predissociation of the Rydberg states is enhanced 

significantly. This process is referred to as field-induced 

predissociation. The field-induced predissociation is 

basically a field-induced mixing of states with different 

dynamic properties. A state which is relatively stable 

against predissociation such as a np level can mix under the 

electric field with ns and nd levels which predissociate 

more rapidly to acquire a larger predissociation rate. In 

this model, the predissociation rates of the Stark states is 

determined by the zero-field predissociation rates of the 

non-hydrogenic basis states, and their degree of admixture 

into the Stark states. 

Under the influence of a strong electric field, the 

symmetric properties of the molecule are destroyed; thus, 

predissociation may also be induced by the mixing of 

ungerade Rydberg states with the underlying gerade 

dissociation continua such as those of S* and 11̂ . ̂ °̂> 

The field-induced predissociation rates for both of the 

above causes should be decreasing functions of energy, 

because they essentially depend on the probabilities of the 
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Rydberg electron interacting with the core. Considering both 

field-ionization and field predissociation, we can predict 

the following general decay dynamic behavior of the high 

Rydberg Stark states: below the field ionization threshold 

E^f the Stark states decay by field-induced predissociation 

only (neglecting the slow processes of fluorescence and 

collisions, because our experiments are under collision free 

conditions); far above E^, the field ionization dominates 

field predissociation as the main decay process since the 

field ionization rates become very large while the field 

predissociation rates drop off, and in a limited region 

above E^ field ionization and predissociation compete 

effectively in determining the decay of the Stark states. In 

more detail, we should expect that in the region of 

competition field predissociation would tend to be the 

important decay mechanism for those states which are most 

stable against field ionization, such as those of the 

strongly blue-shifted states with large values of the 

parabolic quantum number n̂ . Our data in the form of the 

detailed Stark maps will demonstrate such general decay 

dynamics of the high Rydberg Stark states in strong fields. 

2.3.5.2 Field-Induced Interference Effects 
on the Dynamics of Stark States 

In spite of the above general field effects of the high 

Rydberg Stark states, however, at relatively high energies 

above E^f we can see a number of resonances which appear 

strongly in dissociation and weakly in ionization over a 

small region of electric field strength. This locally 

pronounced change in the excited state dynamics over a 
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narrow region of field and energy usually occurs in the 

region of an avoided crossing between two or more Stark 

states. This phenomenon can be explained by the 

stabilization against ionization caused by quantum 

mechanical interference between Stark states near the 

avoided crossing. The counterpart of this phenomenon in 

atomic species has been studied extensively. <*̂""> The 

reduction of ionization rate for a Stark state joining the 

avoided crossing can be as much as orders of magnitude over 

a range of field of only a few Volts/cm, and may be 

attributed to destructive interference between the 

amplitudes for ionization through different ionization 

channels. In atomic ionization spectra, the width of the 

stabilized ionization resonances can be orders of magnitude 

more narrow because the lifetime broadening is reduced due 

to the decreased ionization rate. In molecular hydrogen, 

however, we may see a different phenomenon. When the 

ionization decay channel is closed off through the 

destructive interference, the additional decay channel of 

dissociation in the molecule may become the dominant decay 

channel. Therefore in a energy region above E^, while the 

strength of the ionization resonance is reduced near an 

avoided crossing (although it may not become very narrow 

because of the existence of the dissociation decay channel), 

the dissociation resonance will appear strongly. Our 

experimental data reveal such behavior in a molecule for the 

first time. In atomic system this phenomenon is well 

described by WKB-QDT; however, the description of the 

molecular version of the interference effect needs a 
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complete MQDT-Stark theory for molecule (refer to section 

2.3.6). 

2.3.5.3 Electric Field-Forced Autoionization 

In addition to strong-field effects on states of high 

principal quantum number, the applied electric field will 

also cause dynamical effects on states of relatively low 

principal quantum number which converge to vibrationally and 

rotationally excited states of the ion core. Electric field-

induced autoionization, or forced autoionization, is one of 

these field-induced effects, which occurs when an electric 

field causes a state to couple to an ionization continuum 

with which it does not interact, and hence no autoionization 

can take place in the field free case. A state belonging to 

Rydberg series {n} with low principal quantum number and 

converging to vibrationally and rotationally excited states 

of the ion core is initially below the zero-field ionization 

limit of the other Rydberg series {n'}; when an electric 

field is turned on, the ionization limit of the series {n'} 

is depressed by an amount of \E^\=2/F. If this new field 

ionization limit is below the energy of the state of the {n} 

series in question, this state may be forced to autoionize 

by coupling to the {n'} ionization continuum. Fig.2.7 

schematically shows this process. Electric field-forced 

autoionization has been observed previously in Liĵ ''̂  and 

Hj.^^^^ The coupling of the discrete state to the continuum 

which results in autoionization is, in the cases studied so 

far, by the same mechanism which normally couples higher 

members of the {n} series to the {n'} continuum at higher 

energies. The forced autoionization resonance which results 
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Fig. 2.7. Diagram of electric field-forced autoionization, 
showing the couplings of excited core states to the 
underlying field-ionization continuum. 

from the coupling has a shape which can be well described 

using the formalism of Fano. ^̂ °̂  

The electric field-induced autoionization may also 

happen to those states with energies above the zero-field 

ionization limit of other Rydberg series with which they do 
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not interact because of different symmetries. The electric 

field may destroy the symmetry and cause the coupling. 

2.3.5.4 Electric Field-Hindered Autoionization 

States of low principal quantum number which autoionize 

spontaneously by either vibrationally or rotationally 

coupling to the zero-field ionization continuum will also 

show changes in their dynamical properties under the 

influence of an electric field. The field will mix the 

autoionizing state (usually a low orbital angular momentum 

state) with states of high orbital angular momentum; since 

states with high orbital angular momentum do not penetrate 

the core as strongly and hence have very small 

autoionization rates, the mixed state which includes the 

high orbital angular momentum components will have a reduced 

autoionization rate. This process, referred to as field-

hindered autoionization, has been observed in atomic 

systems, ̂̂ ^̂  and in an indirect way for Na2.̂ '̂ Our high 

resolution experimental ability and the open spectral 

structure of Hj makes it possible to resolve the 

autoionization line shapes and directly measure the 

autoionization intensities of individual ro-vibrational 

states as a function of electric field. Our experimental 

data show totally resolved field-hindered autoionization for 

the vibrational autoionizing lOpO, and llpO (V*'=l) state. We 

also notice that the field-induced predissociation in a 

molecule will contribute to the reduction of autoionization 

rate, a new phenomenon which was not recognized previously. 
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2.3.6 Theoretical Calculations of the 
Stark Effect of Ho 

A complete theory of the Stark effect of molecular 

systems including both ionization and dissociation decay 

channels is still in the process of development up to the 

present. Although the MQDT-Stark theory of H2 by Sakimoto<'̂ > 

seems successful in some calculations of the energies and 

photoionization cross sections without considering the 

dissociation channel and the core vibrational structure, and 

Jungen's<^*' unified treatment of dissociation and ionization 

in field-free case yields good agreement with experiments, 

the combination of the two, though possible, will be a very 

difficult task. However, to understand the physical essence 

of the Stark effect of H2 qualitatively, we may borrow the 

theoretical tools developed for complex atoms, and modify 

and extend them to the case of molecular hydrogen. In the 

following sections, I will discuss an energy matrix 

diagonalization model which for the first time incorporates 

the rotational series interaction and introduces both the 

ionization and dissociation decay dynamics into the 

calculation. This theoretical model will prove to be 

successful in simulating the experiment data and unravelling 

some important phenomena. In the last section of this 

chapter, Sakimoto's MQDT-Stark theory will be outlined with 

an exploration of the possibility of including vibrational 

channels and predissociation in the MQDT-Stark model. 
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2.3.6.1 Low-Field Stark Effect Calculation of 
H2—Energy Matrix Diagonalization with 
Rotational Series Interaction 

The basic ideal of the energy matrix diagonalization 

calculation is similar to that which has been applied to 

atomic systems. However, in H2 we have to consider the 

coupling between orbital angular momentum I and the 

rotational angular momentum R in Hund's coupling case (d). 

Basically, a limited set of Hund's case (d) wave function 

in, 1,R, J,Mj\ in zero-field is used for the unperturbed basis 

set. The vibrational quantum number is not included because 

we assume that these basis functions are in the same 

vibrational core state, and the core state is not affected 

by the field in the weak field regime. The rotational 

quantum number for our calculations will be restricted to 

R=0f and 2, that is npO and np2 Rydberg series of para-H2. 

The projection Mj of the total angular momentum J is chosen 

to be 0, corresponding to the result of TI-excitation from a 

lower state (J=0) , with the selection rule AMJ=0 . The 

diagonal matrix elements, which are the unperturbed zero-

field energies of the Rydberg series, are calculated from 

the known quantum defectŝ "̂̂ '̂ ^̂  of various orbital and 

rotational angular momentum levels by the formula 

{n,l,R,J,Mj\H^\n,l,R,J.M^ = ^ — ^ A ^ ^ , (2.40) 
(13-6 ĵ ) 

where Â "̂  is the energy difference between the rotational 

core states R=0 and 2. for R=0, it is 0, and for R=2 it is 

174.5 cm"^. The off-diagonal Stark matrix elements are 

calculated using standard techniques for coupling of angular 

momentum ̂̂ ^̂  
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^,l,R,J.O\Fz\n',l',R',j',o) = F(-l)'̂ *'̂ '*-i*̂ -V(2J>l) (2̂ 7̂ *1) x 

J 1 J' 
0 0 0 

[jf ^;fl^>{n,l\r\n\l') . (2.41) 

where I> is the larger of I and I', F is the field in atomic 

units, and {n,l\r\n',l^ is the reduced radial matrix element 

between the two states (taken to be hydrogenic for our 

calculation) and can be calculated easily using Eq. (2.18) . 

Eq.(2.41) is subject to the selection rules 

AI=±1, AJ'=0, ±1, and Ai?=0 . The selection rule for R arises 

from the assumption that the electric field has a negligible 

effect on the core, and is strictly obeyed only for very 

weak fields. However it should be a very good approximation 

for the field strengths of interest here. 

The rotational coupling between the npO and np2 states 

is calculated using the field-free coupling matrix elements 

Eq.(2.37) discussed in section 2.3.3 

{n„p,R=Q\Hil^\n^,p,R=2) = —1^/2(6^,-6^,) , 
nl' ny 

where bpQ and 6̂ ^ ̂ ^® the quantum defects of the case (d) np 

Rydberg series with R=0 and JR=2, respectively. We will 

ignore field-induced mixing of different R states. We also 

leave out the interaction between states with different n 

and same R, which is justified so long as the field is well 

below the Inglis-Teller limit l/3n^. The energy matrix is 

then diagonalized. The eigenvalues of the diagonalized 

matrix are the energies of the Stark states. The 

wavefunctions of the Stark states which are admixtures of 

the basis functions can be constructed by eigenvectors as 
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Îa> = 5^ C^ir^JnlRj) , (2.42) 
nlJR n^RJ'ft^ 

where Ĉ ^̂ ^̂  is the amplitude of the basis \nlRj) in the 

eigenvector a . The relative oscillator strengths for 

excitation of the Stark states can be calculated using the 

expression 

f « ]^^fnlRJ.S^initial\z\nlRj) (2.43) 

Calculation of the oscillator strength eq.(2.43) is 

equivalent to projecting out the coefficients of the zero-

field basis states that have electric dipole allowed 

transition from the initial state. Since the initial state 

in our study is i2 so) E^lli*giv=Q, j'=0) which is known to have 

an almost pure s character, the selection rules for 

electric-dipole transitions allow only those basis states 

with J"=l, 1=1, and K=0,2 to be excited from a J''=0 initial 

state. The relative values of the field-free R=2 oscillator 

strengths are adjusted to give reasonable agreement with the 

experimental spectra at high field. Because the field-free 

oscillator strengths for R=2 states are much smaller than 

those of R=Q states, ̂̂ ^̂  the exact value of the relative R=2 

oscillator strength has a relatively small effect on the 

theoretical spectra. 

This calculation can yield accurate Stark state 

energies and oscillator strengths in a restricted energy 

region; however, what we measure in experiments is the 

overall predissociation and autoionization (in cases where 

autoionization is energetically possible) yields of the 

multiphoton excitation. Since the overall predissociation 
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and autoionization yields of the Stark states depend both on 

the oscillator strengths, the predissociation rates and the 

autoionization rates of the Stark states, a theoretical 

simulation is necessary to reveal the detailed decay 

dynamical properties of the Stark states. We assume that the 

dynamics of the Stark states can be explained by the I 

mixing of basis states of different zero-field dynamic 

properties. This is equivalent to assuming that the field 

does not introduce direct couplings to additional continua. 

Each of the penetrating basis states can be assigned 

predissociation and autoionization rates. The autoionization 

and predissociation rates for the individual Stark states 

are then calculated as an incoherent sum of the rates of the 

basis states, weighted by their amplitudes of admixture in 

the particular Stark wavefunction 

2 

Ŷ  = E E \^niRj\^ vli? . (2.44a) 
J?-0,2 i-0 

Y^ = E E \^niRj\^ YI;? , (2.44b) 
i?-0,2 i-0 

where the y\,R, yi.R are the assigned zero-field 

autoionization and predissociation rates, respectively, for 

the basis states. The summations are over the rotational 

core states R=0, 2, and the penetrating 1=0, 1, 2 states. 

For I>2, the autoionization and predissociation rates are 

assumed to be vanishingly small. The branching ratios of the 

Stark states for autoionization and predissociation are then 

given by 
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B"- = — ^ UZ~d ' (2.45a) 
Y-+Y 

S^ = _Y 
d 

i—d • (2.45b) 

A simulated spectrum is then calculated for ionization and 

dissociation, using a Lorentzian line shape for each state, 

with a width given by the sum of its autoionization and 

predissociation widths and an instrumental resolution ŷ "̂  

by 

^spec °'KiRj\'B'Lie,y'^y<'^y'-^) , (2.46a) 

•̂ spec *̂ l̂ nii?jl'-B''̂ (e,Y'n'='n'"") . (2.46b) 

where L (e, ŷ +Y'̂ +Ŷ "̂ ) is the Lorentzian line profile, 1^^^ and 

Dgp̂ g are the simulated autoionization and predissociation 

spectra respectively, and € is the energy. The calculation 

results and comparison with the experimental data will be 

given in section 4.1.3 of Chapter IV. 

2.3.6.2 MQDT-Stark Theory of Hj 

By combining the zero-field MQDT of Fano, ̂̂ ^̂  Jungen and 

Atabek̂ "̂̂ ^ for molecules, and the single channel QDT-Stark 

theory of Harmin̂ ^̂ '̂ '̂̂ ^̂  for complex atoms, Sakimoto^^^^ 

developed a MQDT-Stark theory for molecular hydrogen. 

Although this theory does not include the dissociation 

channel, it can be used to calculate the Stark effect of 

molecule in any rotationally excited core state. The 

vibrational channels may be included with some 

modifications. The interactions between different channels 
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are automatically taken into account in a non-perturbative 

fashion. 

In a way similar to the corresponding theory of the 

complex atom systems, the MQDT-Stark theory of molecules is 

based on the fact that the r space of the excited electron 

in a molecule can be divided into three different regions as 

discussed earlier in section 2.2.5.2, where the excited 

electron feels very different fields. In the innermost core 

region, region (1), the external field is totally negligible 

comparing to the very strong and complicated molecular core 

field. Fortunately, we do not have to solve for the wave 

function in region (1), since all the complicated non-

Coulombic effects can be represented in region (2) by 

quantum defects through a scattering matrix K. In region 

(2), where the external electric field is still negligible, 

the solution of the Schrodinger equation is basically the 

same as that of zero-field MQDT̂ '̂̂ > 

f^. = E,X̂ ;(̂ ) Y^^i&,!)GX,^,il) . (2.47) 
V R 

j / . - . 

where X^iiR) is a vibrational wavefunction of the molecular 

core H2'̂ , 7^(^,f) is an eigenfunction of the total angular 

momentum {J,M) , R is the vector internuclear distance. 

Unlike Eq.(2.20) for complex atoms, here the various 

rotational and vibrational channels are included explicitly 

in Eq.(2.47). The channels are indicated by {v.J.Rrl). The 

radial part of the solution, the function G is given by a 

sum of regular f and irregular g Coulomb functions as 
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,J1 
^v'R',vR^^^ = ^e'liv'R') (^)^v'R',vR + 9e'Uv'R') (^)K'R',VR ' (2.48) 

where i<:̂4',vi2 ̂ ^ ̂ ^ element of the scattering K matrix, which 

includes all the information of the complex non-Coulombic 

core in region (1), the K matrix can be expressed as 

<4',vi? = E(i?|AK̂ (x̂ ;|tan[7i6,̂ (̂ )] \X^(A\R)^' , (2.49) 

where 6̂ ^ is the Hund's case (b) quantum defect, and 'i?|A) is 

a transformation matrix between the Hund's case (b) basis 

labeled by A and the Hund's case (d) basis function labeled 

by R as defined by Eq. (2.34) in section 2.3.3. 

In region (3), where the external electric field is not 

negligible, the orbital angular momentum I of the excited 

electron is not a good quantum number, however, the 

projection M of the total angular momentum J is still 

conserved and hence a good quantum number. The solutions of 

the Schrodinger equation in parabolic coordinates for the 

Coulomb + external potential -l/r+Fz, as defined in 

Eq.(2.26), are the good basis functions; therefore we can 

write the solutions here as 

^z,. = fz,.^^)9z,.We'^ . (2.50a) 

^'z.. = fz..^l)9LWe'^ . (2.50b) 

where '^zm ^^^ ^k^ ^^® regular and irregular Stark 

wavefunctions, respectively, f̂  ̂ ^̂  ' ^^^ 9zS'^^ ^^® "t̂ ® same 

as U^i\) t and U^i"^) defined in eq.(2.4). The quantity Ẑ  as 

defined in eq. (2.5) is quantized and can be calculated by 
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the WKB method. The general solution in region (3) can be 

expressed as 

where Xv has the same definition as that of eq. (2.47) and 

^RM-m is a spherical harmonic that is an eigenfunction of 

the rotation Hamiltonian of H2'', but not an eigenfunction of 

total angular momentum J", because J is not conserved in an 

electric field. K*' is a fC matrix defined for a finite field. 

Channels are specified by (v,iR,Zj,m). 

The Stark basis functions (2.50a,b) are also solutions 

of Schrodinger equation in region (2), therefore there are 

relations between the Stark and spherical basis functions, 

which are essentially the basis transformation 

ẑ,;n(̂ ) = Et7̂ _̂jFĵ (f)f(f) , (2.52a) 

^z,r.ir) =T iU-^);^,Y,Jf)gif) , (2.52b) 

where U^ j^ is a matrix element of the frame transformation 

between spherical and parabolic coordinates. By using the 

transformation (2.52), the solution (2.47) in region (2) can 

be matched smoothly with the solution Eq.(2.51) in region 

(3), therefore a general solution of the molecular Stark 

problem is established for all the space of the electron. 

The connection between the field-free K and field-dependent 
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if matrices is naturally introduced by the above matching of 

solutions as 

K'R'z[m',vRz,m = E U^A Y.U . , K% M ]u, ; , (2-53) 
^ ^ i ^ \ T lm'RM-m',JM v'R',vR^mRM-m,JM ^il ' 

where 12, „„ ^={lmRM-m\Jhi} is another transformation which 

insures the conservation of M instead of J and m. The 

specific solution of the Stark problem can then be found by 

setting a proper boundary condition in region (3) for large 

r depending on whether the molecule is in bound states, 

continuum states or autoionization states, etc. The 

calculations of energies and photoionization cross sections 

are straightforward and similar to Eq. (2.29) . 
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CHAPTER III 

EXPERIMENTAL TECHNIQUE 

In this chapter of the thesis the experimental 

apparatus and techniques will be presented in detail. The 

excitation scheme used in the experiments will be described 

beginning with some general discussions of multiphoton 

excitation and ionization. The laser sources, non-linear 

frequency up-conversion, and optical setup will be 

described. Then the vacuum chamber, molecular beam source 

and their roles on the experiments will be examined, as well 

as the electric-field ionization device. Time-of-flight mass 

spectrometry and ion detection will be discussed. Finally 

the electronics, data acquisition and spectrum calibrations 

will be described. 

3.1 Excitation Scheme 

3.1.1 Multiphoton Ionization Spectroscopy 

In the past two decades there has been very rapid 

growth in multiphoton ionization (MPI) spectroscopy which 

was made possible by one of the more remarkable inventions 

of the twentieth century, the tunable laser. With the rapid 

development of tunable dye lasers and non-linear optical 

techniques, multiphoton ionization spectroscopy has been 

proved to be a powerful tool in the applications to both 

basic and applied research. Multiphoton ionization 

spectroscopy, as a unique method which makes full use of all 

the distinctive features of lasers, has several basic 

characteristics: high sensitivity, high spectral resolution, 
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high temporal resolution, high selectivity, and high 

versatility. 

The sensitivity of MPI combined with modern detection 

techniques is theoretically high enough to permit detection 

of a single atom or molecule out of millions of other 

background species. <"> There are no intrinsic difficulties 

for this method except for the instrumental limitation. 

High spectral resolution of MPI is one of the most 

remarkable characteristics. Narrow bandwidth single mode 

laser combining with Doppler-free techniques ̂''̂̂  enable the 

elimination of Doppler broadening and the observation of the 

natural homogeneous line width. Spectral resolution down to 

the order of MHz is now easily obtained in CW lasers. In the 

time domain ultra-fast lasers with time resolutions on the 

order of 10 femtoseconds^^°^ and pulse energy of millijoule^^^^ 

can be obtained, making possible investigations of fast 

molecular dynamic processes. Because of its high sensitivity 

and high spectral resolution, MPI shows high promise in the 

applications of isotope separation and other processes which 

require extremely high selectivity. Finally, because of all 

the characteristics mentioned above, MPI is universal, for 

it is in principle applicable to any atomic and molecular 

system. The advances of tunable dye laser and non-linear 

frequency up-conversion techniques have provided us with 

laser radiations which cover all the spectral region from 

near infrared (IR) to ultraviolet (UV). Some of the spectral 

regions in vacuum ultraviolet (VUV) are also available using 

four-wave mixing of dye laser light in rare gases. ̂^̂* It 

seems that in principle the only limitation for the 

application of MPI is its detailed techniques and resources. 
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Multiphoton excitation is basically a non-linear 

optical process. The lowest order of multiphoton transition 

is the two-photon process which can be qualitatively 

understood as follows: an atom or molecule in its initial 

state \i> absorbs one photon and jumps to an intermediate 

virtual state |v> which is the superposition of all the one-

photon allowed eigenstates \n> from the initial state |i>. 

By absorbing another photon, the atom or molecule can be 

excited from the virtual state to a real final state |f>. If 

the photon energy satisfies 2h\=E^-Ej_, the process is 

referred to as resonant two-photon transition. The 

absorptions of the two photons can be regarded as 

simultaneous, because the lifetime of the virtual state is 

usually in the order of femtosecond (10~̂ ^ sec) or shorter, 

this lifetime is determined by the quantum mechanical 

uncertainty principle in terms of the energy differences 

between the virtual state and the one-photon allowed states. 

There are a number of different theoretical models of 

calculating the multiphoton transition probability. The 

simplest and most straightforward method is time-dependent 

perturbation theory. However, time-dependent perturbation 

theory does not include the finite line width or damping 

effect of the states involved in the transition which are 

known to exist in any real states. The semiclassical 

calculation of susceptibility using the density matrix 

formalism does give the damping effect of multiphoton 

transition. The result of Bloembergen^^^^ for Doppler-free 

two-photon transition rate is 
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win, = IGTî a^ "^^ 
r 

2 + ( l i f \ 2 
( G ) i ^ - 2 a ) ) 2 + ( _ i £ ) 

^ 2 

5^ <.f|z|.n> <i2|zii> 
n E^^-y^(D 

•2 
^^ (3.1) 

where a is the fine structure constant, r_̂f is the 

homogeneous natural line width involved in the initial and 

final states, and the Lorentzian line shape factor of 

homogeneous natural broadening r_̂ /̂[ (0)̂ -̂20)) ̂ +(r^^/2) ̂ ] 

explicitly appears in the formula. The summation is over all 

the eigenstates connected by one-photon allowed transitions, 

the denominator is the detuning between the photon energy 

and the energy between initial state and the one-photon 

allowed intermediate state, and I is the intensity of the 

exciting light in units of (cm) "̂  (sec) "̂  (or photon flux) . 

The most distinctive feature of eq. (3.1) is the quadratic 

dependence of the transition rate on the photon flux. 

Generally, without saturation the n-photon transition rate 

can be expressed as 

W^^f=o^"^I" (3.2) 

where o'"̂  is the n-photon cross section. Eq.(3.2) is 

usually called the formal intensity law for multiphoton 

transitions. The following numbers give the orders of 

magnitudes of typical multiphoton transition cross 

sections<">: o ̂^̂  ~10-''-10-'' (cm̂ ) ; o'̂ -̂lO'̂ -̂lO"̂ ^ (cm^s) ; 

Q(3)^10"®°-10"®^ (cm̂ ŝ ) . Because the cross sections for n^2 

are small, and because the r'-dependent of photon flux, high 

power pulsed laser radiation is essential for efficient 

multiphoton excitation. Another important point is the 

selection rules for two-photon transitions. Eq.(3.2) shows 

that both dipole matrix elements must be non-zero to give a 
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non-vanishing transition rate. Because the one-photon 

selection rule demands that the states connecting the 

transition have different parity, the initial state \i> and 

the final state |f> in the two-photon transition must have 

the same parity. Therefore the selection rules for two-

photon transitions are AI=0,±2 for atoms, and additionally 

li-̂ LZ, g*-^g for homonuclear diatomic molecules. It is 

therefore possible to reach molecular states which cannot be 

populated in one-photon transition from the ground state by 

utilizing two-photon transitions. 

Multiphoton ionization is a special case of a 

multiphoton transition when the final state is a ionization 

continuum. The formal intensity law eq. (3.2) still holds, 

however, the general formula is more complicated, because 

the kinetic energy of the ejected electron in the final 

continuum state has to be considered. The characteristic 

cross section for multiphoton ionization has the following 

f orm<^^): 

0<"^(G))'-

2 

W V <f\v\n-l> <2|v| l><l |v | i> 
1 2 n-liE^_^-E^- in-l)y)Oi) - iE2-E^-2'hGi) iE^-E^-'h(jy) 

(3.3) 

where |i> is the initial state, |/> is the final continuum 

state, and \l> , |2>, •••|r2-l> are the intermediate states, v 

is the molecular-optical field interaction in the dipole 

approximation. 

In real experimental condition with molecules at low 

pressure gas phase, a transition is usually broadened by the 

Doppler shift due to the thermal motion of the molecules. 
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Consider a molecule with velocity v relative to the rest 

frame of the observer, the central frequency COQ of a 

transition in the molecular frame is observed to be shifted 

by Doppler effect to a)=o)o+i:-v, where k is the wave vector 

of the exciting laser light. The quantity k-v can be 

positive or negative, and only the component v̂  of the 

velocity v along the propagation of the laser light 

contributes to the Doppler broadening. At thermal 

equilibrium, the molecules of low pressure gas follow a 

Maxwellian velocity distribution, the intensity profile of a 

doppler-broadening spectral line can be expressed as 

!(<.) = X „ e x p ( — — ^ ) , (3.4) 

where v =\J2kT/m is the most probable velocity of the 

molecules. Eq.(57) has a Gaussian profile, and the full 

width at half maximum (FWHM) of this profile is the Doppler 

width 

Ao). = ̂ ^/rH2 v„ , (3.5) 

Because the Doppler broadening depends on the velocity of 

the individual molecule which is different from one to 

another, the Doppler broadening is an inhomogeneous 

broadening. At room temperature and thermal equilibrium, the 

Doppler width eq. (3.5) is usually much larger than the 

homogeneous natural linewidth V discussed above. Under 

certain condition, such as in a non-equilibrium molecular 

beam (which will be discussed in section 3.3), the Doppler 

width may be reduced to comparable to or even smaller than 
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the natural line width. The spectral line profile in such 

case is quite complicated. For a two photon transition 

excited by co-propagating laser beams the transition rate 

eq. (3.1) has to be modified to be<̂ '̂ 

^i-^f oc ^if 

(a)^^-2a)-2;c'v)2+(r^^/2) 
E <-̂ l̂ l-"> <n z i> 
n E^^-})iio+k'v) 

(3.6) 

The intensity profile is now a convolution of homogeneous 

lorentzian and inhomogeneous gaussian profiles, and is known 

as Voigt prof ile . ̂ "'̂ >̂ 

Another important broadening of molecular transitions 

in gas phase is the collisional broadening. Because our 

experiments are under collision free condition as will be 

discussed later in section 3.3, the collisional broadening 

will be neglected in this thesis. 

3.1.2. Multiphoton Excitation of Odd Parity 
Rydberg States of H, 

In this section of the thesis the scheme for excitation 

of the odd parity Rydberg states of Hj and the detection of 

its dissociation product H will be discussed in detail. Our 

goal is to photoexcite hydrogen molecule from ground state 

to high Rydberg states, or more accurately high Rydberg 

Stark states, and to detect simultaneously ionization and 

dissociation products. Because these processes are governed 

by the detailed decay dynamical properties of the molecule, 

valuable information can be obtained. 

There are many ways to access the np high Rydberg 

states of Hj from the ground X^S* state. Before the tunable 

laser and frequency up-conversion techniques were fully 
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developed for the application of spectroscopy, most 

experiments used the helium continuum dispersed by a 

monochromator as a light source to access the high Rydberg 

states by one-photon absorption. ̂ "̂̂̂  The resolution of this 

type of experiment is very poor (̂  2 cm"̂ ) . Recently, some 

experiments were done in one-photon excitation with XUV 

laser light produced by using non-linear frequency 

tripling, ̂ '̂̂̂  and four-wave-mixing^^°* of dye lasers in rare 

gases. The resolution of XUV light sources are moderate and 

usually on the order of 1 cm"\ In addition to the poor 

resolution, all the one-photon excitation schemes have a 

common shortcoming: lack of state selectivity, since all the 

allowed transitions will be excited, and the spectra of 

ortho, para, and some rotational bands can not be separated. 

The identifications of states are sometimes difficult and 

ambiguous. To simplify the spectra, the H2 gas has to be 

cooled down to liquid nitrogen temperature, or use pure 

para-H2. 

Two photon resonance transition of the ground X^Hg to 

the selected vibrational levels in E,F^llg state was first 

demonstrated by Kligler and Rhodes, <̂®̂  and used by Helm<̂ >̂ to 

access the high np Rydberg states with three-photon double-

resonance transition via v'=6 level of the E. Because the 

laser source used for the two photon X ^ E transition (in 

ref.[58]) is a broadband ArF excimer laser, the rotational 

levels (such as J"'=0,1, 2, 3 . . .) in a particular vibrational 

state v' can not be selectively excited. Therefore the high 

np Rydberg spectra obtained even with a narrow band E ^ np 

one-photon transition are mixture of para and ortho 

hydrogen. 
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state selective multiphoton excitation of high np 

Rydberg states via two-photon resonance of X - E has been 

successfully employed in several recent experiments. The 

laser sources (-202 nm) for the narrow band two-photon 

transition are obtained either by Raman shifting of 

frequency doubled dye laser to fourth anti-stokes order in 

high pressure H2<̂ >̂, or by first frequency doubling of dye 

laser output in potassium dihydrogen phosphate (KDP) crystal 

and then sum frequency in p-BaB204 crystal. <̂'̂ '̂̂°> The latter 

has been proved to be the better method because it can 

provides high intensity coherent UV light at wavelength of 

202 nm without subjecting to pressure shift as in high 

pressure H2 Raman shift. 

The multiphoton excitation scheme used in this study is 

similar to that of ref.(8) and will result in a better 

spectroscopic resolution (̂  0.05 cm"̂ ) and state 

selectivity. 

Fig.3.1 shows the photon excitation steps and the 

relevant potential curves of H2, also shown are the energy 

levels of the dissociation products, H atom. Hydrogen 

molecules initially in ro-vibrational levels of the ground 

electronic state X^'Lgiv"=0, iJ"=0, 1) is excited through Q-

branch transition (AJ'=0) to the £'^SJ(V=0, J"'=0, 1) ro-

vibrational intermediate levels by simultaneous absorption 

of two photons with wavelength of 202 nm. Because of the 

selection rules of eq. (2.32c), para •+ para, ortho *-*• ortho, 

and the high resolution laser system used in our experiments 

(will be discussed later), we can selectively excite 

individual para-H2 or ortho-H2 rotational transitions. For 

the Q(0) para-transition A'^S^(x^"=0, J"=0) - £'^S*(v'=0, 
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J^'-O), the transition energy is 99165 cmT^, for Q(l) ortho-

transition ;fis;(v"=0, J"=l) ^ £'is;(v'=l, J-'=l), the 

transition energy is 99109.8 cm"̂ . 

The two photon cross section of the X - E transition 

for the vibrational band (v"=0 - v'=6) has been determined 

theoretically^") and experimentally^") to be in the order of 

lO"*'' cm^sec. However, there is no experimental data 

available for the cross section of (v"=0 - v'=0) band. The 

two-photon Q-branch transitions are known to depend strongly 

on the vibrational and rotational levels, <") with (v"=2 -* 

v'=0) band the strongest one, while the Cv"=0 - v'=6) band 

intensity is two orders of magnitude smaller. Given a better 

Franck-Condon factor, and a narrow linewidth of 0.1 cm'̂  for 

the 202 nm light, it is reasonable to estimate that the 

(v"=0 - v'=0) two-photon transition has cross section in 

the order or 10"̂ ^ cm^sec. Assuming a typical photon flux of 

Fi=4xlO^* cm"̂ s"̂  (for example: a laser pulse with energy of 

0.5 mj/pulse, pulse duration 1:̂ =4 ns, and a 0.2 cm beam 

diameter) to be discussed later, the two-photon transition 

rate for the (v"=0 - v'=0) band using eq. (3.2) is 

P»7̂ )̂ «1. 6x10-̂  s~^ • The transition probability for one molecule 

in one laser pulse is then PI=P/'2)T;^ = 6 .4 xlO"^. This is quite 

a small number, however, given a large molecular beam 

density in the ground state (̂ 10̂ ^ cm~̂ , to be discussed in 

section 3.3), the excited population in E state will be 

large enough for our experiment. 

Once the molecule is excited to the E state, it can 

decay by fluorescence to the (2po)5^Su state or by 

collisional transfer to i2pTi) C^ll^_^ state. The radiative 

lifetime of ^'=0, 1 levels of E state is about 200 ns. <̂*) 
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Before the molecule in E has chance to decay, another photon 

tunable between 420-370 nm and delayed by only a few 

nanoseconds will further excite the molecule with a certain 

probability to high np Rydberg states or the ionization 

continuum. The one-photon photoionization cross section of E 

state is in the order of ô )̂=2xlO"̂ ® cm^^"), depending on the 

laser wavelength. Assuming a typical laser pulse with energy 

1 mJ at 400 nm, a ^2=5 ns pulse width, and a 0.3 cm beam 

diameter, the one-photon transition rate of E state will be 

p̂ f̂iJ-ll .4x10^ s"̂ . The photoionization probability for a 

molecule in the E state in one laser shot is then 

P2=^/^^^T2=5.7xlO-^ 

The molecules excited to the high Rydberg states may 

decay through a number of channels. First the molecule may 

decay to a lower state by emitting a photon; however, the 

radiative rates for high Rydberg states are generally very 

small̂ ^̂ ) (scaling as ~10®n~̂ ) . Thus, the radiative lifetime 

is usually in the order of microseconds or larger, which is 

much longer than the time scale of our experiments (-100 

nSf will be discussed in section 3.2.4). The radiative decay 

channel is a slow process, compared to the other possible 

processes and will be neglected through out this thesis. 

Second, those molecules with state energies above the 

ionization limit may ionize or autoionize by coupling to the 

underlying continuum. The autoionization rate is usually in 

the order of 10̂ °n"̂ -10̂ n̂"̂  s"\ ̂^̂^ we would expect this 

processes to be observed in our experiments. A molecule in a 

Rydberg state with energy above the field ionization 

threshold E =-2y/F may be ionized by the external electric 

field. Collision may also lead to the ionization of the 
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molecules; however, this again is a slow process since, as 

will be discussed later, our experiments are performed under 

essentially collision-free conditions. All the processes 

discussed above will lead to the production of molecular 

ions (H2'̂ ) , which is one of the products detected. It should 

be noted that the 202 nm beam will photoionize a fraction of 

the population in E state as shown in Fig.3.1, and also 

produce Hj"̂  ions. The ion signal produced by this two-photon 

resonance, three-photon ionization contributes an annoying 

background to the signal and limits the useful excitation 

intensity at 202 nm; however, it serves as a convenient mean 

to locate the resonance of the X^E two-photon transition. 

As discussed earlier in section 2.3.4 of Chapter II, a 

hydrogen molecule in the high Rydberg states of interest in 

this study may undergo predissociation or field-induced 

predissociation, leading to the production of a ground state 

atom and an atom in an n=2 (1=0, 1) state. In zero electric 

field, except for accidental predissociation, most of the 

high Rydberg np states of H2 have relatively small 

predissociation rate which scale as 10^°n"^—lO^^n"^ s"̂ . In our 

experiments, as shown in Fig.3.1, we use two delayed laser 

beams and the process of one-photon resonant, two-photon 

ionization to photoionize the H atoms in the n=2 state. The 

one-photon resonance is with the Balmer-a transition n=2 -

n=3 of photon wavelength at 656 nm. The atoms excited to the 

n=3 state are then photoionized by another photon at a 

wavelength of 532 nm leading to the production of the atomic 

ion (H"̂ ) , which is the another product to be detected. To 

efficiently detect the H"̂  ions, we want to photoionize as 

many atoms in n=2 state as possible. The best we can do is 
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to strongly saturate the transitions with intense laser 

fields. The Balmer-a transition has an oscillator strength 

of about £=0.5.^") Assuming a laser bandwidth of Av=15 GHz 

(0.5 cm") at 656 nm, the one-photon resonance transition 

cross section can be estimated by the following formula to 

be 

o = — - - ^ = 9x10-^^ cm^ 
Av 

where r^^ e^/in^c^'= 3x10"^^ cm is the classical electron 

radius, Av is the line width of the laser beam or the 

homogeneous broadening of the transition (whichever is 

larger), Av is taken to be the laser line width, since the 

radiative decay rates of the (2s, 2p) levels of the n=2 

state are about 10^ s"̂  under the Stark mixing by an external 

electric field of ~500 V/cm or more. The saturation 

condition requires that the transition probability be close 

to unity, or IVT=OFT~1. The required photon flux is F=2xlO^° 

cm"̂ s"̂  with the assumption of 5 ns laser pulse duration. The 

Balmer-a laser pulse energy needed for such a photon flux 

is only about 4x10"^ \iJ with a beam diameter similar to that 

of UV beam discussed earlier, a rather small energy from the 

point of view of pulsed lasers. However, this is no surprise 

because the Balmer-a transition is strongly allowed and has 

a large cross section. The photoionization cross section of 

the n=3 state of H atom is on the order of 10'̂ '' cm^; thereby 

the laser intensity required to saturate this transition is 

much larger than what needed to saturate the Balmer-a 

transition discussed above. In our experiment, a beam with 

typical energy of 6 mJ energy at 532 nm (will be discussed 
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in section 3.2.2) insures that most of the population in n=3 

state be photoionized. 

It is worthwhile at this point to estimate the H2* and 

H* ions produced by this multiphoton excitation scheme. For 

a typical molecular beam density of No=10^^ cm"̂  in the ground 

electronic state (will be discussed in section 3.3), and an 

interaction volume of 0.03 cm^ defined by the 202 nm laser 

beam diameter, the molecular ions H2'̂  produced per laser 

pulse based on the numbers quoted before is: 

0.03xi\7oXP^xP2 = 0 .03x10^^x6 .4x l0"^x2 . 8x10 ' ^ = 5x10^ . 

This number should be considered only as an order of 

magnitude, because the exact number depends on the detailed 

decay dynamical properties of the final state and the 

strength of the applied field in a much more complicated way 

(involving, for example, the competition between ionization 

and dissociation, one of the topics to be addressed in this 

thesis) . The number of overall atomic ions H"̂  produced is 

also a complicated function of the above mentioned factors, 

and should have a similar order of magnitude as that of H2'̂  

by assuming a relatively strong dissociation rate of 10® s"̂  

and a delay time of 5 ns for the Balmer-a laser. The 

various laser beam parameters, transition cross sections and 

probabilities are summarized in Table 3.1. 

As mentioned before, the 202 nm beam will directly 

photoionize a fraction of the population in E state and 

create a noise background of H2'̂  ions. However, the 

photoionization cross section of E ^ continuum by the 202 

nm beam is expected to be smaller than that of the E ̂  
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Table 3.1 

Laser parameters and transition cross sections 

transition 

cross section 
0 (cm^) 

wavelength 
k (nm) 

linewidth 
6v (cm') 

duration 
T (ns) 

beam diameter 
d (cm) 

pulse energy 
(mJ) 

photon flux 
/ (cm-̂ s-*) 

transition 
rate (s"̂ ) 

transition 
prob 

x^n; - £r^s; 

-10-^ 
(cm'*s) 

202 

0.1 

4 

0.2 

0.5 

4x10'^ 

1.6x10' 

6.4x10'^ 

r^S; - np 

2x10 ' ' 

420-375 
tunable 

0.03 

5 

0.3 

1 

5.7 xlO'^ 

11.4x10^ 

5.7x10-' 

H(n=2^n=3) 

9x10-'^ 

656 

0.5 

5 

0.4 

~ 10-' 

5x10^' 

> 2 x l 0 ' 
saturated 

1 
saturated 

H(n=3^IP) 

~ 10-'̂  

532 

1 

6 

0.45 

6 

1.7x10^ 

1.7x10' 
saturated 

1 
saturated 
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Rydberg Stark state resonance transitions. Even with a 

similar cross section of 10"" cmS the photoionization 

probability of E state by 202 nm light is 

P3 = lO-^^xFiXT^ = 10-̂ 8̂ 4̂x102̂ x4x10-3 = 1.6%. 

Comparing P3 to P2, a 3:1 or better signal-to-noise ratio is 

easily obtained. 

For the detection of atomic ion H"̂, because there is 

basically no background noise (except for some 

instrumentation noise), very small signals can be 

discriminated from the background by our system. For the 

delay time of Balmer-a laser quoted above, and an estimated 

20:1 signal-to-noise ratio for the H"̂  ion signal channel, 

our system is sensitive to dissociation rates of -lO'' s"̂  or 

larger. 

In summary, based on the numerical evaluation in this 

section the excitation scheme discussed is suitable for the 

high resolution study of the various dynamical properties of 

molecular hydrogen in electric field. 

3.2 Laser Sources and Optical Setup 

In this section of the thesis the optical system used 

to generate lights at the various visible and UV wavelengths 

needed by the experiments will be described in detail. 
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Fig.3.2 shows the schematic diagram of the optical system 

which includes the pump laser, three tunable dye 

laser/amplifier chains, the nonlinear optical frequency up-

conversion apparatus, and the beam directing optics. The 

molecular beam system, vacuum chamber, and ion detecting 

systems will be discussed later in section 3.3, and 3.4. 

3.2.1 Pump Laser System 

The pump sources of all the dye lasers are the second 

and third harmonics of a Continuum model Ny61-10 Nd*^:YAG 

laser. The YAG laser is one of the most useful fixed 

frequency solid-state laser systems in scientific 

applications. It has very high peak power pulsed output, low 

lasing threshold and very good beam quality. The gain medium 

of the YAG laser is a crystal rod of yttrium aluminum garnet 

doped with -1% of neodymium (Nd"̂ ) . The Nd^^YAG rod of 

dimension 115 mm in length and 6 mm in diameter is optically 

pumped by a high energy xenon gas flashlamp; the Nd^' ions, 

after being excited to high energy levels from its ground 

state, relax quickly to a long lifetime (~ 5.5x10"'' sec) 

4^ state. The population inversion is then established 

between ^F^,^ ^nd a lower ^j^^/^ state. The transition energy 

between these two states is 9398 cm"̂  which is the 

fundamental line of the YAG laser at a wavelength of 1064 

nm. The optical resonator of the NY61-10 has an unstable 
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Fig. 3.2. Schematic diagram of optical setup, showing the 
YAG laser and dye lasers. SHG and THG represent the second 
and third harmonic generation crystals, respectively. 
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configuration, with the laser radiation coupled out of the 

resonator cavity by a gaussian mirror. The unstable 

configuration has the advantages that the laser action makes 

full use of the gain medium and extracts as much energy as 

possible, while maintaining a high quality gaussian beam 

profile, which is essential for efficient harmonic 

generation. Inside the optical cavity there is a Q-switch 

which consists of a Pockels cell, a 1/4-wave plate and a 

polarizer. The Pockels cell is a electro-optic device which 

rotates the polarization of the laser light by applying an 

external electric field. Combined with the 1/4-wave plate 

and the polarizer, the Q-switch can make the resonator 

cavity loss low (open) or high (closed) to the laser beam. 

In the beginning period of the flash lamp pumping the Q-

switch is closed, which allows the population inversion to 

build up. About 200 ns later the Q-switch is opened which 

allows the energy stored in the inverted population to 

quickly convert into a huge laser pulse with high peak 

power. The NY61-10 YAG laser comes with another Nd'̂ :̂YAG rod 

as an amplifier stage which further amplifies the laser 

pulse to an energy of about 650 mJ with pulse width of 6 ns 

at repetition rate of 10 Hz. The laser linewidth is about 1 

cm"̂  with beam divergence of 0.45 milliradians. 

In order to pump the dye laser/amplifier systems which 

work in visible or near UV region, the fundamental laser 
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beam at 1064 nm has to be frequency doubled to 532 nm or 

tripled to 355 nm. The frequency doubling is done through a 

KDP non-linear crystal (will be discussed more detail in 

section 3.2.3) . The optimized output energy of the doubled 

frequency at 532 nm is about 300 mJ with the input 

fundamental energy quoted above. In order to produce the 

tripled frequency at 355 nm, the residual fundamental beam 

at 10 64 nm together with the doubled beam at 532 nm are used 

as the inputs to another KDP crystal, which performs a sum 

frequency process. The final output has three components: 

the fundamental laser at 1064 nm which has no particular use 

in this experiments, so is dumped; the vertically polarized 

laser beam at 532 nm with energy about 130 mJ and duration 5 

ns; and the horizontally polarized laser beam at 355 nm with 

energy of 90 mJ and duration 5 ns. The laser beams at 532 nm 

and 355 nm are separated by dichroic mirrors from the 

fundamental beam and used to pump three independent dye 

laser/amplifier systems. 

3.2.2 Dve Laser and Amplifier System 

Tunable dye laser is one of the most important 

developments in laser technology because of its following 

advantages: broad frequency tuning range covering from near 

infrared to near ultraviolet, high optical power and ease of 

construction and operation. The tunable dye laser is an 
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indispensable tool for many fields of scientific researches 

and applications. 

In this experiment all the dye laser oscillators are 

home-built, modified grazing-incidence type. ̂̂'''̂^̂  As shown 

in Fig.3.3, the resonator cavity is very simple and 

consists of only five components: a concave lens, a convex 

lens, a dye cell and two diffraction gratings. The grazing-

incidence configuration has several distinguishing features: 

first, without any beam expander the laser beam can make 

full use of the diffraction grating, hence increasing the 

grating efficiency and resolution, and reducing the 

reflection loss; second, since the beam expander is 

eliminated, the laser cavity can be made quite compact and 

is easily scaled down for single mode operation; third, the 

cavity configuration is very flexible and can lase from near 

IR to near UV, depending on the dye and pump light; and 

finally, the laser is continuously tunable and exceptionally 

easy to align. 

The two gratings are the dispersive components of the 

cavity which select some of the laser modes which satisfy 

the cavity equation 

nL = Ag (3.7) 
2 

where L is the cavity length, q is an integer, A. is the 
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laser wavelength and n is the refraction index. The light 

grazing-incident on grating 1 is diffracted by an angle 6. , 

and is retro-diffracted by grating 2 which is in a Littrow 

configuration. The basic equations for the laser frequency 

tuning in this Littrow mounted double grating configuration 

are 

mX = d(sin0Q + sin0i) (3.8a) 

m'X = 2d^sine2 , (3.8b) 

where d and d' are the grating groove spacings of the two 

gratings, m and m' are the diffraction orders, 6Q is the 

grazing-incident angle (~ 90*̂ ) , 0i is the angle between the 

diffraction light and the normal of grating 1, Gj is the 

Littrow angle. Changing the Littrow angle 63 by rotating 

grating 2, the angle 0i will also be changed and hence the 

laser frequency X . The Littrow grating is mounted on a 

precision rotational stage driven by an Oriel DC encoder 

motor micrometer with unidirection precision of 0.1 microns 

The dye cell which contains the gain medium is an 1 cm x 1 

cm quartz cuvette. The pump laser beam is focused by a 

cylindrical lens into a narrow line, which coincides with 

the cavity axis, onto the cuvette. In order to insure that 

the oscillator lases efficiently, the concentration of the 
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dye solution in the oscillator cuvette is usually quite high 

(~ 10"^—10"* M) . The pump laser beam for the oscillator, 

which is usually kept in low intensity (will be discussed in 

more detail later), penetrates only a very thin layer of the 

dye solution due to the absorption by the dye molecules. 

Therefore, to provide a near-circular active cross-section 

for the pumping region, the width of the focused line and 

the penetration depth should be kept in the same order of 

magnitude (typically ^ 0.05 cm). This will give rise to 

large diffraction losses and beam divergence angles. As 

discussed above, the frequency selection of this double 

grating cavity configuration depends sensitively on the 

angles of the incident lights on the gratings. Therefore the 

grazing-incident beam on the grating 1 should be as parallel 

as possible to make sure that all the laser lights belonging 

to the same mode (same frequency) are diffracted and retro-

diffracted by the gratings with the same angle. Also, to 

make full use of the laser lights with different divergent 

angles, that is to convert as much spontaneous emission as 

possible into laser radiation, hence produce a "clean" laser 

radiation with minimum stray spontaneous, an intracavity 

convex lens (lens 1) and a curved output coupler (concave 

lens 2), as shown in Fig.3.3, are used in such a way that 

the focal point of lens 1 (£=10 cm) coincides with the 

center of the curvature of the output coupler (R=5 cm) . With 
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this configuration, laser lights with different divergent 

angles will be partially retro-reflected by the curve side 

of the coupler and collimated into parallel beam by the 

intracavity lens. The curved output coupler is tilted to 

make sure that the flat side of the lens does not contribute 

to the reflection of the cavity. This laser configuration 

has been proved by our experiments to produce remarkably 

high quality laser beam for various frequencies. 

The typical resolution of this grazing-incidence double 

grating laser oscillator is in the range of 0.02-0.05 cm"̂ , 

depending on the pump light intensity, gain medium and the 

lasing wavelength. For a typical resonator cavity length of 

25 cm, the longitudinal laser mode spacing is 0.02 cm"̂ . Thus 

there are about three modes which can survive and be 

amplified inside the cavity by the gain medium. The pump 

laser is polarized perpendicular to the grating grooves 

since the efficiency of the grating is much greater for 

light with polarization perpendicular to the grooves, and 

the dye laser output is therefore polarized along the 

horizontal plane. 

The dye cell is transversely pumped by either the 

second harmonic (532 nm) or the third harmonic (355 nm) of 

the YAG laser depending on the lasing wavelength needed. The 

gain medium is a solution of organic dye molecules which are 

optically excited by the pumping laser. The dye molecule has 
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a band structure which consists of large numbers of very 

closely spaced rotational and vibrational levels. The 

molecules in the singlet levels of the ground electronic 

state So are excited to the singlet ro-vibrational levels of 

the excited electronic state Ŝ  by absorbing the pumping 

laser photons. The molecules excited to those Ŝ  levels are 

then relax rapidly to the lowest ro-vibrational level, and a 

population inversion between this level and the ro-

vibrationally excited levels of the ground electronic state 

is then established. Only those random spontaneous emission 

modes which satisfy the cavity eq. (3.7) and the grating 

eqs.(3.8a,b) can survive several passes through the cavity 

and will draw most of the gain in the mode competition and 

develop into laser radiation. Because the dye molecule has a 

very broad band structure, the laser radiation can be tuned 

over a wide range of wavelength. Since a typical laser dye 

has a lasing wavelength range of about several hundred 

Angstroms, the whole optical range can be covered by a small 

number of different dyes. In some wavelength ranges a 

mixture of two dyes may be used to optimize the lasing 

action. 

In order to keep the spontaneous emission low and 

maintain a good beam quality, the pump power must not be too 

high. In our experiment about 5% of the pump power (3-5 mJ) 

from the 2nd or 3rd harmonic of the YAG is used to 
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transversely pump the oscillator dye cell. The output beam 

intensity of the oscillator is in the order of 10 îJ, and 

has to be amplified to a useful level. For the 

laser/amplifier chain denoted by DLl in Fig.3.2, which 

generates the 606 nm beam, three amplifier stages are used. 

The oscillator and the three amplifiers are pumped by the 

second harmonic of the YAG at 532 nm. The first amplifier 

receives about 13 mJ of the pumping power and is 

transversely pumped, the second and the third amplifiers 

receive 22 mJ and 70 mJ of pumping power respectively, are 

longitudinally pumped, and bring the dye laser energy to 

about 30 mJ. The longitudinally pumped configuration has 

relatively lower gain than the transversely pumped 

configuration, however, it produces a better quality beam 

which is important for efficient frequency up-conversion. 

The second laser/amplifier system (DL2) which produces the 

tunable near-UV beam has two transversely pumped amplifier 

stages which receive 25 mJ and 60 mJ of the pump power, 

respectively, from the third harmonic (355 nm) of the YAG. 

The final energy of this laser is in the range of 0.5-10 mJ 

depending on the dye used. 

The Balmer-a laser is transversely pumped by 4 mJ of 

the 532 nm light from the second harmonic of the YAG. The 

output energy of the oscillator (X=656 nm) without further 
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amplification is large enough to saturate the Balmer-a 

transition. 

Because the pump light has quite high intensity, it 

generates heat which creates thermal index distortion in the 

dye solution, and also photodegrades the dye molecules, 

hence degrades the laser beam quality. In order to minimize 

the heat degradation and produce a stable, high quality 

beam, all the dye cells are connected to independent 

circulation systems consisting of a dye solution reservoir 

and a micropump. The dye solution inside the dye cell, 

especially in the high energy amplifier, is kept in a high 

speed flow. 

The laser dye used in the oscillator producing the 60 6 

nm light is a mixture of Rhodamine 610 and Rhodamine 640 in 

methanol (~ 10"* M) . the amplifiers contain ~ 10"^ M 

Rhodamine 64 0 in methanol and the dye concentration 

decreases as the laser energy increases in later amplifier 

stages. Oxazine 720 laser dye (- 10"" M) in methanol is used 

in the Balmer-a laser. The laser dyes used in the second 

laser/amplifier system which produces the tunable near UV 

beam depend on the particular wavelength range of interest, 

and will be stated in the appropriate sections. 
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3.2.3 Tunable Ultraviolet Generation by 
FrequencvUp-Conversion 

In order to excite the molecular hydrogen from the 

ground state z^S; to the intermediate E'^Jlg state, a two-

photon excitation with each photon wavelength at 202 nm is 

needed. In this experiment the 202 nm ultraviolet light is 

generated through frequency up-conversion of the 606 nm dye 

laser in non-linear optical crystals. This process consists 

of two steps of type I (both of the input lights polarized 

in the same direction) frequency up-conversion as shown in 

Fig.3.4. The first step is a second harmonic generation in 

an angle-tuned potassium dihydrogen phosphate (KDP) crystal 

which doubles part of the 60 6 nm laser light into 303 nm 

with efficiency of ~ 25%. The doubled 303 nm light is 

polarized perpendicular to that of the fundamental light 

(will be discussed later) as indicated in Fig.3.4. The two 

different wavelengths are separated by dielectric coated 

dichroic mirror M^, which passes the 60 6 nm fundamental 

light and reflects the 303 nm light. A X/2 wave-plate is 

inserted into the passage of the 606 nm beam to rotate its 

polarization direction so that both of the fundamental and 

second harmonic beams have the same polarization when they 

reach the second non-linear crystal. In the second step the 

two different wavelength beams undergo a sum frequency 

process in an angle-tuned beta-barium borate (BBO) crystal 

and generate the ultraviolet 202 nm laser beam with pulse 
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Fig. 3.4. Generation of the UV laser light at 202 nm in non
linear crystals. 
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energy about 0.5-1 mJ. The initial energy of the 606 nm 

laser for the KDP is about 30 mJ, thus we have an overall 

conversion efficiency of -2% or better. 

The physical idea behind high efficiency frequency up-

conversion is to make the energy and momenta for both the 

fundamental and sum frequency photons conserved inside the 

optical crystal, that is the energy conservation 

a)i + a>2 = 0)3 (3.9a) 

and momentum conservation 

k^+k^ = k^ (3.9b) 

must hold simultaneously, where 0)^, (D^ are the fundamental 

photon frequencies, (1)3 is the sum frequency, k^ = in^/X)]^ 

are the corresponding wave vectors, n^ is the index of 

refraction seen by the corresponding photon inside the 

crystal. It is obvious that eq.(3.9b) can never hold for an 

isotropic material because different frequency photons will 

see different indices of refraction due to dispersion. 

However for an anisotropic non-linear crystal, such as a 

uniaxial crystal, photons of the same frequency but with 

different polarization with respect to the optical axis will 

see different indexes of refraction. This phenomenon is 
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called birefringence. Thus if we can make use of the 

birefringence effect by arranging the orientations of the 

crystal and the polarizations of the laser beams in such a 

way that the fundamental beams are polarized perpendicular 

to the optical axis while the second harmonic or sum 

frequency beam is polarized perpendicular to that of the 

fundamental beams, eq.(3.9b) may be satisfied under the 

presumption that the crystal has large birefringence. If 

eq.(3.9b) holds, the fundamental and the second harmonic 

beams will have the same phase while traveling in the 

crystal, and coherent transfer of energy from the 

fundamental to the second harmonic will occur. This 

condition is often called the phase matching condition. 

Because the efficiency of the frequency up-conversion 

depends sensitively on the phase matching condition, very 

small change of angle or index of refraction of the crystal 

caused by mechanical instability or temperature variation 

will results in a loss of phase matching, and a sharp drop 

of conversion efficiency. Therefore, the angles of the 

crystals have to be checked frequently and tuned very 

carefully, to optimize the conversion efficiency during the 

experiment. 
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3.2.4 Overall Optical Setup 

Fig.3.2 at the beginning of section 3.2 shows the 

overall optical setup. The frequency tripled 202 nm laser 

light is separated from the fundamental beams by a quartz 

prism and directed by UV mirrors to the vacuum chamber. 

Because this UV light has very small beam divergence and the 

energy is high enough, there is no need to further focus the 

beam. The 202 nm beam is the first light interacting with 

the hydrogen molecules, which drives the two photon 

transition of the molecules from the ground state to the 

intermediate state. In the interaction region, this laser 

beam has diameter of about 2 mm. 

The second laser light entering the vacuum chamber is 

the tunable near UV beam which has ~2 ns delay with respect 

to the 202 nm light. Because this laser beam has relatively 

large beam diameter, a telescope which consists of a 

convergent and a divergent lens is used to bring the beam 

back to a diameter comparable to that of the 202 nm beam. 

This laser radiation can be adjusted to be polarized 

vertically (parallel to the Stark field, TI-excitation) or 

horizontally (perpendicular to the Stark field, o-

excitation) by a double mirror device. A "Brewster" angled 

polarizer is inserted into the beam passage to further 

purify the polarization of the laser light. The intensity of 

this laser beam is controlled by neutral density filters to 
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give a reasonable signal to noise ratio while not saturating 

the transitions. The neutral density filters can be inserted 

directly into the UV laser beam, or put in the path of the 

pump laser beam of the last amplifier, which reduces the 

pumping intensity and prolongs the lifetime of the expensive 

UV laser dyes. Because the amplifiers of this laser are 

transversely pumped, the beam cross section is somewhat 

asymmetric in shape, and has a relatively large beam 

divergence. A pin hole spatial filter and a telescope system 

may be used to select and limit the beam diameter to about 

2.5 mm. This laser beam propagates in the same direction as 

the 202 nm beam when entering the vacuum chamber. 

The Balmer-a laser at 656 nm is delayed by about 5 ns 

and directed to co-propagate with the other two beams in the 

chamber. Again a telescope system is used to adjust the beam 

diameter. The beam size of this laser is a little larger 

than the other two because we want to excite as much of the 

dissociation products as possible. The residual green beam 

with energy of about 6 mJ at 532 nm from the YAG, which 

performs the photoionization of the H atoms in n=3 state, is 

delayed about 1 ns from the Balmer-a laser, and routed to 

the vacuum chamber counter-propagating with the other beams. 

Because the YAG laser has a relatively large beam diameter, 

a telescope is used to reduce this beam size as much as 

possible, but no smaller than the Balmer-a beam, to give a 
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large photon flux for saturation of the transition. All the 

laser beams have to be aligned and tuned very carefully to 

give good results. 

3.3 Vacuum Chamber and Molecular Beam Source 

The vacuum chamber is an 18x18x13.5 cm̂  6 way aluminum 

cube as shown in Fig.3.5. The vacuum chamber is 

differentially pumped by a 4-inch oil diffusion pump in the 

molecular source side, and a 3-inch oil diffusion pump in 

the main chamber which contains the field plates and ion 

detecting devices. Without gas load, the main chamber and 

the source chamber have base pressures of 5x10"'' Torr, while 

under the normal experimental gas load (will be discussed 

later in this section), the source side has a vacuum of 

about 5x10"^ Torr, while the main chamber maintains a 

background pressure of about 5x10"^ Torr. The oil diffusion 

pump has a notorious defect: produces oil molecular vapor 

during operation. A cold trap which is cooled down to below 

0°c by a circulated cooler has to be placed between each 

diffusion pump and the vacuum chamber to block the pump oil 

vapor. However, small amount of oil vapor which leaks 

through the cool trap into the chamber will be photoionized 

by the UV laser light and produces an annoying ion 

background. Fortunately these ions are much heavier in 

weight than the molecular ions Hj"*", and can easily be 
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separated in time by a mass spectrometer. For experiments on 

atoms or molecules with masses similar to those of the 

background oil vapor molecules a cleaner environment is 

desired, which could be accomplished by using instead a 

turbo-molecular pump in the main chamber. 

The molecular beam is produced in pulsed supersonic 

free jet expansion by a commercial pulsed valve (Newport 

model BV-lOO) driven by a Newport BV-lOO beam valve driver. 

The molecular pulsed valve has a nozzle orifice of 0.5 mm, 

and the open duration and the repetition rate of the nozzle 

are controlled by setting dials on the valve driver panel. 

The typical operational setting is 500 [xs duration and 10 Hz 

repetition rate with backing pressure of about 1 atmosphere 

inside the pulsed valve. There are two important physical 

properties of pulsed supersonic free jet expansion: the 

first is that free jet expansion converts random thermal 

motion of molecules in the valve into directed motion in a 

limited area downstream of the nozzle, which reduces the 

collisional rate tremendously. The second property is that 

because the supersonic expansion works in a pulsed mode, it 

provides a relatively high beam density in the interaction 

region defined by the overlap region of laser and molecular 

beams, while keeps the overall background pressure in the 

main vacuum chamber low. This feature is further enhanced by 

using a molecular beam skimmer between the nozzle and the 
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interaction region. The molecular beam skimmer, which 

separates the main vacuum chamber from the source chamber, 

is a thin metal with a special cone-like-shape, and has a 

very thin edge orifice with a diameter of 1.9 mm. The 

skimmer is used to pick off and collimate the center part of 

the molecular beam from the pulsed valve without disturbing 

the gas flow. By this way the molecular beam is further 

"monochromatized," and the collision and Doppler broadenings 

are reduced to a minimum since the transverse velocity of 

the molecule is very low in the interaction region. In 

multiphoton excitation experiments, high density and a well 

collimated molecular beam are necessary for good signal to 

noise and high resolution, while low background pressure is 

essential for the operating of the sensitive channeltron 

detector (which will be described later) which requires a 

quite high vacuum working environment. The density of the 

molecular beam is estimated to be about 10̂ ^ cm"̂  in the 

interaction region under the operating condition discussed 

before. 

It is meaningful at this point to estimate the 

residual Doppler width of the molecular beam in the 

interaction region. The full width of Doppler broadening 

depends on the transverse velocities of the molecules along 

the laser beams in the interaction region through the 

modified formula of eq.(3.5) 
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Ao)^ s 1^/[H2 V, . 

The transverse velocity v̂  at the interaction region can be 

estimated by v^ = (d/2L) v^, where v^ = i2kT/m)'^''' is the most 

probable velocity of the molecules in the pulsed valve, 

d=0.19 cm and L=13 cm are the skimmer orifice diameter and 

the spacing between the skimmer and the pulsed valve nozzle, 

respectively. For molecular hydrogen at room temperature 

Vp=1.6x10^ cm/s; therefore, 

v^ = (1.6x10^ cjn/s) xO. 0073 « 1.2x10^ cm/s. 

The Doppler width with a 400 nm (25000 cm"̂ ) excitation laser 

is then 

Aa)„ « 2x25000 cm ^yxn2xll70 cm/s « 0.0016 cm-^ « 49 MHz . 
^ 3x10^° cm/s 

Thus the Doppler broadening is smaller than our laser line 

width by a factor of 18. It is safe to say that our 

experiments are under Doppler-free conditions. 

Unfortunately, the skimmer inside the vacuum chamber was 

somehow blown off due to the pressure difference between the 

main chamber and the source chamber during vacuum operation, 

to make things worse, we did not know exactly when it 

happened. Therefore some of the data shown in this thesis 
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may have Doppler width considerably larger than the value 

estimated above. Nevertheless, the Doppler broadening has 

been proved to be not a serious problem in our experiment, 

owing to the pulsed supersonic free jet expansion operation, 

and we have been controlling carefully the sync delay of the 

lasers to excite only the front edge of the molecular 

pulses, which would reduce the Doppler width of the not very 

well collimated molecular beam. 

The laser beams are directed into the vacuum chamber 

through high quality Suprasil windows, which are mounted 

separately in the front of two steel tubes of diameter 1.5 

inches. These tubes are then mounted in the opposite side of 

the vacuum chamber and are perpendicular to the molecular 

beam. Inside each of the tubes a baffle system with orifice 

of 3.5 mm is used to reduce the scattered light in the 

chamber. There are also windows in the four diagonal corners 

which can be used as laser beam ports or detector mounting 

ports if necessary. 

3.4 Electric Field Plates 

In order to accurately measure the Stark spectra and 

efficiently collect the ionization ions, the electric field 

plates used to provide the Stark and ionization fields have 

to be carefully designed to give uniform electric fields in 

the interaction region, and to be capable of collecting as 
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many of the ions produced by ionization and dissociation as 

possible. The electric field plates, as shown in Fig.3.5, 

consist of three pieces of steel plates with 2 inches in 

diameter and 1/4 inch thick. The bottom plate is a solid 

steel and is milled and ground to be very flat. This plate 

serves as a positive electrode biased by a dc or fast pulsed 

voltage source. The middle plate has a 1-inch diameter 

opening covered with electro-formed nickel mesh (100 

lines/inch) which allows the passage of ions. The nickel 

mesh is pulled with certain tension to form a smooth flat 

surface without any crinkles and ripples. The spacing 

between the middle and the bottom plates, maintained by 

ceramic washers is 0.93 ± 0.005 cm. The middle plate, which 

is electrically grounded, together with the bottom plate 

provides the electric fields needed to perform field 

ionization. Stark shifts, and ion acceleration. The top 

plate, which also has a mesh covered opening, is 

electrically grounded to give further shielding from any 

stray fields originating from the high voltage biased 

channeltron detector. The top plate can also be connected to 

negative voltage source to provide a second electric field 

source. The whole electric field device is mounted at the 

center of the main vacuum chamber. 

As mentioned before the interaction region is defined 

by the laser beam volume between the bottom and middle 
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electric field plates, the field uniformity within this 

region is estimated to be better than 0.5%. As will be 

discussed later in the data section, the field non-

uniformity is the primary cause of broadening in our 

experimental spectra. Although some other types of middle 

plate-opening design, such as a narrow slot, or a pin hole 

may have a better field uniformity, the ion collecting 

efficiency would be much lower than our large opening 

design. Since the predissociation product H atoms of high 

Rydberg states, especially those with rotationally and 

vibrationally excited core states are formed with kinetic 

energies of almost 1 eV (which amounts to a velocity of 

about 10^ cm/s), a relatively large opening is necessary to 

efficiently collect those fast moving ions from weak 

dissociation. The field calibration, which involves voltage 

sources and the spacing between the bottom and middle plates 

is believed to be accurate at a 1% level. The field 

calibration was later improved by comparison to theoretical 

calculations. 

3.5 Time-of-Flight Mass Spectrometry 
and Ion Detector 

Our purpose is to resolve and detect simultaneously H"̂  

and K2* ions with different masses, and filter out all other 

ions from the ionization of diffusion oil and vacuum grease 

molecules. Because all kind of ions are produced 
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simultaneously in the interaction region, they have to be 

separated either temporally or spatially to be independently 

detected. In this experiment a simple field-free drift tube 

of 53 cm length sitting on top of the main vacuum chamber 

serves as a mass spectrometer. The ions resulting from the 

interaction between the laser beams and the molecular beam 

are first accelerated and driven out of the field region 

through the upper plate opening by the applied field, and 

then enter the field-free drift tube, where they are mass 

analyzed by time-of-flight before detected by a channeltron 

detector. The time difference for the H"*" and Rz^ ions 

reaching the channeltron depends on the field strength 

applied and the length of the drift tube. Assuming that the 

ionization takes place at the center between the bottom and 

middle plates, the time needed for an ion to reach the 

detector from where ionization taken place can be calculated 

by the following formula: 

c N gviev) 

where L in units of centimeters is the length of the drift 

tube, c=3xl0^° cm/s is the speed of light, V is the applied 

voltage in units of Volts, and m and q are the mass and 

charge of the ion respectively, mc^ and qv are both in units 

of eV. For a applied field of 500 V/cm, the time difference 
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between H"' and H2* is 0.9 [is; for a field of 5000 V/cm the 

time difference reduces to 0.28 îs. Because the channeltron 

detector to be discussed next has very fast response and 

narrow full width at half maximum (FWHM) distribution, the 

signals from Ĥ  and H2* are easily separated. The ions due to 

impurities with masses several times larger than Hj^ fall far 

behind in time and can be easily filtered out by setting 

appropriate electronic gates. Because the flight times of 

the ions depend sensitively on the accelerating potentials 

between the field plates, ions produced by photon-molecule 

interactions in different positions of the interaction 

region where the ionization takes place will feel different 

accelerating potentials, and hence have different flying 

speeds. The ion signals in the channeltron will spread out 

in time and the resolution will degrade. In order to have a 

high temporal resolution for the ion detection the laser 

beam diameters have to be kept small to limit the 

interaction volume and produce ions with as similar speed as 

possible. 

The detector is a Galileo model 4821G channeltron 

electron multiplier. This channeltron detector is sensitive 

to any particles, such as photons, electrons and ions, which 

can impact its conical shaped dynode surface and knock out 

secondary electrons. The first few secondary electrons 

accelerated by the potential gradient impact the internal 
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surface of the channeltron and produce more secondary 

electrons. This cascading process continues and produces a 

detectable current collected by a collector electrode. The 

maximum linear gain of the Galileo 4821G channeltron can be 

as high as 10® with very low dark current. In experiments, 

however, we usually want to make sure that huge signals will 

not saturate electronically while the weak signal can still 

be picked up efficiently. We work with the channeltron at a 

gain of about lO'' with a bias voltage of about -1.6 kV. The 

channeltron, combined with a charge sensitive preamplifier 

to be discussed later is capable of single ion detection. 

3.6 Spectrum Wavelength Calibration— 
Optogalvanic Effect 

The photon energy of the laser exciting the Rydberg 

Stark states is calibrated in two steps by first using a 

monochromator and then a uranium hollow cathode discharge 

lamp. In the first step the beginning and ending wavelengths 

of the laser for each scan are measured by using a ISA model 

HR-320 monochromator. These values are the coarse references 

of wavelength for the scan which allow us to identify in 

next step the more complicated uranium calibration spectra. 

The uranium calibration signal is obtained by splitting off 

a small fraction of the laser beam and directing it into a 

commercial uranium hollow-cathode discharge lamp. An 

optogalvanic spectrum of uranium transitions^^^^ is thus 

109 



acquired simultaneously with the ionization spectrum of the 

molecular hydrogen. The uranium hollow-cathode discharge 

lamp is a Cathodeon model 3UAX-U or 1ST model WL-22826. The 

optogalvanic effect is a very convenient way for large range 

spectrum calibration, which eliminates the need to monitor 

optically the absorption or fluorescence. In a hollow-

cathode discharge, a high dc voltage of several hundreds 

Volts is applied to the lamp to produce a discharge which 

sputters uranium atoms from the cathode and excites them to 

some excited states; if a laser beam is tuned in frequency 

to a transition between two levels of the uranium atoms or 

ions in the discharge, the population densities of the two 

levels will change and hence the electron density in the 

discharge since different levels have different ionization 

rates. So the lamp impedance changes. As the laser scans 

the voltage transient caused by the laser light is coupled 

out through an electronic filter as the calibration 

spectriom. For a typical scan of 130 cm"̂  range about 15 

uranium lines are used in a nonlinear least-squares fit to a 

linear plus quadratic function of laser wavelength versus 

data point (scanning DC motor position). The energies of the 

uranium lines are identified by using an standard uranium 

atlas. ̂"̂̂ ^ The standard deviation of the fitting is in the 

order of 0.1 cm"̂  or better. This allows us to calibrate the 

laser wavelength to within 0.1 cm"̂ . 
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As a complementary calibration, a fraction of the 

scanning laser beam is split off and directed into a etal 

which produces an equal-spaced interference fringes. The 

fringe signals picked up by a photodiode may be used as 

secondary calibration signal for those limited wavelength 

range where uranium spectrum shows very few usable lines, 

and can also be used to monitor the laser intensity and 

linewidth. 

on 

3.7 Electronics and Data Acguisition 

Fig.3.6 shows the overall electronics including data 

acquisition and control loop for laser tuning. 

In the experiments of the Stark effect a stable and 

precision voltage source is essential for providing a 

reliable bias to the electric field plates. An Ortec model 

660 dual bias voltage supply is used to achieve this object. 

The Ortec 660 comes with two independent voltage supplies, 

each has two variable outputs: a 0-500 V, and a 0-5 KV. One 

of the 0-5 KV outputs is connected to the bottom field plate 

to provide electric fields up to 5350 V/cm, the other one is 

connected to the channeltron as its bias power supply. In 

the zero-field spectrum scans, a field-free environment is 

required during the interaction between laser and molecules, 

so shortly after the interaction a fast high voltage pulse 

is used to ionize molecules in high Rydberg states and 
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Fig. 3.6. Schematic diagram of the electronics, laser 
control loop, and data acquisition system. 
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extract the ionization products to be detected. This high 

voltage pulse is provided by a home-made pulse generator 

consisting of fast complementary MOSFET transistors biased 

by the 0-500 V output of the Ortec 660 power supply. The 

pulse generator provides flat top square pulses with rise 

time of about 20 ns from 0-500 V, and adjustable width. The 

pulse generator is synchronized with and triggered by a 

signal from the YAG laser Q-switch. The fast voltage pulse 

is delayed by about 100 ns from the laser pulses using a 

delay generator thereby insuring a zero-field environment 

during the laser-molecule interaction, and yet early enough 

to efficiently collect the fast randomly moving ions. 

The signals from the channeltron are sent to a LeCroy 

model WIOOBTB charge sensitive preamplifier. This preamp 

has a fixed gain of 10, and fast response of ^ 200 MHz, rise 

time of ^ 2 ns. The fast outputs of the LeCroy preamp, which 

usually have a shape of very narrow spikes due to the 

slightly different arrival times of the ions on the 

channeltron, have to be shaped and further amplified before 

being sent to the data acquisition system. Depending on the 

strength of the applied field, which determines the time 

difference between H"*" and Hj"̂  signals, a relatively fast 

Ortec model 113 amplifier provides pulse shaping for high 

field experiments, and a relatively slow Ortec model 440A 

amplifier for low field pulse shaping. The outputs of the 
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shaping amplifiers have gaussian shaped pulses with heights 

proportional to the total ions arriving at the channeltron. 

The signal levels are on the order of 0.05-2 V after 

amplification. 

The signals from the uranium lamp and etalon photodiode 

are each sent to an Ortec model 855 preamplifier to increase 

the signal levels to 0.1-2 V. All the amplified signals are 

then sent to the data acquisition system for analyzing and 

recording. 

The data acquisition system consists of four channels 

of independent sample and hold circuits (S/H), analog-to-

digital converters (A/D), gate and delay generators, and a 

PC-AT computer. The sample and hold circuit is an Analog 

Device model AD684 S/H amplifier which has four independent 

input, output and control S/H channels. The AD684 works in 

two modes: track (sample) mode, and hold mode. During the 

sample mode, corresponding to the opening of the gate, the 

S/H amplifier tracks the input signal from the amplifiers. 

Right on the peak top of the signal pulses, the S/H 

amplifier switches to hold mode, corresponding to closing 

the gate, and holds the signal pulse peak long enough to be 

read by the analog-to-digital converter before being reset 

by the next sample period. The opening timings and durations 

of the gates in the four S/H channels are controlled by 

individual gate and delay generators (Ortec model 416A). 
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Each of the gate and delay generators are synchronized with 

the YAG laser Q-switch signal and thus with the laser 

pulses, and are set in such a way that the gates are open 

only for the signals corresponding to Ĥ , Hj*, uranium and 

photodiode, and are closed for any other delayed background 

noise signals. All the peak signals held by the S/H 

amplifiers are then sent to four independent A/D converters 

to be digitized and processed. 

The analog-to-digital converters are one of the three 

subsystems of a data acquisition card plugged into the AT 

computer's expansion slot. The data acquisition card is a 

Data Translation model DT2811 analog and digital I/O board. 

The DT2811 has three subsystems, a 8-channel analog-to-

digital converter which performs the above mentioned A/D 

conversion; a 2-channel digital-to-analog (D/A) converter 

which converts digital signals from the host processor 

(computer) to analog voltage outputs to perform a variety of 

external control tasks; the third subsystem is a 2-channel 

digital I/O port, which provides the interface for the 

transfer of digital data between the PC bus and other 

peripherals. Four of the eight A/D channels are used to read 

the input signals corresponding to H"̂, Hj"̂ , uranium and 

photodiode, and convert the voltages into 12-bit binary 

codes scaling as OOOH-FFFH (corresponding to -5V - +5V) , 

which are then stored into computer memory. Another A/D 
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channel reads and digitizes the signal from a dc motor 

micrometer encoder output to be discussed later, for use in 

the laser scan control loop. One of the D/A channels is used 

to convert a digital signal from the host computer into an 

analog voltage output to be fed to the laser scan control 

loop. 

Before the description of the overall system 

performance, I will first outline below how the laser scan 

control loop works. As mentioned above, the digital control 

signal from the host computer, converted by the D/A 

converter into an analog voltage, is used to control the 

scanning of the laser by controlling the position of a dc-

motor driven micrometer. However, the D/A output power is 

too small to directly drive the motor. A motor driver (home-

built current amplifier) is used to convert and amplify the 

D/A output voltage to a certain power to drive the motor. 

The driver has a bipolar voltage output in the range of -12V 

- +12V set according to the load of the dc motor. The Oriel 

dc encoder motor has two encoder output signals which are 0-

5V square waves with a certain phase difference 

corresponding to the direction of rotation. A complete cycle 

of each of the square waves corresponds to a revolution of 

the motor. With a 485:1 gear ratio reduction, the encoder 

output signal allows a high resolution position readout of 

0.1 micron in unidirectional motion. By feeding these 
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encoder signals back to the computer through the A/D 

converter of the DT2811, the step size and position of the 

dc motor, and hence the scan rate of the laser can be 

precisely controlled. During a scan the computer keeps 

tracking the position of the dc motor after issuing each 

scan command to the motor through the D/A converter. After 

moving the motor through a pre-decided step, the computer 

issues a halt command to stop the motor and allow data to be 

taken. In addition to the laser line width, the step size of 

the scan is another parameter which determines the 

resolution of the spectra. 

The flow of the control signal for the whole system is 

described as follows. The original control signal is from 

the molecular pulsed valve driver. For each of the molecular 

beam pulses, the driver outputs a pulse which, after a delay 

of about 200 |is, is sent to the YAG laser as a trigger 

signal. The internal electronics of the YAG laser triggered 

by this signal fires the xenon flashlamp which builds up the 

population inversion of the YAG laser gain medium for 195 

|is, after which the Q-switch opens and produces a laser 

pulse. A square pulse signal synchronized with the Q-switch 

is then sent to all the other electronics as a trigger 

signal. The running of the system, including molecular beam 

and laser pulses, data acquisition and processing, and laser 

scanning, is coordinated by a data acquisition code written 

117 



in FORTRAN, and linked with various subroutines which were 

supplied with the DT2811 card. The data acquisition code 

requires the following input parameters from the 

experimenter: the number of total data points for each scan, 

the step size in multiples of 0.1 îm for two adjacent data 

points, and the number of laser shots to be averaged for 

each data point. The first two parameters determine the 

wavelength range and resolution of the scan. For a wide 

wavelength range and medium resolution scan, the typical 

values of 1024 data points and 5 0.1 îm steps are chosen, 

which corresponds to about 130 cm"̂  scan with resolution 

(wavelength step size) of 0.12 6 cm"̂  in the vicinity of laser 

wavelength at 400 nm. The third parameter is the number of 

laser shots to be averaged. The averaging of signals for a 

number of laser shots at each data point allows the 

reduction of laser shot to shot fluctuation noise due to the 

instability of the laser intensity and beam profile. Under 

the experimental conditions of this study an averaging of 

10-12 laser shots for each data point will give a reasonably 

good signal to noise. 

The computer simultaneously acquires four channels of 

data for a number of laser shots, averages each of the four 

channels and writes the results into memory. After finishing 

a data point the computer issues a command to step the motor 

and thus tune the laser for next data point. At the end of 
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the scan the computer will write the data onto a hard disk 

as a binary data file. A scan with the input parameters 

quoted above takes about 18 minutes for a laser repetition 

rate of 10 Hz. The data files are then uploaded to the main 

frame computer, where they are first calibrated with the 

simultaneous uranium spectrum by using a special spectrum 

analysis program. For each of the binary data files the 

spectrum analysis program will generate calibrated ASCII 

data files for different channels with spectral intensity 

v.s. laser frequency. The hard copy of data files can then 

be produced. 
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CHAPTER IV 

EXPERIMENTAL RESULTS AND COMPARISON TO THEORY 

4.1 Dissociations of H, in Low-field Regime 

In this section of the thesis the dissociation spectra 

of H2 in the low field regime will be discussed for high 

Rydberg states converging to the vibrational ground state 

v=0, and rotational states K=0, 1, 2 with principal quantum 

numbers near n=10, and n=16~20. These data represent the 

first fully resolved and well defined Stark spectra in high 

Rydberg states of a diatomic molecule. In addition, a 

dynamical property previously unobserved, rotational series 

interaction, has been revealed by comparing the experimental 

results to an energy matrix diagonalization calculation. All 

the data discussed in this section were taken within the 

low-field regime which is defined by the electric field 

region between zero field and the Inglis-Teller limit 

eq.(2.14) (Fi.T.=l/3n̂ ) , as discussed in section 2.2.2 of 

Chapter II. Below the Inglis-Teller limit the states which 

belong to two successive manifolds n and n+1 do not mix 

significantly, therefore the principal quantum number n is a 

good quantum number. In this field regime the energies of 

all the states are below the field ionization limit 

E =-v/2F. In the following subsections I will present the 

experimental results beginning with a simple and "clean" 

Stark spectrum of para-H^ near n=10, and then the more 

complicated spectra of n=16~20. 

120 



4.1.1 Spectra of Dissociation of Para-H, Stark 
State Converging to v'*'=0, ̂ "̂ =0 (n=10) 

Fig.4.1 shows the spectrum of n=10 para-Hj Stark states 

excited from the v'=0, J"'=0 level of the E state and 

converging to the vibrational and rotational ground state 

v^=0, "̂̂ =0, for a number of different field strengths. These 

data were taken with the second laser (DL2) in TI-

polarization; that is, the laser is polarized parallel to 

the electric field. The horizontal axis is laser photon 

energy of the scan from 24099 cm"̂  to 24193 cm'\ which 

corresponds to the energy range of the scan from -1153 cm" 

to -1060 cm"̂  relative to the first ionization potential 

(I.P.). In this wavelength we found that a mixture of Bis-

MSB and DPS laser dyes (in methanol) in the oscillator, 

which is pumped by the third harmonic of the YAG, lases much 

better than either of the individual dyes. The numbers on 

the upper left hand corner of each scan represent the 

applied electric fields. The applied fields ranging from 200 

V/cm to 5000 V/cm are much lower than the Inglis-Teller 

limit (17 kV/cm for n=10 state). The zero-field spectrum is 

not shown, because, as discussed early in section 2.3.4 of 

Chapter II, the para-np high Rydberg states generally have 

very small dissociation rates in the field free case. There 

are several general features which should be noted. Fig.4.1 

represents a "clean" Stark map in a diatomic molecule with a 

fully resolved spectrum. For a relatively weak electric 

field (200 V/cm), the lOpO and the lOdO (denoted by nIK) 

levels of the n=10 state show strong intensities, since the 

lOpO is the only level excitable from the lower E state 

(which has almost pure s character) by one-photon excitation 
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Fig. 4.1. Predissociation spectra of para-Hj n=10 Rydberg 
state for a number of electric fields. The electric-field 
strengths are indicated on the upper left-hand corner for 
each spectrum. 
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in zero-field, while the lOdO level which is forbidden at 

zero-field has relatively large dissociation rate due to its 

s-d configuration mixing with the lOsO level. At this field 

strength, however, the forbidden level lOsO and some others 

with orbital angular momentum 1^2 begin to mix by the 

applied electric field with the lOpO level and show non-zero 

oscillator strengths. As discussed before molecular hydrogen 

is a nonhydrogenic system which possesses non-zero quantum 

defects for the penetrating levels, such as s and p. In the 

zero-field, the nonhydrogenic levels belonging to the same 

principal quantum number n and different angular momentum 

quantum numbers are not degenerate with the hydrogenic 

manifold. Therefore, they will undergo a quadratic shift at 

low fields, and will join the hydrogenic manifold at high 

field strengths, for which the mixing of hydrogenic and non

hydrogenic levels is complete. The field required for such a 

complete mixing is a field which induces an interaction 

matrix element <i|;5|Fz|i|;> comparable to the energy between 

the non-hydrogenic state and the hydrogenic manifold 

ib/n^) • For the lOsO level this field is about 4300 V/cm. 

For fields higher than this value, a complete hydrogenic 

manifold with linear Stark shifts is formed. This feature is 

clearly shown in Fig.4.1. At a field strength of 500 V/cm, 

the forbidden manifold levels begin to appear by mixing of 

orbital angular momentum 1 with the lOpO, while the non

hydrogenic lOsO level is undergoing a quadratic shift. At 

the field strength of 1500 V/cm all the Stark components are 

fully resolved, but the lOsO level is still outside the 

manifold. There are a total of 10 peaks which is what the 

hydrogenic Stark theory predicts (sec. 2.2.2) for 
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71-excitation of the n=10 states. At field strengths of 

above 4000 V/cm, an almost equally spaced linearly shifted 

hydrogenic manifold is formed. The energies of the lOsO and 

lOpO states when extrapolated to the zero field match with 

the theoretical values of the zero-field multichannel 

quantum defect theory calculation of Sakimoto^^^', and the 

lOpO energy agrees with the experimental value of 

Herzberĝ '̂'̂  . However, the zero-field energy of the lOpO 

level is somewhat higher than the value predicted by the 

general Rydberg formula eq.(2.12) iE = R/ in-b^o"^^^ with the 

known Hund's case (d) npO quantum defect 5^^=0.011. This 

discrepancy is due to the perturbation effect of all other 

underlying or nearby perturbing states which are not 

included in the general Rydberg formula eq.(2.12), such as 

rotational interaction between the "̂̂ =0 and R^=2 series. 

The intensity distributions of the manifold depend in a 

complicated way on both the excitation oscillator strength 

and the decay dynamics (dissociation rate) of the individual 

Stark components. I will defer the discussion of dynamics to 

the next several sections. 

4.1.2 Dissociation Spectra of Rydberg Stark 
States Converging to V^=0, K^=0,l,2 

In this section the predissociation spectra of the 

Stark states with principal quantum numbers n=17~20 and 

converging to v^=0, K^=0, 2 for para-Hj and R^=l, for ortho-Hj 

will be discussed. The second laser (DL2) which excites the 

Rydberg Stark states from the E state is tunable in the 

wavelength range from 4000 A to 4 022 A with DPS laser dye 

in both oscillator and amplifiers. 
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4.1.2.1 Para-Hj 

Fig.4.2 shows the predissociation spectra of para-Hj 

for states excited from the v'=0, J'=0 level of the E 

electronic state with 7C-polarized light for a number of 

electric-field strengths. Again, because we are using Tr

polarized light (selection rule AMJ=0 ), the final states 

all have a projection of total angular momentum given by 

Mj=0. Therefore all spherical basis angular-momentum levels, 

including the s level, are included in the composition of 

the Stark spectra. The zero-field energy locationŝ '̂'̂  of the 

important p levels in this are indicated at the top of the 

figure. The zero-field location of the 17sO level which is 

forbidden in zero-field in our excitation scheme is also 

indicated with the value found in even parity 

experiments. ̂^̂^ 

For very small field strengths, predissociation is seen 

only in the region of the perturber 4p7i v=3 and not at the 

energies of the highly excited Rydberg states. This is 

clearly evidence that the unperturbed J=l para-np Rydberg 

states have negligible predissociation rates (less than -

10^ s"̂ ) at zero-field. The strong predissociation of the 

19p0 state is due to its coupling to the perturber of low 

principal quantum number and excited vibrational core state 

4p7T; v=3, which causes it to borrow predissociation 

intensity. The 4p7i v=3 state is known to have a large 

predissociation rate in zero-field through ro-vibrational 

coupling to the dissociation continuum of 3pô E*̂ ^̂ '. This is 

a typical example of accidental predissociation discussed in 

sec. 2.3.4. As the field strength is increased, but still 

quite weak (50 V/cm) , however, the Rydberg states begin to 
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Fig. 4.2. Spectra of predissociation of high Rydberg states 
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appear in dissociation. This is clearly a field-induced 

predissociation of the Rydberg states which is believed to 

result from one or both of the mechanisms to be discussed 

later in this section. 

As the field increases, transitions to levels that are 

not allowed at zero field by the selection rule Ai = ±l are 

seen to appear as mixing of orbital angular momentum by the 

field occurs. These consist of transitions to the mixed 

levels originating from the ns R'=0 levels, as well as 

transitions to the hydrogenic manifolds of levels with i>i, 

K^=0. Additionally, as the field strength increases, 

transitions to the np K^=2 rotationally excited core states, 

which have vanishing small oscillator strength at zero-

field̂ '̂̂ ,̂ appear due to the enhanced rotational coupling 

between the "̂̂ =0 and H^=2 series, which is caused by Stark 

shifting the two series closer in energy at a particular 

field. 

The spectra show that the general features of the 

energy structure of the Stark manifolds are in many ways 

similar to those of complex atoms: the nonhydrogenic s and p 

states show quadratic shifts for weak fields, and eventually 

join the linearly shifting hydrogenic manifold. A complete 

manifold originating from a principal quantum number n 

should contain, according to the discussion of sec. 2.2.2, 

n-\Mj\=n-0 =n levels. This is exactly what we see in the 

spectra of Fig.4.2. However, the interaction between the 

states belonging to different ion core rotational states 

leads to previously unobserved effects in the Stark spectra. 

In particular, at fields of about 600 V/cm we see a region 

of avoided crossing between the state originating from the 
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15p2 state and the blue shifted Stark components for the 

18p0. In addition to effects on the state energies due to 

the avoided crossing, comparison of the intensity 

distribution of the n=17, K-=0 manifold (which is relatively 

unaffected by rotational interaction since it is relatively 

far away in energy from the 15p2 state) and the n=18 R*=0 

manifold shows that mixing near the crossing has a 

pronounced effects on the line strengths. In particular, the 

interaction causes the 15p2 state to borrow intensity from 

the n=18 states and leads to a loss of intensity from the 

highest-energy Stark components of the n=18 manifold. We 

have modeled the above Stark spectrum in the energy and 

field region around the crossing of n=18 R'=0 manifold and 

the 15p2 state using the theoretical approach discussed in 

sec. 2.3.6 A of Chapter II. The detailed calculation will be 

given in next section. 

Fig.4.3 shows the same region of predissociation 

spectra of para-H2 as Fig.4.2 for states excited from the 

v'=0, J'=0 level of the E state but with o-polarized light. 

Because these spectra are excited by o-polarized light (the 

laser light is polarized perpendicular to the electric 

field), the selection rule AMJ-=±1 requires that all the 

final states have a projection of total angular momentum 

|MJ-| = 1. Therefore the s levels which have a projection of 

total angular momentum M^O should not appear. Indeed, the s 

levels are not seen in the spectra of Fig.4.3. The zero-

field spectrum of predissociation shows features similar to 

the 71-polarized excitation of Fig. 4.2. At zero field 

predissociation is not seen for most of the high Rydberg 

states except for the accidental predissociation of 19p0 
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state near 4p7i, v=3. This again confirms that para-np (J=l) 

Rydberg states have very small predissociation rates. The p 

levels now are the only nonhydrogenic states with 

significant quantum defect. Because of the o-polarized 

excitation (M^l final states), the complete manifold 

originating from a principal quantum number n contains 

n-\Mj\=n-l levels. This is what exactly shows up on the 

spectra. Therefore, high Rydberg states of Ĥ  with a loosely 

bounded electron have very similar characteristics in an 

electric field to those of complex atomic systems. Comparing 

the spectra of Fig.4.3 to Fig.4.2 shows that the intensity 

distribution of the M^l final states with o-polarized 

excitation is somewhat different from that of the M^O final 

states for the same field strengths. Particularly, because 

the s levels are missing in the M^l spectra, there are no 

particularly strong predissociation levels in the spectra of 

Fig.4.3. The intensity of dissociation seems to be more 

equally distributed than that of M^^O spectra. Again, as the 

field increases, the n=15, R'=2 state appears strongly by 

coupling to the blue wing of the n=18 manifold. 

4.1.2.2 Ortho-Hj 

Fig.4.4 shows a region of ortho-H2 predissociation 

spectra for states excited from the v'=0, J'=1 level of the 

E electronic state with TI-polarized laser light. Because 

the initial state has a total angular momentum J'=l, the 

selection rule for one-photon dipole transition, AJ=±1, 

allows the total angular momentum of final states to be ̂ =0, 

1, and 2, corresponding to P(l), Q(l), and R(l) transitions, 

and projections of J to be Mj^-1, 0, and +1. Because there 
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are three different branches of transition for each of nl 

levels except for ns levels (for ns R-1 levels there is only 

one branch, Q(l)), the Stark spectra of ortho-Hj are 

expected to be much more complicated than those of para-Hj. 

Nevertheless, several general features can be noted: in zero 

field only the np states are seen in the spectra, since they 

are the only states excitable from the initial so state. 

The three branches P(l), Q(l) and R(l) for each np state are 

still well separated in energy for principal quantum number 

of n~18. As the principal quantum number n increases, the 

separation between the P, Q, and R transitions for the same 

np state will be closer and more difficult to resolve, since 

the transitions of P, Q, and R with different total angular 

momentum J converge to the same rotational core state and 

have the same energy under pure Hund's case (d) coupling 

J=l+R. In the field-free condition, these three series do 

not perturb each other due to the perturbation selection 

rule of AJ=0 . The Q(l) branch generally has relatively 

greater transition intensity among the three, '•^^^ and the 

states excited via Q branch have relatively smaller 

predissociation rates'̂ >̂ due to their negative reflection 

symmetry of electronic wavefunction respect to any plane 

containing the molecular axis as discussed in sec. 2.3.1. 

The states excited by P and R branches have relatively 

larger predissociation rates for they have a positive 

reflection symmetry. In zero-field, however, most of the 

high Rydberg states show very small dissociation yield as 

seen on the top of Fig.4.4. The 19p R(l) transition has a 

relatively larger predissociation at zero-field due to its 

coupling to the predissociative 4pTX (v=3, R(l)) state, 
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which occurs because both of them have the same total 

angular momentum J-2 , As the field strength increases, the 

predissociation yields for the three series appear on the 

spectra due to field-induced dissociation. Field-induced 

dissociation for ortho-Hj may be due to two different 

processes. The first one is the same as for para-Hj spectra, 

which will be discussed later in this section; the second 

process is the field-induced coupling between different J 

states within the same configuration. As the field 

increases, each of the levels of different J and same n will 

fan out and traverse avoided crossings with each other. The 

relatively stable Q transitions will acquire predissociation 

intensity through couplings in the avoided crossings with 

the P and R transitions, and show strong predissociation^^^' 

as seen in the Stark spectra of Fig.4.4. For a field 

strength larger than 400 V/cm, each of the n states becomes 

an almost hydrogenic manifold. These manifolds are much more 

complicated than those of the para-Hj, because they are 

formed from three different series. For excitation from a 

J-'=l initial state with 71-polarized light, the ^=0 series 

(R(l) transition, M^^O) has n levels, while the J=\, 2 

series (Q(l) and R(l) transitions, Mj=0, ±1) each has n+2 (n-

l)=3n-2 levels. The total number of hydrogenic levels for 

each n are 7n-4. For n=18 there are 122 levels. Because the 

levels belonging to different Mj and same J are degenerate 

under zero magnetic field, and some of the levels have very 

small transition or dissociation intensities, the 

predissociation spectra show only some of the levels. 
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4.1.2.3 Field-Induced Predissociation 

Our results show that the predissociation of the Stark 

states is predominantly field induced. The field-induced 

predissociation along with the excitation oscillator 

strength has a direct effect on the distribution of 

predissociation line intensities. The physical origin of the 

field-induced predissociation and its effects on the 

spectral line intensities will be discussed in the 

following. There are two distinct mechanisms for field-

induced predissociation, which are responsible for the 

predissociation shown in the spectra. First, predissociation 

can be directly induced by the electric field through mixing 

the highly excited ungerade Rydberg states with the 

dissociative continua of excited gerade states such 

ilso2so+2po^) Er F^Hg, (3so)/f^Sy, and i3dTi)llg with which the 

highly excited ungerade Rydberg states do not interact at 

zero-field because of their different inversion symmetry. 

This field-induced predissociation mechanism has been 

outlined in sec. 2.3.5 A of Chapter II. Another possible 

mechanism is that if the zero-field states of various 

orbital angular momentum I have different predissociation 

rates, the field-induced mixing of I will lead to Stark 

states with field-dependent predissociation decay rates. For 

simplicity and intuition, recall the para-Hj spectra of 

Fig.4.1 and 4.2 with 71-polarized excitation. The Stark 

components which are observed to have significantly enhanced 

predissociation rates at low field are on the blue side of 

the Stark manifold. Since the zero-field s levels have a 

negative quantum defect, ̂̂''̂  they are shifted to the high 

energy side relative to the Stark manifold. Therefore, as 
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the s levels begin to mix with the hydrogenic manifold, the 

blue-shifted Stark levels will have a larger s composition 

than other Stark levels due to their smaller energy 

difference. The result will be an enhanced predissociation 

yield for these blue-shifted levels if the zero-field s 

level has a significantly greater decay rate than the other 

angular momentum levels. Indeed, since we do not observe 

predissociation of the high np Rydberg levels at zero-field 

while ns states are observed to predissociate at zero 

field, ̂ "̂̂^ the ns predissociation decay rates would have to 

be much larger than those of the np levels. This is easily 

justified since the s levels have the largest core 

penetration of the excited electron. At high fields, I 

mixing will be more complete and the predissociation rate of 

the s levels will be spread over all the Stark components 

more equally. This model of I-mixing of levels with 

different zero-field dynamics have been proved by our 

experimental and theoretical results to be successful not 

only in the explanation of predissociation, ̂"̂̂ ^ but also in 

modeling the competition between autoionization and 

predissociation, ̂"̂̂ ^ as will be shown in the next several 

sections. 

4.1.3 Theoretical calculation of para-H, Stark 
spectra—energy matrix diacronalization with 
rotational series interactions 

I will use the energy matrix diagonalization method 

outlined in sec. 2.3.6.1 of Chapter II to simulate the 

experimental spectra. We choose to simulate the para-Hj 

spectra converging to v*'=0, "̂̂ =0, 2 core states with TI-

polarized excitation because these spectra are simple and 
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yet contain all the typical information. Specifically, we 

will model an energy region which contains the 18p0, 19p0, 

and 15p2 states. As discussed in sec. 2.3.6.1, the Rydberg 

states can be described with Hund's case (d) coupling, in 

which the orbital angular momentum of the excited electron 

is decoupled from the internuclear axis, but couples to the 

rotational angular momentum of the core. Because the field 

strengths we are considering are below the Inglis-Teller 

limit where different n states begin to mix, the interaction 

between different n manifolds can be neglected. Also we do 

not consider the vibrationally excited core states because 

all Rydberg states in our calculation belong to the same 

vibrational core state v'̂ =0, and the vibrational core state 

is not affected by fields of these strengths. The zero-field 

unperturbed basis set is then \n, 1, R, J,Mj> . The projection 

of total angular momentum is M^O for TT;-polarized 

excitation. The rotational quantum number R is restricted to 

jR=0, and 2 for para-H2 (zero-field states converging to R=A 

do not appear in this energy range and can be neglected). 

The principal quantum numbers are given by n=15, 18, and 19, 

with corresponding orbital angular momentum quantum numbers 

1=0, 1, ••• n-1. The total angular momentum J is calculated 

by the standard angular momentum coupling J=L+R. The 

numbers of basis states for n=18, and 19 which converge to 

•̂̂ =0 are 18 and 19, respectively; while number of basis 

states for n=15, which converges to R^=2, is 5n-6=69. The 

total number of basis states is then 106. The diagonal 

matrix elements which are the unperturbed zero-field 

energies of the Rydberg states are calculated using 

eq.(2.40) with the known quantum defects of various orbital 
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and rotational angular momentum levels in Hund's case 

(d) . <"'̂ >̂ The results of the diagonal matrix elements 

labeled by Hij^u are given in Table 4.1: 

Table 4.1 

Diagonal energy matrix elements and quantum defects 
for para-Hj Rydberg states converging to v^=0, H*=0,2. 

n 

18 

18 

18 

19 

19 

19 

15 

15 

15 

15 

15 

R" 

0 

0 

0 

0 

0 

0 

2 

2 

2 

2 

2 

1 

0 

1 

2-17 

0 

1 

2-18 

0 

1 

1 

1 

2-14 

J 

0 

1 

\J=L+R*\ 

0 

1 

|j'=Ir+JZ*| 

2 

1 

2 

3 

\J=L+R*\ 

^ij. ij 

-335.5 

-339.0 

-338.6 

-301.2 

-304.2 

-303.9 

-308.1 

-321.3 

-308.3 

-325.8 

-313.6 

b 

-0.0845 

0.011 

0 

-0.0845 

0.011 

0 

-0.069* 

0.103 

-0.068* 

0.183* 

0 

The energies are in units of cm"̂  and relative to the R''=0 

ionization limit. The quantum defects with a star are 

estimated from the data of ref.[27]. The energy separation 

of 174.5 cm~̂  between the ^"=0, K''=0 and v^=0, ̂ ""=2 limits is 

used. The off-diagonal Stark energy matrix elements are 
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calculated using eq.(2.41). The reduced radial matrix 

elements are taken in first order to be hydrogenic in the 

calculation, which saves considerably computer resource and 

yet gives reasonably good results. The coupling between 

states by the Stark field is subject to the selection rules 

Ai = ±l, AJ=0, ±1, and AR = 0 . The last selection rule is 

strictly valid only in weak fields with the assumption that 

the electric field has negligible effect on the molecular 

core. The rotational interaction between npO and np2 states 

is calculated using the field-free coupling matrix elements 

eq.(2.37). The rotational coupling matrix elements are: 

<22=18, i=l , i?*=0 | i / j i^ |27=15, i=l , i?*=2>^ J L _ ^ ( 0 . 1 0 3 - 0 . 0 1 1 ) 
133/2153/2 

= -6 .43 cm-^ , 

a n d 

<n=19,l = l,R'=0\H^l^\n=15,l = l,R'=2> = ^-^(0 .103-0.011) 
193/2153/2 

= - 5 . 9 3 cm-^ . 

The diagonalization of this Stark energy matrix of 106 basis 

states takes only a few seconds CPU time in a VAX computer. 

The eigenvalues of the diagonalized matrix are the energies 

of the Stark states. The wavefunctions of the Stark states, 

which are admixtures of the basis functions, can be 

constructed by the eigenvectors of the energy matrix using 

eq.(2.42). The relative excitation oscillator strengths of 

the Stark states are then calculated using eq.(2.43). Since 
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the initial state in our study has s character with J-'=0, 

the selection rules of one-photon electric dipole 

transitions will select only 1=1, j=i components of the 

Stark wavefunctions. Because the field-free oscillator 

strengths of the H^=2 state are much smaller than those of 

•̂"=0 states, ̂̂'̂̂  they are adjusted to fit the intensities of 

the experimental spectra to give a reasonable agreement. The 

zero-field "̂"=2 oscillator strengths are the only adjustable 

parameters in the calculation. Our calculation shows that 

the exact value of the relative K'=2 oscillator strength has 

a relatively small effect on the theoretical spectra. The 

simulated oscillator strength spectra are convoluted with an 

instrumental Lorentzian profile with a width of 0.15 cm"\ 

to approximate the experimental resolution. 

Fig.4.5 shows a comparison of the simulated spectrum 

and the experimental spectrum of Fig.4.2 for an electric-

field strength of 300 V/cm. The theoretical calculation 

correctly reproduces the energies of the Stark levels and 

the general appearance of the spectrum; in particular, it 

reproduces the suppression of the intensities of the bluest 

components of the n=18 manifold by the rotational 

interaction with the 15p2 state. However, the theoretical 

intensities in the region of the high-energy side of the 

n=18 manifold are much smaller than the 

experimental values. In addition, the intensities of the 

lines in the middle of the hydrogenic manifold are somewhat 

larger in the experimental spectrum than in the theoretical 

one. The explanation for these discrepancies lies in the 

fact that we are actually measuring the total 

photodissociation yield for the excitation from the E state 

139 



300 

1 

el
d 

(b) 

=<- 300 
o 

el
ec

tr
 

1 

J 

1 

•VJL 1 

i ' ' 

1 
1 

1 

1 

! 
1 

j 

-355 -335 -315 -295 

energy from (R=0, v=0) IP (cm') 

Fig. 4.5. Comparison of (a) experimental spectrum for a 
field of 300 V/cm in the region containing the 18p0, 19p0, 
and 15p2 zero-field states, and (b) simulated spectrum at 
300 V/cm from the theoretical model described. Note the 
large discrepancy between the theoretical and experimental 
intensities on the high-energy side of the n=18, H*=0 Starl< 
manifold. 

140 



to the Rydberg Stark states; consequently, the line 

strengths will reflect both the excitation oscillator 

strength of the state in question and its predissociation 

rate. We can conclude that the Stark levels on the high-

energy side of the n=18 manifold, which have relatively 

larger s character, have a larger predissociation 

probability than those in other parts of this spectral 

region. For the Stark levels originating from n=19 state, 

with a much smaller amount of rotational interaction, the 

experimental intensity distribution of the manifold is much 

closer to the theory, and there is no intensity modulation 

on the high-energy side of the manifold. 

Fig.4.6 compares the experimental and theoretical 

spectra at a higher field, 500 V/cm. At this field, the 

intensity distribution on the high-energy side of the n=18 

manifold is closely reproduced by the theoretical model, 

showing that the rotational interaction is well accounted 

for. The intensity distribution is quite sensitive to the 

rotational interaction matrix elements, and the observed 

agreement seems to rule out any strong additional coupling 

due to Stark-induced R* mixing in this region of principal 

quantum number and field. Additionally, the relative line 

intensities in the same region are in much better agreement 

than at the lower field of Fig.4.5. This is direct evidence 

that the predissociation yields of the Stark states are more 

nearly equal at this higher field, meaning that the 

predissociation rates are more nearly equal due to the more 

complete mixing of states or that the predissociation for 

all of the Stark components at this field is practically 

total. It should be noted that there is a fairly large 
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Fig. 4.6. Comparison of (a) experimental spectrum for a 
field of 500 V/cm in the same energy region as Fig.4.5, and 
(b) Simulated spectrum. The theoretical and experimental 
intensities of the Stark components throughout the spectrum 
are in better agreement than in the lower field of Fig.4.5. 
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disagreement between the calculated and observed energies 

for the state arising from the 15p2 R^=2 zero-field state. 

This could be due to inaccuracies in the zero-field data 

used for this state, or the onset of a small amount of 

additional rotational mixing due to the electric field. At 

low fields, another discrepancy between the experimental and 

theoretical intensities is the large experimental intensity 

of the Stark levels arising from the hydrogenic manifold of 

high-I levels. This difference may be explained by a 

relatively large predissociation rate for the zero-field d 

level, arising from the strong s-d mixing as discussed in 

sec. 2.3.4. Directly field-induced predissociation might 

also play a role in the origin of the large intensities of 

high-I levels. 

4.2 Dissociation and Ionization of 
Vibrationally Autoionizing 

Rydberg States in an 
Electric Field 

In this section of the thesis, the experimental and 

theoretical results for the dissociation and ionization of 

para-Hj, vibrationally autoionizing Rydberg Stark states 

converging to the v*"=l vibrational core will be presented. 

The principal quantum numbers of the Rydberg states studied 

here are limited to n=10 and 11. The electric field strength 

ranges from 0 V/cm to 5350 V/cm. Under these field strengths 

the energies of the Rydberg states of n=10, and 11 are still 

much lower than the field ionization limit E^=-2,J¥l for 

states converging to the v*=l vibrational core (for n=10, 

F^=32 kV/cm; for n=ll, F^=22 kV/cm) . However, they are more 

than 1000 cm"̂  higher in energy than the v^=0, K^=0 zero-
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field ionization limit. Therefore, these Rydberg states 

cannot be field ionized by the applied electric field, but 

they may autoionize by coupling to the underlying v*=0 

continuum as schematically shown in Fig.4.7. Consequently, 

there are two possible decay channels for the n=10, and 11 

(v'=l) states, autoionization and predissociation. 

The Rydberg Stark states are excited from the initial 

^^=0, J'=0 level of the £'*S* electronic state by 7t-

polarized laser light which is tuned to wavelengths between 

3803 A -3759 A. The laser dye used in the oscillator and 

amplifiers which produce the UV beam is Exalite-37 6 in p-

dioxane (for excitation of the n=10, v̂ =l states, a mixture 

of Exalite-376 and Exalite-384 is used) with a concentration 

of ~9xl0~^ M/1 in the oscillator and -IxlO"* M/1 in the 

amplifiers. Because of the nature of autoionization which 

always has a background, and the fact that the 

autoionization signals for n=10, 11 are rather weak, we find 

it necessary to average five runs at each field to improve 

the signal-to-noise ratio of the ionization spectra. This 

averaging leads to some degradation of the spectral 

resolution due to small calibration errors in the individual 

runs. The resolution of the spectra is estimated to be about 

0 . 3 cm~̂ . 

4.2.1 Spectra of Autoionization and Dissociation 
of Para-H, Stark States Converging to v̂ =l 
Core State 

The Rydberg states studied in this section which are 

excitable at zero field are labeled by lOpO, v*=l, and llpO, 

v*"=l. In this same energy region there are several 

rotationally excited states, such as 9p2, 10p2, and llp2, 
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Fig. 4.7 Schematic diagram of vibrational autoionization, 
showing the vibrational autoionization process of Rydberg 
states with v*'=l core. 
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which converge to the rotationally excited core R'=2, v'=l 

and rotationally interact with the npO states. There are 

also several other states with higher degree of core 

excitation, such as the 9po, v*=l, j=3 state and the 4po, 

"̂""̂ ^ ^=^ state. The 9po state is in the transitional region 

between Hund's coupling cases (b) and (d) ; in terms of case 

(d) states, it is a superposition of R=2 and R=A states, and 

will be labeled by 9p4 for simplicity. The oscillator 

strengths of these rotationally excited states are generally 

very small (for J=l states) or are forbidden (for J#l) in 

zero field, and are, therefore, not seen in the spectra at 

zero field. As the field is increased, however, they appear 

due to their Stark mixing with the R=0 states. The 4po, 

V*"=5, J=l state is directly excitable from the initial state 

(cr'=0), and appears at all fields as a peak in the 

dissociation spectra. 

Fig.4.8 shows the Stark spectra of ionization in the 

region of the lOpO states for a number of electric field 

strengths ranging from 0 to 5350 V/cm. Fig.4.9 shows the 

Stark spectra of dissociation for the same energy region and 

fields. Fig.4.10 and 4.11 show ionization and dissociation, 

respectively, for the region of the llpO state. For very 

weak fields near zero, the dissociation signals for both 

lOpO and llpO are too small to be detected. Thus, our data 

show that the field-free high Rydberg states have very small 

predissociation rates, and this general feature holds not 

only for the vibrationally unexcited ground core state, but 

also for the vibrationally excited core states. At zero 

field, both lOpO and llpO states show relatively strong 

intensities in ionization spectra. The appearance of 
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Fig. 4.8. Spectra of ionization in the region of the lOpO, 
v'"=l state, for the field values given at the left. The 
vertical scales are arbitrary, and differ from spectrum to 
spectrum. The zero-field locations of the nonhydrogenic 
states in this region are denoted by arrows in the uppermost 
scan. 
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Fig. 4.9. Predissociation spectra for lOpO v+=l acquired 
simultaneously with Fig.4.8. 
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Fig 4.10. Ionization spectra in the region of the llpO, 
v+=l state for a variety of fields. The zero-field locations 
of the nonhydrogenic states in this region are denoted by 
arrows in the uppermost scan. 
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energy from (R=0,v=1) I.P. (1/cm) 

Fig. 4.11. Predissociation spectra of llpO, v+=l acquired 
simultaneously with Fig.4.10. 
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these peaks in ionization is due to the coupling of the 

vibrationally excited npO states to the underlying v"=0 

continuum, leading to vibrational autoionization. As the 

field is increased, the autoionization peaks associated with 

each of the lOpO and llpO states decreases in size, 

indicating that the autoionization yield is decreasing with 

field. The actual autoionization rates are difficult to 

deduce from the linewidths of our data since our resolution 

is degraded by the signal averaging process which we used; 

however, the reduction in the autoionization peak height can 

be clearly seen by comparing its height at different fields 

to the noise level. This phenomenon of electric-field 

hindered autoionization has been observed previously in 

atomic systems^^^ and in an indirect fashion in Naj, ̂̂ ' and 

can be attributed to Stark mixing of the npO states with 

states of higher angular momentum i^2. Since most of these 

higher I states are nonpenetrating, they have negligible 

autoionization rates; therefore, the mixed state will have a 

reduced autoionization rate which can be directly related to 

the fractions of low-angular momentum states which are mixed 

into the autoionizing state by the Stark interaction. Our 

data directly show the process of electric-field hindered 

autoionization with fully resolved spectra. It should also 

be noted from Fig.4.9 and 4.11 that the dissociation peaks 

associated with the lOpO and llpO states increase as the 

field is increased. This field-induced predissociation also 

contributes to the reduction of autoionization yields in the 

spectra. This phenomenon was not recognized previously. A 

theoretical simulation of the spectra, which includes both 
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the field-hindered autoionization and field-induced 

dissociation dynamical processes will be given in the next 

section. 

At fields of about 1 kV/cm and higher, the mixed npO 

states become very small in ionization, while a resolved 

Stark manifold begins to emerge. At certain field strengths 

(1 kV/cm for lOpO, and .54 kV/cm for llpO) , the npO states 

disappear from the ionization entirely. As the field is 

increased further, the Stark manifold splitting becomes 

large enough that the individual components are resolved. 

The nsO states which are forbidden in zero-field also appear 

in both the ionization and dissociation spectra, as field-

induced mixing with the p states lends oscillator strength 

to these states. 

Some other interesting dynamical behavior can also be 

seen in the spectra in this field regime. For the n=10 

state, the peak heights in the dissociation Stark manifold 

show a dip within the manifold; at the same location that a 

minimum in dissociation is seen, a peak appears in 

ionization. This phenomenon is related to the oscillator 

strengths of the d component of the Stark states and can be 

interpreted by our theoretical model. The situation for the 

n=ll state is more complicated. This is probably due to the 

presence of the perturbing 4po and 9p4 states which can be 

field-mixed with the n=ll states. In addition, extra 

structure appears in the Stark manifold of n=ll at the 

highest field values due to field-induced borrowing of 

oscillator strength by the 10p2 Stark components. 
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4.2.2 Theoretical Calculation of Vibrationally 
Autoionizing Rydberg Stark States with 
Decay Dynamics 

The simulation of the experimental spectra of 

vibrationally autoionizing Rydberg Stark states will be 

presented in this section. The energy matrix diagonalization 

model outlined in sec. 2.3.6.1 of Chapter II will be used. 

In contrast to the calculation of vibrationally unexcited 

core states spectra, the decay dynamics of the vibrationally 

excited states will be included in the calculation. As in 

the discussion of sec. 4.1.3, a limited set of Hund's case 

(d) functions is used for the unperturbed basis set. The 

nearest rotationally excited perturbing states in energy for 

the n=10 manifold are 9p2 on the low energy side, and 10p2 

on the high energy side; for n=ll, they are 10p2 and llp2, 

respectively. For simplicity, the 4po, V^=5, J=l and 9p4 

states are not included in the calculation of n=ll spectra. 

I will explain this later in this section. 

Again, the unperturbed diagonal energy matrix elements 

are calculated from the known quantum defectŝ ^̂ '̂ ''̂  using 

eq.(2.40). The results are shown in Table 4.2. All the 

energies are in units of cm"̂  and are relative to the v^=l, 

•̂"=0 ionization limit. The quantum defects with a star are 

estimated from the data of ref.[27]. The energy separation 

of 165.2 cm"̂  between the ^^=1, H^=0 and v^=l, K^=2 ionization 

limits is used in the calculation of the R^=2 levels. The 

off-diagonal Stark energy matrix elements are calculated 

using eq. (2.41) . The rotational couplings between the np, 

R+=0 and npf H^=2 states are calculated using eq. (2.37) . The 

results labeled by <n^, 1^,RI\H^I^ {n^, I2'R2> ^^® 
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Table 4.2 

Diagonal_energy matrix elements and quantum defects 
for vibrationally autoionizing Rydberg states 

converging to v*=l, iR*=0,2. 

n 

10 

10 

10 

11 

11 

11 

9 

9 

9 

9 

9 

10 

10 

10 

10 

10 

11 

R" 

0 

0 

0 

0 

0 

0 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

I 

0 

1 

2-9 

0 

1 

2-10 

0 

1 

1 

1 

2-8 

0 

1 

1 

1 

2-9 

0 

J 

0 

1 

2-9 

0 

1 

2-10 

2 

1 

2 

3 

|J-=I+J2*| 

2 

1 

2 

3 

|J'=I+J2̂ | 

2 

•f̂ i J-, ij 

-1072.1 

-1099.5 

-1097.1 

-887.8 

-908.5 

-906.7 

-1159.6 

-1220.8 

-1220.0 

-1220.5 

-1189.2 

-910.3 

-954.8 

-954.0 

-954.5 

-931.9 

-719.8 

b 

-0.116 

0.011 

0.0 

-0.116 

0.011 

0.0 

-0.116* 

0.103 

0.101* 

0.102* 

0.0 

-0.116* 

0.103 

0.101* 

0.102* 

0.0 

-0.116* 
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11 

11 

11 

11 

2 

2 

2 

2 

Table 4.2. 

1 

1 

1 

2-10 

Continued 

1 

2 

3 

\J=1+R*\ 

-758.7 

-727.6 

-769.6 

-741.3 

0.103 

0.085* 

0.168* 

0.0 

< 1 0 , l , 0 | / / j i - ^ | 9 , 1 , 2 > 
2>/2R^^ 

5 3 / 2 - [ _ Q 3 / 2 
( 0 . 1 0 3 - 0 . 0 1 1 ) = - 3 3 .4 cm-^ , 

< 1 0 , l , 0 | / f J 2 ^ | 1 0 , 1 , 2 > = -
2v/2i?^. 

2 Q 3 / 2 3 _ Q 3 / 2 
^ — ( 0 . 1 0 3 - 0 . 0 1 1 ) = - 2 8 .5 c/n"- , 

<ll,l,0|/fJiMll'l/2> = -
2>/2i?„. 

3/2i 1 3/2 
1—(0.103-0.011) =-21.4 cm 

11^/^11 

The spectra of n=10 and n=ll are calculated separately. In 

the calculation of n=10 spectra the 9p2 and 10p2 perturbing 

states are included, thus, there are a total of 93 basis 

functions. For the calculation of n=ll, the number of basis 

is 104 with the perturbing states 10p2 and llp2. 

To completely simulate the experimental Stark spectra, 

which are the overall predissociation and autoionization 

yields of the photoexcitation and directly involve the 

oscillator strengths as well as the predissociation and 

ionization rates of the individual Stark levels, the 

dynamics of the excited states have to be included in the 

calculation. As discussed in sec. 2.3.6.1, the dynamics of 

the Stark levels can be explained by the angular momentum 1 
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mixing of basis states of different zero-field dynamic 

properties. This is done by assigning an autoionization and 

predissociation rate for each of the non-hydrogenic s, p, 

and d states in the basis set. Although the d states have a 

very small quantum defect and are thus nonpenetrating, 

strong s-d mixing leads to significant predissociation rates 

for the d states which must be included. The autoionization 

and predissociation rates are the adjustable parameters and 

are obtained by repeated adjusting to give a good 

cjualitative fit with the experimental intensities and 

linewidths. The autoionization and predissociation rates for 

n=10, and n=ll used in the calculations are 

for n=10, 

Yo,0 = 1.2x10^1 s-\ Yi,o = 10'' s-\ yi,o = 0 s'K 

Y1O=4X101° s-^r Y?,o=0 s-^r Y?,o = 2xlO^^ s-K 

all other Y^ e- ̂ ^^ Y? o- are zero; 

for n=ll, 

Yo.0 = 1-2x10^^ s"^, Yi,0 = 1-2x10^^ s'S Y2,o=0 s"-, 

Yo,o = 8xl0^° s-^ Yf,o=0 s-^r Y1O = 2X101^ 5"^ 

all other Y^ =,- ̂ ^d Yf »• a^® assigned a value of zero. The 

autoionization and predissociation rates ŷ , Y*̂  ^'^^ ^^® 

individual mixed Stark levels are then calculated as an 

incoherent sum of the rates of the basis states, weighted by 

their amplitudes of acimixture in the particular Stark 

wavefunction using eqs.(2.44a, b). The branching ratios of 

the Stark states for autoionization and predissociation are 

calculated using eqs.(2.45a, b). Finally, the simulated 

spectra are calculated for ionization and dissociation by 

eqs.(2.46a, b) using a Lorentzian line shape for each state, 

with a line width given by the sum of its autoionization and 
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predissociation widths and an instrumental resolution of 

Y^"^=0.35 cm-^ 

Fig.4.12 shows a comparison between the experimental 

predissociation results for n=10 and the results of our 

theoretical model for several values of the electric field 

strength. The theoretical results reproduce the energies of 

the Stark levels accurately. The peak heights of the 

simulated spectra also qualitatively match with those of 

experiment except on the low energy side of the manifold, 

where the observed peak heights are smaller than the 

calculated values. The discrepancy may be due to field-

induced mixing with the unidentified perturber which lies on 

the low-energy side of the manifold. Another feature of 

Fig.4.12 which should be noted is that the dips in the 

experimental spectra are quite accurately reproduced by our 

theoretical simulation. A clue to the reason for the dips in 

the predissociation spectra came from the study of the 1 

state composition of the various states in the Stark 

manifold. Fig.4.13 shows the calculated amplitudes of the 

nsO, npO, and ndO basis states in the Stark states as a 

function of state energy at field of 4.27 kV/cm. It shows 

that the d state admixture in the Stark states goes through 

zero in the same region of energy that the dip in 

predissociation is seen. This suggests that the 

predissociation yield for this particular value of n is 

dominated by a strongly predissociating d state. The overall 

agreement between the observed and theoretical spectra 

should not be taken as implying an accurate determination of 

the rates ĉ uoted above, but as a verification of the i-

mixing model of zero-field state dynamics, especially the d 
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Fig 4 12 Comparison of experimental (a) and theoretical (b) 
dissociation spectra of the n=10 states for five values of 
the electric field. The minima in the dissociation yield in 
the Stark manifold are qualitatively reproduced. 
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Fig 4.13. Calculated amplitudes of s, p, d states^(with 
K=0) as a function of state energy for the n=10, R-0 
manifold at a field strength of 4.27 kV/cm. The d state 
amplitude goes through zero at about the same energy that a 
minimum in dissociation yield is seen. 
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state's dominant role in determining the excited state 

dynamics in this particular case. 

Fig.4.14 compares the experimental results for 

autoionization yield to those of our theoretical 

calculations for several fields. There is some qualitative 

agreement between these spectra; in particular, the manifold 

peak which appears in the experimental ionization spectrum 

is predicted to be largest by the theory. However, the 

theory predicts too large an intensity for other components 

in the manifold. Although the source of this discrepancy is 

unclear, it may be due to the existence of additional 

predissociation processes caused by mixing with continua of 

other symmetries, such as gerade states. ̂^̂^ 

We have also applied this model to a calculation of the 

field-hindered autoionization of the lOpO states as function 

of the electric field strength. As can be seen in Fig4.8 and 

4.9, as the autoionization peak associated with the lOpO 

state begins to vanish at higher fields, a peak in 

dissociation appears; therefore, we would expect that an 

accurate simulation of the field-hindering process would 

require that the excited state dynamics be correctly 

included. Fig.4.15 compares our theoretical results to the 

experimental results for ionization of the lOpO for several 

field values, while Fig.4.16 makes the same comparison for 

dissociation. The results from our model are in qualitative 

agreement with the experimental results, showing the 

importance of the emergence of field induced dissociation as 

a contributing factor in the field-induced suppression of 

autoionization. 
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Fig. 4.14. Comparison of experimental and theoretical 
results for lOpO, v-H=l ionization spectra. 
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-1150 -1110 -1070 -1030 

energy from (R=0,v=1) I.P. (1/cm) 

Fig.4.15. Electric field dependence of the n=10 
autoionization peak for several low values of the electric 
field: experiment is on top, and theory is on the bottom for 
each field. The vertical scales of the experimental and 
theoretical results are arbitrary, but the same for each 
field. 
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Fig. 4.16. Electric field-induced dissociation, comparison 
between experiment and theory. Zero-field spectra are not 
shown, since there are no dissociation resonances in that 
case. 

163 



The simulating of the spectra for n=ll has been less 

successful, probably due to the influences of the nearby 

4po and 9p4 perturbers which are not included into our 

theoretical model. Fig.4.17 compares a theoretical 

calculation with the experimental results for the 

predissociation spectrum at a field of 5.35 kV/cm. The 

calculation ignores the presence of the 4po and 9p4 

perturbers but includes the 10p2 and llp2 rotationally 

excited states. The theoretical spectrum reproduces the 

appearance of the additional structure due to the R*=2 

manifold well, but fails to accurately predict the energies 

of the highest energy components of the Stark manifold. This 

discrepancy is clearly due to coupling with the 9p4 state 

which lies on the high-energy side of the manifold, and 

appears in the spectra though intensity borrowing from the 

n=ll state. Indeed, the high-energy manifold state and the 

perturbing state appear to be in the process of undergoing 

an avoided crossing at the highest field under study. At 

lower fields, the shift of the energy of the highest-energy 

component is too large in the theoretical results; since 

this state correlates at low fields to the llsO state, this 

indicates that the case (d) s-p matrix element is larger 

than the actual assumed value. This might be explained as a 

departure of the llpO state from pure Hund's case (d) 

coupling, which would result in an admixture of K^=2 

character into the zero-field state and reduce the strength 

of its coupling with s and d states. Although we might be 

able to model the experimental spectra more accurately by 

including the perturber states in the basis and allowing for 

departures from case (d) coupling, this would lead to an 
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Fig. 4.17. Comparison of theoretical and experimental 
dissociation spectra for the n=ll Stark states at a field 
strength of 5.35 kV/cm. Multistate perturbations between the 
n=ll, R=0 states and the 4po, v*=5 and 9p4 states result in 
poorer agreement between theory and experiment for these 
states. 
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excessive number of adjustable parameters. A more accurate 

modeling of the behavior of this state might be done through 

a multichannel quantum defect theory of Stark effect 

including both ionization and dissociation channels. Such 

theoretical treatments are not currently available. 

4.3 Ionization and Dissociation of H, Rydberg 
States in the Strong-Field Regime, 

Stark Mapping near E^ 

In this section the ionization and dissociation of 

para-H2 Rydberg states in the strong-field regime will be 

studied in a form of Stark maps. The electric field 

strengths range from about 3.2 to about 5.3 kV/cm, which are 

well above the Inglis-Teller limit for state energies 

ranging from -500 to -270 cm"̂  relative to the v^=0, K^=0 

ionization limit. For this field and energy range the 

Rydberg states energies range from below the field 

ionization limit E^ to well above E^. Because the Rydberg 

states are well above the Inglis-Teller limit, the Stark 

levels are fully mixed by the field not only for the 

manifold originating from the same n but also for manifolds 

originating from different n. In this n-mixing regime, the 

principal quantum number n is no longer a good quantum 

number, and the states should be labeled with their energy 

E, parabolic quantum number n^ and the azimuthal quantum 

number m of the Rydberg electron (for singlet para-H^ K^=0 

Rydberg states, m=Mjr the projection of total angular 

momentum). However, for states which do not ionize too 

rapidly, we can still retain n as a state designation, since 

these states still appear as well defined sharp resonances. 

Because the azimuthal quantum number Mj of the Stark levels 
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depends on the polarization of the laser beam, which is the 

same for a single Stark map, the Stark levels will labeled 

by (n, n^), and the Mj is neglected. The possible decay 

channels of the Stark states in these field and energy 

ranges are dissociation, forced autoionization and field 

ionization. Autoionization will be dominated by field 

ionization, except possibly near E^. Therefore, there are 

two Stark maps for the same energy and field ranges, one for 

dissociation and another one for ionization. 

4.3.1 Stark Maps of Para-H, near E^ 

Fig.4.18 shows the Stark map for ionization over an 

energy range from -500 to -270 cm~̂  for a number of fields 

between 3.2 and 5.3 kV/cm, using a 7t-polarized light for 

the excitation of Rydberg states (Mj=0 final state). 

Fig.4.19 shows the dissociation Stark map for the same range 

of energy, electric-field strength, and the same 

polarization. Figs.4.20 and 4.21 show the ionization and 

dissociation Stark maps, respectively, for the same range of 

energy and field strength but for o-polarized light (My=l 

final state). These spectra are the first detailed and fully 

resolved Stark maps for both ionization and dissociation 

channels in any diatomic molecule. 

At a first glance, these spectra may seem to be just a 

bunch of disordered ionization and dissociation resonances, 

however if one views these Stark maps at a grazing angle one 

will find that they are well defined Stark maps with 

detailed dynamic information. Some of the general features 

of the behavior of the Stark resonances which can be seen in 

these maps should be noted. The maps clearly shows Stark 
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manifolds originating from zero-field states with different 

values of the principal quantum number n, with individual 

Stark states undergoing approximately linear Stark shifts as 

the manifolds spread out. This is what we expect for Rydberg 

states of H2 in the strong-field regime as discussed in sec. 

2.3.5, since at these field strengths all the Stark states 

are fully mixed and shift as members of hydrogenic Stark 

manifolds. However, as the states spread out, they can be 

seen to undergo a large number of avoided crossings with 

other Stark states. The separations between Stark states at 

these avoided crossings reflect the strength of the 

nonhydrogenic core-induced couplings between those 

particular states. 

In many cases the Stark resonances can be unambiguously 

identified by comparing the observed energies of these 

states with the results of fourth-order perturbation theory 

calculations ̂^̂^ for hydrogenic atoms. Fig. 4.22 shows a 

region of the ionization spectra for 71-polarized light, 

along with dotted lines which represent the calculated 

energies of the Stark states as a function of field 

strength. Fig.4.23 shows the dissociation spectra in the 

same region of field strength and energy. In area where the 

Stark spectra are not too congested, the observed and 

predicted energies match up sufficiently well to allow 

identification of the states. Several states are designated 

on the figure, labeled with the quantum numbers (n, n̂ ) . The 

match between calculated and experimental energies is best 

for blueshifting states, which is to be expected since they 

are the most stable states against hydrogenic field 

ionization as discussed in sec. 2.1 of Chapter II; 
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-380 -360 -340 -320 -300 

energy from (R=0,v=0) I.P. (1/cm) 
Fig. 4.22. Expanded plot of the 71-polarization ionization 
spectra of Fig.4.18. the dotted lines are the Stark state 
energies predicted by fourth-order perturbation theory. Some 
states have been identified; to reduce congestion in the 
figure, these are labeled by numbers. The identified states 
are (n,ni); 1=(17,6); 2=(17,8); 3=(17,10); 4=(17,12); 
5=(17,14); 6=(19,-6); 7=19,-4); 8=(19,-2); 10=(20,-7); 
ll=(20,-5). 
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therefore, perturbation theory would be expected to be 

relatively accurate for these states. Identification of the 

states is more difficult in congested regions where core-

induced interactions between the states shift their energies 

from the hydrogenic values considerably. 

The Stark maps show many important features of the 

decay dynamics of the Rydberg Stark states. In all cases, 

ionization appears as the state energy rises above E^. The 

onset of field ionization for the Stark states follows the 

hydrogenic scaling law of eq. (2.15) as clearly seen on both 

of the ionization Stark maps Figs.4.18 and 4.20. Below E^, 

all of the observed states decay by dissociation; with our 

detection scheme, we are sensitive to rates on the order of 

10® s~^ or greater (taking all the effects, such as noise, 

collection efficiency, etc., into account). The absence of 

significant broadening in most of the observed resonances 

below E^ implies that the dissociation rates are generally 

less than about 10̂ ° s"̂ . Thus our results constrain the 

possible values for the dissociation rates of the Stark 

states to this range, and show that all of the Stark states 

have dissociation rates which are not too different from one 

another. 

In a region above E^ which is about 50 cm"̂  wide, both 

the ionization and dissociation spectra show peaks at the 

many of the same locations. In this region of energy, the 

decay processes of ionization and dissociation are competing 

effectively. We cannot determine absolute values of the 

branching ratio for each state accurately, due to 

uncertainties in the ionization efficiency of the atomic 

products and collection efficiencies of the atomic and 
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molecular ion products. However, comparison of the peak 

heights in each dynamic channel for a given resonance gives 

a measure of the relative importance of each decay channel 

for the Stark state. 

At still higher energies, fewer peaks are seen in 

dissociation than in ionization. This indicates that many of 

the Stark states have acquired ionization rates larger than 

-10 s~̂ ; for these states, ionization prevails over 

dissociation in determining the decay channel of the excited 

state. Indeed, some Stark states, especially those of red 

shifted states, broadened out to the point of becoming 

unobservable at these energies. The disappearance of these 

states from the spectra leads to some simplification, and in 

this energy range we can pick out some isolated avoided 

crossings. An example is the crossing of the (19, -6) state 

[where the state is labeled with (n, nj ] with the (17, 8) 

state near -345 cm"̂  at field strength of about 4.4 kV/cm. 

The states which still can be observed in dissociation in 

this region of energy are those which are most strongly 

blueshifted. It is just these states which would be expected 

to have relatively small ionization rates on the basis of 

hydrogenic theory. At energies above those presented in 

Figs.4.18-4.21 no peaks are seen in dissociation, although 

structure persists in the ionization spectra. At these 

higher energies all states have ionization rates 

considerably greater than their dissociation rates and 

consequently appear only in ionization. 
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4.3.2 Single-Channel Quantum Df^.ff^.r.t 
Theorv Stark Calculation 

A minimally complete theory of the Stark effect of Ĥ  

in the region of field and energy which we have considered 

would include the interaction between several core 

rotational state channels, as well as field-induced 

predissociation. Such a theoretical model has not yet been 

developed. However, a single-channel QDT-Stark calculation 

might reproduce the general features of the observed 

spectra. The most important interaction near the first 

ionization limit between zero-field states which are 

typically excitable from J=0, even-parity initial state of 

P^^a~H2 is the rotational interaction between Rydberg states 

which converge to the R=0, and R=2 ionic core states. Since 

the corresponding ionization limits are separated by 175 

cm"\ the R=2 states are less affected by the field than the 

R=0 states in a given region of energy; in particular, at 4 

kV/cm the R=2 states will not be classically field ionized 

until their energy reaches -211 cm"̂  relative to the H=0 

ionization limit. Therefore, the K=2 states will not field 

ionize in the energy region which we have studied. However, 

in the region of field strength and energy under 

consideration in this study the R=2 Rydberg states are still 

strongly split. At 4 kV/cm, the Inglis-Teller limit is 

reached at an energy of -440 cm"̂  relative to the R=0 

ionization limit for the R=2 Rydberg states. Thus the R=2 

Stark states are spread over the entire energy region. Each 

R=2 Stark state will interact with each R=0 Stark state with 

a coupling which is reduced significantly from the field-

free coupling due to the reduced charge densities of the 
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Stark states near the core compared to the field-free 

states. By this argument, we might expect that the R=2 

states would not affect the R=0 Stark spectrum much, except 

in localized regions where avoided crossings between R=0 and 

R-2 states occur. Based on the above discussion a single-

channel calculation using the known zero-field quantum 

defects of the R=0 series of H2 might give accurate results 

for the ionization spectra over many regions. Although such 

a treatment would not consider dissociation explicitly, one 

would be able to deduce that all states with sufficiently 

high ionization rate (>10̂ ° s"̂ °) would appear in ionization 

only, those with rates small enough (<10® s"̂ ) would appear 

in dissociation only, and that states with intermediate 

values of the ionization rate would branch significantly 

into each decay channel. 

We have calculated the ionization spectrum in some 

restricted regions of energy and compared the theoretical 

results to our observed data, using a single-channel QDT-

Stark code supplied by Dr. Thomas Bergeman of SUNY-Stony 

Brook. The quantum defects used in the calculation are R=0 

series quantum defects 5g=-0 .116̂ '̂>, 5^=0 . 011<'̂ >, and 5i>i=0. 

All of the oscillator strength are taken to lie in the 

excitation of the p-state series, which is reasonable for 

the case of Hj since the Rydberg Stark states are excited 

from the E, v=0 state, which is almost purely a 2so state. 

The theoretical spectrum is convoluted with a 0.5 cm"̂  full-

width Lorentzian profile to approximate the instrument 

response. A comparison between experiment and theory is 

shown in Fig.4.24 for a theoretical field strength of 4.275 

IcV/cm and an experimental field strength of 4.32 kV/cm, in 
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Fig. 4.24. Comparison between the experimenta ionization 
spectrum at 4.32 kV/cm and the results of a single-channel 
QDT-Stark calculation as described in the text. The 
experimental spectrum is at the top. 
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an energy region which contains the avoided crossing between 

(19, -6) and (17, 8) states. This theoretical field strength 

was selected to give the best agreement between the 

theoretical and experimental energies, and indicates that 

our experimental field calibration may be high by about 

1.0%. The QDT-Stark calculation reproduces the experimental 

spectrum over most of the energy region with quantitative 

agreement, predicting the energies and approximate line 

strengths well. However, the agreement is not good near 

curve crossings of the Stark states; in particular, the 

separation of the (17, 10) and (20, -9) states at their 

avoided crossing near -337 cm"̂  is underestimated by the 

theoretical results. The same is true of the crossing 

between the (19, -10) and (16, 15) states near -365 cm"^ It 

seems to be generally true that the single-channel 

calculation predicts smaller avoided crossings than are 

observed in the experimental spectra. Also, additional 

structure which is not present in the results of the single-

channel theoretical calculation can be seen for some 

energies and field strengths. These discrepancies indicate 

that the single-channel approach seriously underestimates 

the core-induced coupling between the Stark states. It is 

evident that the excited core rotational channels must be 

explicitly included in the theoretical model, to give 

correct values for the core-induced coupling. It could also 

be that other approximations which appear in the theoretical 

treatment, such as the use of WKB techniques for the 

calculation of decay rates and ignoring the dependence of 

the quantum defects on internuclear separation, may 

contribute to the disagreement with experiment. Due to the 
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nonuniformities in our electric field, the residual Doppler 

width in the transitions to the Stark states, and our finite 

laser linewidths, we are generally unable to resolve the 

actual line shapes of the Stark resonances. Thus we lose 

details of the Stark spectra such as asymmetries in the 

lines and interference dips. 

4.3.3 Field-Induced Interference Effects 
on the Dynamics of Rydberg Stark States 

In addition to the above general field effects of the 

high Rydberg Stark states, a very interesting dynamic 

behavior is observed near some of the avoided crossings for 

states well above E^. One such example is seen near the 

avoided crossing between the (19, -6) and (17, 8) states as 

shown in Figs. 4.22 and 4.23 for the spectra of ionization 

and dissociation. Over most of this energy region there is 

very little dissociation yield from the states involved in 

the crossing; however, in a narrow range of field centered 

roughly 100 V/cm above the field at which the crossing 

occurs (4.4 kV/cm), the dissociation yield for the state on 

the high-energy side of the crossing becomes large. One of 

the possible explanations for this phenomenon is that there 

may be an unseen predissociated perturbing state near this 

energy which mixes with the Stark state and induces strong 

predissociation in it over a narrow range of energies. 

However, this is not likely, since there is no known 

perturber at this energy and other Stark states which cross 

this energy do not show similar behavior. Another possible 

and more reasonable explanation is a field-induced 

interference effect on the dynamics of the Stark states as 
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discussed in sec. 2.3.5.2, which causes the cancellation of 

the ionization rate near the crossing. Such cancellation can 

significantly reduce the ionization rate of a state over a 

narrow range of field; dissociation of the state would 

become the dominant decay mechanism over this field range. 

Consequently, a strong peak will show up in the dissociation 

spectra near the crossing. Attempts to model the ionization 

behavior of the states near this crossing using single-

channel QDT-Stark theory have failed to predict the correct 

energy and field for the interference. This is to be 

expected since the theory is not correctly predicting the 

strength of the coupling between the states due to the 

presence of additional rotational coupling. A more 

appropriate model, multichannel quantum defect theory 

(MQDT), which includes different core rotational channels, 

might be needed to accurately simulate the interference 

effects. 
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CHAPTER V 

CONCLUSION 

In this thesis a systematic study of the spectroscopy 

and dynamics of high Rydberg states of molecular hydrogen in 

an electric field has been presented in both experiment and 

theory. The experimental and theoretical work consisted of 

the following topics: 

1. The experimental studies of predissociation of para

ng and ortho-H, high Rydberg states in the low-field region. 

These predissociation spectra represent the first fully 

resolved Stark spectra of high, Rydberg states of a diatomic 

molecule. We have found that the predissociation of the high 

Rydberg Stark states is induced by the electric field. We 

observed quadratic and linear Stark effects as well as the 

appearance of forbidden transitions due to the I-mixing of 

different angular momentum states by the external electric 

field. The comparison of our experimental results with the 

results of an energy matrix diagonalization model reveals 

the importance of the rotational interaction between Rydberg 

Stark states converging to different rotational core states 

in determining the spectra. This work has provided important 

information on the dynamical behavior of highly excited 

molecular Rydberg states in an electric field. 

2. Dissociation and ionization of vibrationally 

;.iit-oionizing Rvdbera Stark states of H,. The Stark spectra 

have been acquired in both predissociation and ionization 

channels for vibrationally autoionizing Rydberg states. We 

have directly observed the decay dynamics of fully resolved 

Stark components. An energy matrix diagonalization model. 
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modified to include decay dynamics under the assumption that 

they are determined primarily by the field-induced mixing of 

states with different zero-field dynamics, has been used to 

simulate both the autoionization and predissociation spectra 

with good qualitative agreement. Dynamical properties such 

as field-hindered autoionization and field-induced 

predissociation of vibrationally autoionizing Rydberg Stark 

states have been studied, and the connection between these 

two dynamical processes which has not been previously noted 

has been uncovered. 

3. Stark mapping of H, Rydberg states in the strong-

field regime. The first detailed and resolved Stark maps 

have been obtained in both ionization and dissociation 

channels for Rydberg states of a diatomic molecule near the 

field ionization limit. The effects of a novel dynamical 

property, electric-field induced interference, on the 

dynamics of high Rydberg Stark states have been observed. 

The general dynamic behavior of the excited Rydberg Stark 

states can be understood using simple arguments based on the 

known behavior of Stark Rydberg states of complex atomic 

systems. The spectra in a restricted energy region were 

compared to single-channel quantum defect theory (QDT) Stark 

calculations. This comparison indicated that the coupling 

between different rotational ionic core states must be 

included in the theoretical model to give a correct 

description. Our results show that a detailed understanding 

of the Stark effect in this simplest of molecular systems 

will require the development of a complete version of 

multichannel quantum defect Stark theory including both 

ionization and dissociation. 
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Further experimental work based on the results of this 

thesis will include the following subjects. Higher-

resolution measurements of molecular Rydberg Stark spectra 

in various field and energy regimes. Such measurements will 

allow the resolving of the Stark resonance line shapes, 

which will provide detailed dynamical information through 

studies of the line shape asymmetries, which are due to the 

field-induced couplings between Stark states. With higher-

resolution experiments, we could measure the absolute rates 

of ionization and dissociation of the individual Stark 

states and hence determine the field-dependent branching 

ratio of the Stark states. This may provide a way to 

experimentally control the final outcome of the molecular 

decay process. Resolved detections of the dissociation 

product H atom in Stark levels of n=2 state. Such 

measurements will provide the solution to the mystery as to 

what final atomic Stark levels a molecular Stark state will 

dissociate and what determines such dynamical process. 
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