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ABSTRACT 

Decay rate and excitation cross section are important 

photophysical parameters which are difficult to be measured. 

However, experimentally measured values can be compared to 

theory as a check. In this study, a new technique has been 

employed to deduce excitation cross sections and decay rates 

of singlet, ungerade np excited states of molecular 

hydrogen. Theses photophysical properties of the Rydberg 

states with principal quantum number n=4 to 7 will be 

investigated by analyzing the observed spectra of a 

Resonantly Enhanced Multiphoton ionization/excitation(REMPI) 

experiment in comparison to the results of model 

calculation. Experimentally, two separate ionization 

yields, H2(from photoionization) and H'̂ (from 

predissociation), have been observed, and consequently 

predissociation line widths and ionization dip depths or 

peak heights have been obtained. Then, using these values, 

excitation cross section of the transition and 

predissociation rate will be obtained by solving a system of 

detailed rate equations when a dip appears in the Hj 

ionization yield. In the case of peak in the Hj ionization 

yield, predissociation and photoionization yields will be 

directly compared to gain qualitative information on decay 

dynamics. 
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CHAPTER I 

INTRODUCTION 

The simplest of all possible neutral molecules, the 

hydrogen molecule, has been studied using many different 

conventional spectroscopic techniques since it is the most 

amenable to theoretical calculations and hence for the 

interpretation of experimental data[1,2,3,4]. Apart from 

its fundamental interest in molecular physics, its 

absorption and photodissociation properties are important in 

the physics of planetary atmospheres and the interstellar 

medium[5]. 

It has only one occupied molecular orbital in its 

ground configuration where the ground state can be 

designated as (Isa)^ X^2g(v, J); however, its 

electronically excited states exhibit a variety of 

properties due to failure of the Born-Oppenheimer 

approximation. For example, irregularities occur in ro-

vibronic energies and line strengths[7,8] due to 

perturbations, and predissociation by energy exchange 

between excited electron and ionic core can occur[9]. 

Overwhelming the limitations on vacuum ultra

violet (VUV) radiation aibsorption spectroscopy due to lack of 

high brightness and spectral resolution at the wavelengths 

required for optical excitation to Rydberg states, the 



Resonantly Enhanced Multiphoton Ionization(REMPI) technique 

affords the opportunity to select a specific excitation 

pathway. In this way, we can produce a significant 

population of a particular excited state for studies of the 

dynconic properties of and interactions between, 

electronically and ro-vibrationally excited levels, or 

detailed aspects of excited state photoionization dynamics. 

Although laser spectroscopy measures very accurate 

transition energies, difficulties arise in tackling the 

deduction of dynamics by observed natural line width due to 

its limited resolution. And indistinguishibility between 

dissociation, ionization and fluorescence from the excited 

state makes one difficult measure each of them separately. 

Also, determination of the absorption cross section requires 

knowledge of the initial state density which is usually very 

difficult for excitation from the excited states (i.e., from 

the E state of Hj to Rydberg state). In addition, 

excitation of a state can be affected by excited state 

dynamics which means that the net effect of an excitation 

pulse depends on both the photoabsorption and decay 

properties of the excited state. 

Although the decay processes of autoionization, 

predissociation(spontaneous and field induced) and field 

ionization have been studied near the ionization 

threshold[4,9,11,12,13,14,15,16], only a few studies 

available up to date have investigated the detailed decay 



processes of low-lying np excited states. Most of the 

previous studies about predissociation of low-lying np 

excited states have been performed by peak-to-peak ratio 

comparisons between absorption and L^ emission spectra 

obtained using synchrotron radiation[17,18], which have 

produced just predissociation yields of some of the np 

excited states where they have been accessed from the ground 

state. This yield differs from the predissociation rate in 

that it also depends on the states's fluorescence rate. 

Also, excitation cross sections have not been measured for 

the transitions from the E(v=0, J) state to the np excited 

states with the principal quantum number n=4 or higher. 

Therefore, it would be worthwhile to examine decay 

dynamics of the np excited states in more detail by 

observing lineshapes of spectra through excitations from an 

excited state. In this research, dynamics of singlet, 

ungerade np excited states with the principal quantum 

numbers n(4 through 7) will be investigated by 

experimentally observing predissociation line widths using 

the multiphoton excitation technique, and theoretically 

modelling and solving a system of rate equations for an open 

two-level system. This newly employed procedure will also 

yield values for the excitation cross sections between the E 

state and the np Rydberg states along with predissociation 

rate of these states. 



In the experiment, the photo-selected np excited states 

are reached by two-step excitations through the intermediate 

E ^r*(v=0,J) states from the ground X^r*(v=0,J) states. 

Then, two separate ion products will be observed; H2(from 

photoionization by 202 nm light) through (2+1) REMPI and 

H"̂ (from predissociation) by a (1+1) process following the 

predissociation of the excited molecules to the np state 

into neutral atoms H(n=l) and H(n=2). As the second laser 

scans over the resonances to the np excited states, we will 

observe either a dip or a peak in the H2 ionization yield 

along with the resonance peak in the H"̂  yield depending on 

the predissociation rate of the np excited states. 

High intensity laser excitation offers the possibility 

that the population of the initial E state can be depleted 

by saturation of the transition and fast predissociation of 

the np excited state. Saturation of the transition occurs 

when 0.̂ 2'̂  is grater than or approximately equal to 

1(aal2Til) with excitation by the second laser of pulse 

duration t, intensity l2f and absorption cross section a,. 

Fast predissociation of the np excited state occurs when 

predissociation dominates photoionization of the Rydberg 

state, i.e., when F̂  » CJI where photoionization by the 

first or second laser occurs with cross section a and F̂  is 

the predissociation rate. Under these conditions, a dip in 

the H2 ion yield(so called ionization dip) will be observed 

at the resonance where its depth gives rise to a direct. 



quantitative measure of the initial state population 

depletion. 

While measuring the predissociation line widths for 

different intensities of the second laser, a true 

predissociation line width will be measured with a low 

intensity of the second laser with resolution about 0.2 cm"̂  

when the dip disappears in the H^ yield (saturation is 

eliminated). This true predissociation line width is one of 

the initial input parameters to solve theoretical rate 

equations. These observed line widths will be fitted to a 

Lorentzian line shape function to obtain predissociation 

line widths, and the ionization dip depth with respect to a 

constant background ionization yield is also measured when 

it is present in the Hj yield. 

In this case, we can develop a system of rate equations 

under the conditions of saturation(0.12^^1) and dominant 

predissociation (Fd » GI) . The rate equations will be 

solved by the Runge-Kutta algorithm using the trial values 

of predissociation rate F̂  together with known experimental 

parameters(Intensities Ii, I2 and line width Av). Solutions 

of the rate equation will allow us to see how the population 

changes in each channel(initial and final states, 

photoionization and predissociation) at the resonance for 

variations of parameters(intensities of the first and second 

lasers, excitation cross section and predissociation rate). 

Since the intensities of the lasers have been measured in 



the experiment, by variation of input values of a. and F̂ , 

we can achieve a best fit between experiment and theory for 

predissociation line width and ionization dip depth for 

given intensities of the second laser. Then the solution of 

the rate equations will allow us to deduce the excitation 

cross section a. and predissociation rate F̂ . 

The predissociation line widths of the model 

calculation will be obtained from the solution by a curve 

fitting process to obtain the full width at half 

maximum(FWHM) in the predissociation yields, utilizing a 

Lorentzian lineshape function. The results of model 

calculation for the predissociation line widths Av and 

ionization dip depths will be compared with experimental 

results. The deduced excitation cross section in this way 

will be discussed in more detail together with Franck-Condon 

factors and rotational line strengths. 

In many cases such an analysis is impossible, since the 

states have relatively slow predissociation rates. In these 

cases, population will build up in the upper state so that 

photoionization becomes important. The predissociation will 

compete with photoionization. Therefore, the states of this 

kind will give rise to a peak in the Hj yield along with a 

predissociation peak in the H* yield. 

In this case, the rate equation approach will not be 

fruitful, since the photoionization cross sections of the np 

excited states are unknown. However, qualitative 



information on the decay dynamics can be found by comparing 

predissociation and photoionization yields with each other 

to see how they change with increase of the principal 

quantum numbers. 

This research has resulted in very accurate transition 

energy measurements, and detailed information on the dynamic 

properties of the np excited states. We have demonstrated a 

new approach for obtaining the excitation cross sections of 

the transitions from the E state to the np excited states 

with fast predissociation rate, showing fair agreement 

between theory and experiment for predissociation widths Av 

and ionization dip depths. Reasonable values of excitation 

cross sections, which will be expressed as squared dipole 

matrix elements(after considerations of Franck-Condon 

factors and rotational line strengths), will be presented. 

In the case of slow predissociation, qualitative 

information about decay dynamics have been obtained by 

direct comparison between photoionization yield and 

predissociation yield analyzing the experimentally observed 

spectra. 



CHAPTER II 

THEORETICAL DISCUSSION 

In this section, the theoretical foundations for the 

study of decay processes and photoexcitation of the np 

Rydberg states with the principal quantum n\imbers in the n=4 

through 7 region and a general overview of the theoretical 

and experimental studies of the hydrogen molecule relevant 

to this research will be presented. 

Starting from the ground state, the dipole and symmetry 

selection rules allow us to excite selected np Rydberg 

states by the Resonantly Enhanced Multiphoton Ionization 

technique(REMPI). Once the molecules are excited to Rydberg 

states, they undergo decay processes through different 

channels. Therefore, decay processes will be discussed, 

focusing on predissociation. Also the transitions to, and 

the symmetry properties of, series converging to different 

rotational states of the Hj ion core, and their mutual 

perturbations will be described. In addition, the 

development of a system of rate equations for the 

transitions to the np Rydberg states with fast 

predissociation will be explained under various conditions 

of saturation, in which population depletion of the initial 

state takes place to varying degrees. Also, decay processes 

for the states with relatively slower predissociation will 

be presented. 
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2.1 Molecular hydrogen 

Both electrons in the hydrogen molecule occupy only one 

molecular orbital (Isa)^ in its ground configuration, 

designated as X ẐJ. Excited states are created by 

promotion of one or both electrons to an excited orbital. In 

the Born-Oppenheimer approximation, the motion of the nuclei 

is treated as instantaneously stationary since the electrons 

are moving much faster than the nuclei due to the much 

larger mass of the nuclei relative to the electrons. In 

this situation, the total wavefunction can be written as 

%^^^{R-'R^)% where 4̂ . is the electronic wavefunction, ^^(R-

R.) is the vibrational wavefunction with equilibrium 

internuclear distance R., and ĵ. is the rotational 

wavefunction respectively. The total state energy 

corresponds to the total energy ET=E.+Ê +Er for which the 

three parts are from each part of the wavefunction. 

The total energy of an electronically and ro-

vibrationally excited state consists of the potential and 

kinetic energies of the electrons as well as the nuclei. 

The energy can be expressed as TT=T.+G(v)+F(J) in 

waven\imbers where T, is the electronic term value, G (v) is 

the vibrational energy and F(J) is the rotational energy 

respectively. The vibrational and rotational energies can 

be written as[l] 



G (V) =CO. (v+^) -<o.x, (v+H) ̂ +co^. (v+^) ̂ + (2.1a) 

F(J)=B^J(J+1)-D^[J(J+1) ]2+H,[j(j+l) ]3+L,[j(j+l) ]̂ +. (2.1b) 

where oo, is the vibrational frequency, co.x. and co^, are 

different orders of vibrational constant corrections due to 

the internuclear distance change with increasing vibrational 

excitation, B^ is the rotational constant, and D̂ , Ĥ , L̂  are 

different orders of rotational constant corrections due to 

nuclear distance change by vibration and centrifugal 

distortion. Theoretically, the potential curves can be 

constructed using a modified Morse potential function[1], or 

through more detailed calculations in the Born-Oppenheimer 

approximation which have yielded relatively accurate 

potential energies of the np excited states with low 

principal quantum numbers[3]. 

If we consider only singly excited states, we can label 

the excited states with the quantum numbers of the excited 

electron only. The angular momenta coupling of the singlet 

states under consideration in this work are well described 

by Hund's case (b) vector coupling scheme, in which the 

orbital angular momentum of the excited electron is strongly 

coupled to the internuclear axis. In this case, L (the 

orbital angular momentum) is not a good quantum number, 

although its projection along the internuclear axis A is. 

Thus, for a given orbital angular momentum(L) the quantum 

number A (angular momentum quantum number of the electrons 

10 



about the internuclear axis) can take the values 

A=0,1,2,...L and the corresponding molecular state can be 

designated as I, IT, A, O. . ., where FI, A, O. . . states are 

doubly degenerate in pure Hund's case (b) since M^ can have 

two values of A and -A(since reversing the direction of 

motion of all the electrons does not change the energy of 

the system but does change M^ into -M^) and only I states 

are non-degenerate. 

In the field free case, the Hund's case (b) vector 

coupling scheme will apply to the system with the principal 

quantum number n from 4 to 7 as shown in Figure 2.1 [1]. The 

angular momentum the A is projection of orbital angular 

momentum along the internuclear axis, N is the core 

rotational angular momentum where the total angular momentum 

J can have values of |A+N|.... |A-N| since spin is zero for 

the singlet states. 

2.2 Excited np Rydberg states 

We expect two different ungerade, singly excited series 

of Rydberg states, namely (Isa npa) ^I^ and (Isa np7t) 

F̂ly (which will be labeled as npa and npn, respectively, for 

brevity), if one of the electrons is excited up to an np 

state, depending on whether the valence electron is in a S 

or n state. 

The npTC Rydberg series have been designated by G. H. 

Dieke[19] as C, D, D', and D" for n=2,3,4,5, respectively, 

11 
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Fig 2.1 Diagram of Hund's case (b) vector coupling scheme 
N is the core rotational angular momentum, A is 
the projection of rotational angular momentum 
along the internuclear axis, and J is the total 
angular momentum. 
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and npTC for n=6 and higher, while the npa series were 

designated B, B', and B" for n=2,3,4 and npa for n=5 and 

higher. The potential curves have been calculated for these 

states by theorists as mentioned above, although their 

models did not predict accurate energies for the states with 

higher principal quantum numbers. The energies of these 

states have been measured by various groups using single-

photon incoherent VUV radiation absorption from the ground 

state[4,15,20,21]. 

In the most general method of generating potential 

energy curves from spectroscopic data which has been 

developed, the Rydberg-Klein-Rees(RKR) method[22], the 

numerical potential curves can be obtained from the 

available experimental data. Both the theoretical potential 

curves in the Born-Oppenheimer approximation and 

experimental potential curves obtained from the RKR method 

or least squares fitting have been obtained for low lying np 

excited states, and compiled by T. E. Sharp[23]. 

Since the theoretically calculated potential curves 

somewhat disagree with experimental energies for these 

states due to various kinds of perturbations. Multichannel 

Quantum Defect Theory(MQDT) [6,24] has been applied to the 

treatment of electron motion and its coupling to the ro-

vibrational motions of nuclei in the photoabsorption 

spectra, and resulted in satisfactory agreement between 

theory and experiment. As a result of all of these efforts, 

13 



molecular hydrogen is now a spectroscopically well-

understood system with good agreement between experimental 

and theoretical results. Herzberg and others[1,3,4,9,10] 

have studied the np states for high principal quantum 

numbers, and Takezawa and others[20,21] have investigated 

them for low principal quantum n\imbers experimentally. 

Kolos and others[3,25] have studied some of the potential 

curves of excited states theoretically. Some of the 

potential curves under consideration in this study are shown 

in Figure 2.2, along with some of the vibrational levels. 

The energies of np Rydberg states near threshold have 

been measured accurately and ionization potentials have been 

determined in the frame work of MQDT[6,10,15]. Also, the 

triplet nf Rydberg states were studied[26] using two-step 

excitation following electron excitation of the 2p7r ^l\ 

state, and the singlet gerade ns(L=0) and nd(L=2) Rydberg 

states near ionization potential have been studied by 

multiphoton excitation through the 2pa B ^Z* state[27,28]. 

The singlet, ungerade np Rydberg levels are accessible 

by one photon (VUV) excitation from the (Isa)^ X ^S* ground 

state or through an intermediate state with the same 

symmetry properties as the ground state. The lowest lying 

such state is the (Isa 2sa) E^Xg(v, J) state. As long as 

Hund's case (b) vector coupling applies, the following 

selection rules will hold for one-photon(dipole) 

transitions. 

14 



pn 'Tlu H ( 1 S ) - H ( 3 L ) 

pcj 'Zu H(1S)^H(2L) 

3 4 A 
internuclear distance 

Fig 2.2 Some of the potential curves involved in this 
study. The continua of 2pa B ^Z^, 2p7c C F̂Î,, and 
3pa B' ^Z^ states are coupled to the np excited 
states lying between the second dissociation limit 
and ionization limit dissociating molecules into 
neutral atoms H(n=l)+H(n=2). 
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1. Dipole: 

Al = ±1 

AJ = 0, ±1 (J=0 <-t-̂  J=0) 

AS = 0 

AA = 0, ±1; 

2. Symmetries: 

Nuclear spin orientation: 

para i—> para, ortho <—^ ortho 

(para <-i-̂  ortho, ortho ( t-̂  para) ; 

3. Parity: 

+ <—^ -, - <—^ + (+ <—»-> +, - «-K^ -) ; 

4. Inversion of the wavefunction through the center of 

molecule: 

g <—> u, u <—^ g (g «—t—> g, u <"+-4 u) . 

The distinction between para-Hg and ortho-Hj is based 

on the orientation of the nuclear spin. The proton's 

nuclear spin of 1=1/2 gives rise to the total nuclear spins 

of T=0 or 1, where T=0(symmetric nuclear spin) is called 

para-Hj and T=l(antisymmetric nuclear spin) is called ortho-

H2 and statistically three-quarters of the molecules are in 

an ortho state. The ortho-Hj and the para-Hj do not 

interact with each other since the nuclear spins are not 

affected by the electron motion[4]. 

In this experiment, the ro-vibrational E ^Zg(v=0, J') 

state has been employed as an intermediate state. 

Therefore, for para-Hj, R(0) transitions from the E ^Z*(v=0, 
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J'=0) state give rise to npa ^Z*(v,J=l) and npTC Ê̂  (v, J=l) 

final states, and similarly transitions from the J'=2 state 

will result in npa(v, J=l) and npjr (v, J=l) states through 

P(2), npa(v, J=3) and npTC (v, J=3) states through R(2), and 

np7C(v, J=2) states through Q(2) since there are no Q-branch 

transitions for npa states. For ortho-Hj with J'=l, there 

will be npa(J=0), npa(J=2) through P(l) and R(l) 

transitions, and np7C*(J=0), np7U"(J=l) and np7C*(J=2) states 

through P (1), Q(l) and R(l) transitions, respectively. 

Accordingly all states which can be excited through these 

transitions are shown in Figure 2.3. 

The symmetries of the rotational levels are dependent 

on the symmetry of the total wavefunction. The symmetry of 

the rotational levels of Z states is positive or negative 

according to whether J is even or odd. For the H, A, O. . . 

states, we have a symmetric top so that for each value of J 

there are a positive and a negative rotational level. These 

levels are split in energy by I-uncoupling(A type doubling). 

Figure 2.3 describes the symmetry properties and 

rotational quantum numbers of the np Rydberg states excited 

from the E state based on the dipole and symmetry selection 

rules. In Figure 2.3, the superscript 1 means that the 

states are singlet, Z or II stands for the projection of the 

orbital angular momentum, + or - sign indicates whether the 

electronic wavefunction of the state has odd or even 

symmetry, respectively, under reflection of the wavefunction 
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1 n u 1 R(0) ̂  Hu npT̂  

para-H2 1 ^^ 1 R(0) 1 Su "po 

Fig 2.3 The np Rydberg states excited from the 
intermediate E state through P, Q, and R 
transitions, and symmetries of these states 
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at any plane passing through both nuclei and the siibscript u 

indicates odd symmetry under inversion of the wavefunction 

through the center of the molecule. 

These np Rydberg states will converge to different 

series limits since there is a transition from Hund's case 

(b) to Hund's case (d) vector coupling scheme with increase 

of the principal quantxim number n due to the progressive I-

uncoupling effect from the internuclear axis. The excited 

Rydberg states can be characterized uniquely in Hund's case 

(d) by the quantum numbers (n,l,N*,v'̂ ) since the series 

converge to specific Hi ionic core states. A schematic 

diagram for the transition from Hund's case (b) to Hund's 

case (d) is shown in Figure 2.4[4] where + or - indicates 

the parity of the rotational level, and s or a indicates 

whether the rotational level is symmetric or antisymmetric(s 

denotes symmetric(para), while a denotes 

antisymmetric(ortho)). 

2.3 Dynamics of low-lying np states 

Once the molecules are excited to these Rydberg states 

by multiphoton excitation, they may decay through several 

different channels, i.e., autoionization, predissociation, 

field induced ionization or predissociation(if a field is 

present), fluorescence to the lower bound electronic states, 

and photoionization if aibsorption of an additional photon 

occurs. 
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F i g 2 . 4 Transition from Hund'3 case (b) to Hund's case (d) 
for the np excited states, showing converging 
rotational core states of the Ĥ . 
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Autoionization takes place when a bound state couples 

to one or more ionization continua above the first 

ionization limit (AB + hv -^ AB* -4 AB" + e") . An orbiting 

electron penetrates the ionic core, gaining kinetic energy, 

and flies away from the core ionizing the molecule. For 

high lying np Rydberg states, autoionization has been 

investigated[12,13,14] above the first ionization potential 

and rotational and vibrational autoionization have been 

observed. Autoionization appears to be the dominant decay 

process for most states above ionization limit. 

Field ionization will occur when the molecular states 

lie in between the ionization limit and E^=-2JF in atomic 

units, where F is the field strength, since the electric 

field lowers the ionization limit down by an amount 

Eg[13,14]. Fluorescence decay down to lower bound 

electronic states also occurs during the lifetime of the 

state. 

The photoionization cross sections of higher energy 

states are small enough that we can assume the 

photoionization rate to be negligible compared to the 

predissociation rate if predissociation is much faster than 

photoionization and population decay fast through 

predissociation. Photoionization occurs by absorption of 

photons with absorption cross section of the state a and 

photon intensity I. 
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Since the predissociation is the most dominant process 

among them for the states which we have studied, it will be 

discussed in more detail in the following section. 

2.3.1 Predissociation 

A predissociation manifests itself by decomposition of 

the excited molecule into an unbound state of nuclear 

motion; that is, if certain selection rules are fulfilled 

the molecules can undergo radiationless transitions to the 

continuum resulting in their dissociation since the orbiting 

electrons penetrate the ionic core losing kinetic energy to 

the nuclear motion, as 

AB + hv -> AB* ̂  A + B (2.2) 

where this process competes with a radiative decay 

channel(AB* ̂  AB + hv) , and whatever other processes are 

possible[1,9]. 

In the presence of an electric field, the dissociation 

decay dynamics could be altered since highly excited states 

could be coupled to dissociation continua with which they do 

not interact without an applied external field. This 

process is referred to field-induced predissociation. While 

strong spontaneous predissociation has been observed for the 

np Rydberg states of npa ẐJ and npn ^F^[29], the npjc ÎT̂  

states were stable until predissociated by a pulsed electric 
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field[30]. This is attributed spoiling the reflection 

symmetry with the field, allowing npT: ̂ H states to mix with 

npa ^Z* continua. Because of this process, studies of the 

dynamics of isolated molecules must be done in the absence 

of even a small electric field. 

Even under electric field free conditions, some of the 

Rydberg states strongly predissociate, apparently due to the 

influence of perturbing states of low principal quantum 

number and such predissociation has been observed in Rydberg 

states of high principal quantum number[31]. 

For the low vibrational levels of excited states with 

the principal quantum numbers(n=4-7), autoionization is 

impossible since their energies are far below the ionization 

threshold and field-induced ionization or predissociation 

have been avoided since no field is applied during the laser 

pulses. Photoionization by absorption of a photon is the 

only additional decay channel for the system; thus 

predissociation, photoionization and photodissociation are 

the major decay channels of concern in the region of 

interest. However, predissociation often dominates the 

other processes since the radiative rate of the Rydberg 

states (-10^1/s) is far smaller than the typical 

predissociation rate of concern (10̂ "̂̂ ^ /s) [17] . 

The predissociation rates of the Rydberg states will 

depend on their charge densities near the core and the 

symmetries of the state in question. It arises from the 
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electronic, ro-vibrational coupling to the dissociation 

continua of lower electronic states(breakdown of Born-

Oppenheimer approximation). 

For diatomic molecules, there are two different 

channels of predissociation due to overlapping of molecular 

energy levels by dissociation continua. First, 

predissociation by electronic transition, an overlapping of 

a certain electronic state by a dissociation continuum 

belonging to another electronic state, leading to a 

radiationless transition into this other dissociated 

electronic state, and last, predissociation by rotation or 

vibration[1]. 

Since the predissociation is nothing but a special case 

of perturbation(interference between closely lying bound 

states altering eigenenergies or linestrengths of the 

states), exactly the same selection rules hold as for 

ordinary perturbation(Kronig's selection rules)[32] as 

described in the following. 

Perturbation selection rules include the following: 

AJ = 0, 

AS = 0, 

AA = 0(Homogeneous coupling), 

AA = ± 1(Heterogeneous coupling), 

+ <—> +, - < — » - ( + < • +••> -, - ( + ) + ) , 

s <—> s, a i—^ a (s 4-4 ) a, a < •> ) s) , and 

u <—» u, g <—> g (u 4-4 •) g, g <• -t > u) . 
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The validity of the selection rules for predissociation 

implies that the angular momentum J and the symmetry 

properties are defined in a continuous range of energy 

levels as well. Thus, it is assumed that the symmetry 

properties in the continua can be considered to be the same 

as the np Rydberg states. In accordance with the 

perturbation selection rules above, it can be found out that 

the possible continua of lower electronic states which can 

be homogeneously or heterogeneously coupled to the excited 

Rydberg states are as follows. 

1. Positive reflection symmetry 

^Z;(v, J) <-4 2pa B ^Z:, 3pa B' ^Z:, 2p7C C ^m 

^n:(v, J) <-^ 2pa B ^Z:, 3pa B' ^Z:, 2pTr C ̂ E^; 

2. Negative reflection symmetry 

F̂l;(v, J) <-^ 2p7r C ̂ F̂ . 

Although these selection rules restrict the possibility 

of predissociation very considerably, they are not 

sufficient to exclude the theoretical possibility of its 

occurrence in all cases. In some cases even if the 

selection rules are fulfilled, the predissociation may not 

occur if the Franck-Condon factor is very small. The 

Franck-Condon factor (overlapping integral of wavefunctions) 

is a probability of a transition between vibrational levels 

of different electronic states without appreciable changes 

of internuclear distance or kinetic energy before and after 
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the electron jumps. Therefore, apart from the selection 

rules, the Franck-Condon principle has to be taken into 

account for the radiationless as well as for radiative 

transitions[1]. 

In addition to the types of predissociation mentioned 

above, there is a less frequently seen phenomenon, called 

accidental predissociation[1]. This process is different 

from the normal predissociation since the latter takes place 

due to direct coupling between a discrete state and a 

dissociation continuum state, whereas the former occurs only 

after a detour by coupling through a third state. 

The accidental predissociation has been observed for 

the 4p7: ̂ F̂  (v > 1) states of H2 in which these states are 

coupled to 3pa ^Z^ continuum states through a third state by 

2 different mechanisms: (1) rotational coupling of 4p7C ̂ F̂  (v 

> 1) states to 4pa ^Z„(v'=v) followed by vibronic coupling 

to Spa ^Z* continu\im, (2) vibronic coupling of 4p7C ^I^ (v > 1) 

states to 3p7C ̂ F̂  (v' ^ v) followed by rotational coupling to 

the 3pa ^Z* continuum[33]. 

Furthermore, a forbidden predissociation may occur at 

high pressure(pressure-induced predissociation), or a spin-

orbit predissociation(As ^ 0), which is from 

intercombination, may occur with a relatively small rate. 

These should be very weak in a light molecule like H2[l]. 

There have been several studies of the predissociation 

mechanisms in the np singlet states done by observing 

26 



aJDsorption and L^ atomic emission spectra. The 

predissociation yields of npTC (n=3, 4, 5, 6, 9) F̂Î  states have 

been investigated[17] by comparing the peak-to-peak ratio 

between the absorption and L^ emission spectra due to 

predissociation. 

The 3p7r D ^H,(v=4, J) states are known to be fully 

predissociated through two channels; the rotational coupling 

between D-B'(heterogeneous predissociation AA=±1) and the 

vibrational coupling between D-C(homogeneous predissociation 

AA=0) in addition to electronic coupling. Since no 

fluorescence from the 3p7C D ^I\(v=4, J) states to lower 

bound states has been observed, the peak of this fully 

dissociated L^ emission spectra could be compared to the 

other La emission spectra, and this ratio could be used to 

obtain the predissociation yields of each state. 

Predissociation was seen to be the dominant decay process 

for the 3p7C ̂ F^states of larger vibrational quantum number 

since, no autoionization had been observed even for energies 

above the first ionization limit; however, the 

predissociation yield of 3pjc ^U^ states was found to be 

relatively small[17,18]. 

Although the 4p7C D' F̂̂  states can predissociate due to 

second order perturbations by both homogeneous and 

heterogeneous couplings to the 3pa continuum through 4pa(v, 

J) and 3p7C (v, J) states, the predissociation rate of these 

states is expected to be much smaller than that of 3p7C 
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states [17, 34, 35, 36] . On the other hand, the ^IX states can 

only be coupled to ^n"(J=0,l,2) where 2p7C ̂ H is the only 

candidate satisfying the selection rules. Therefore, the 

4p7r ̂ rt states do not dissociate through coupling with the 

3pa ^Z; continuum since there is no significant spin-orbit 

coupling to break down this symmetry. The 4p7r ̂ F̂  states 

have been observed to have very small predissociation 

rates[17]. 

The predissociation rate of 5p7r ̂ F̂  and higher n states 

are much less than those of the 3p7C and 4p7: ̂ F̂  states since 

the energy differences are larger and the potential curves 

are further apart. 

The 4pa B" ^Z* states can be predissociated mainly 

through direct interaction with the continuum of the 3pa B' 

ẐJ state. The line widths and shape of the 4pa(v, J) 

states exhibit large variations with rotational quantum 

number which have been attributed to changes in the 

respective Franck-Condon factors associated with the B' 

dissociation channel. The predissociation rate of these 

states is known to be less than 2*10^^/s [17] . No extensive 

study of the npa states predissociation for n higher than 4 

has been reported yet. 

Since the predissociation rates of np Rydberg states 

depend on their dynamic symmetry properties, npa(n=4-7) ̂ Z* 

and np7C(n=4-6) ̂ F̂  states, which have even-symmetry of the 

electronic wavefunction, can ro-vibrationally be coupled to 
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the low n even-symmetry dissociation continua of B(2pa ^Z;), 

B' (3pa ẐJ) and C(2p7r ^H) states directly or indirectly 

while satisfying the perturbation selection rules. 

The vibrational coupling of the excited npa and npTC 

states to the 2pa ẐJ and 2p7C C F̂̂  states is expected to be 

very weak, and it is known to be more than 3 orders of 

magnitude lower than coupling with the 3pa B' Ẑ;̂  continuum 

since the potential curves and the energies are further 

apart at small internuclear separations[17](smallness of 

Franck-Condon factors). 

The characteristics of 2±>sorption spectra for 

predissociating Rydberg states are progressive diffuseness 

while weakening of(or breaking off of) the emission spectra 

occurs, since the bound state wavefunctions can be mixed 

with continuum wavefunction depending on the 

probabilities[10]. 

Borrowing Fano's theory[35] developed to explain 

interference effect in autoionization, predissociation can 

be formulated as a case of a bound state wavefunction mixing 

with an energy-normalized continuum wavefunction where 

mixing is governed by an interaction matrix element, 

H,,.;E,a=<̂ i,v,jH|̂ 2,E,a>=<̂ i(r,R)Xv,a(R)|H|02(r,R)X,,̂ (R)> (2.3) 

where O's are electronic wavefunctions and the X's are ro-

vibrational parts of the wavefunction. If the electronic 
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part of the matrix element is assumed to be independent of 

the internuclear distance R, the matrix element can be 

written as 

H.,j;E,j = «i>i(r,R) |H,|02(r,R)XX,,j(R) IXv,j(R)> (2.4a) 

= H*<x.,j(R) IXv,j(R)> (2.4b) 

The asymmetry parameter q shows the interference 

effect; that is, it is a ratio of the transition matrix 

elements to the continuum through the modified and unmixed 

continuum states. The Fano formalism is known to be the 

best way to explain the phenomena resulting from the 

interstate coupling, such as line broadening and asymmetric 

line shapes. The diffuse absorption line widths of 

predissociating 3p7C D ^n^(v=3,4,5, J=l) have been 

measured[29,37] and calculated using Fano's approach[38]. 

Critical disagreements were seen due to the differences in 

potentials used in the calculation. Also a Fano-profile 

study of 3p7r D ^Fl^(v=3-ll, J=2) has been reported [37] in 

which the interference effect has been observed. 

Similarly, the interference effects of several 

absorption lines in the 4pa B" ^Z*(v=2, J=0-4) - X ^Z; system 

in which the predissociation is known to be the results of 

homogeneous(AA=0) vibrational interaction with the continuum 

of the 3pa B' ^Z^ have been studied[39] . For both of 

studies above, there had been interference effects between 
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direct photodissociation from the ground state and indirect 

predissociation through the 3p7C D ^r^(v=3-ll, J=2) or the 

4pa B" ^Z^(v=2, J=0-4) Rydberg states since other than zero 

or infinite asymmetry parameter q values were obtained. 

The absorption probability of the resonant state is 

proportional to the squared transition matrix element, which 

in Fano's theory involves the asyimnetry parameter q and 

detuning £[38,39], 

|<^|T|i>|2 = [(q+e)V(l+e')] |<%|T|i>|2 (2.5) 

where the asymmetry parameter q= (TCVj.*)'̂ <0| T| i>/<^| T| i>, 

detuning £=AE |VJ.|V2, and V J = < % | H | cp>. Here, | i> is the 

initial bound state, | (p> is the bound Rydberg state, |%> is 

the unmixed continuum state, and \^> is the modified 

continuum state. The absorption cross section has the form 

of a«(e) = (q+e)V(l+e^) [39] so that the observed absorption 

spectrum can be analyzed using parameter fitting. The 

absorption line width in atomic unit can be written as 

F,,j = 27c|H,,̂ ,,,j|2 = 27C|H*M |<XV,JIXE,J>I' . (2.6) 

And, in the case of J-dependence(hetrogeneous coupling), 

F,,j = 27C|H*M(1/2HR2)2|<X.,J|XK,J>I' [J(J+1)-A(A+1)] (2.7) 
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where I <Xv,j| XE,j>r is a differential Franck-Condon factor 

because the continuum function XE,J is energy-normalized. 

The vibrational wavefunctions Xv,j and XE,J are solutions of 

the following nuclear Schrodinger equations 

{-1/2)1 c^/dlie + Vi(R) +1/2HR2[J(J+1) ] - E}Xr,j(R)=0 (2.8a) 

{-l/2\l cf/dJ^ + V2(R) +l/2\JiR^[J{J+l)] - E}XE,J(R)=0 (2.8b) 

where Vj (R) is the potential energy curve of the 

predissociated state and Vj (R) is the potential curve of the 

predissociating state [10]. 

Therefore, the interaction between the np excited state 

and the Ẑ;̂  and F̂̂  dissociation continua depends on the 

angular momenta J and A by [ J (J+1)-A(A+1) ]*'[38, 40] for the 

npTT (v, J) state (A=l), while it is dependent only on the 

total angular momentum J for npa states(A=0). 

Theoretical calculations of predissociation rates using 

bound-continuous wavefunctions have been done for Brj and 

the mathematical procedures were well explained 

[10,35,41,42,43]. 

In this experiment, |i> is the E ^Zg(v=0, J=0,l,2) 

state, the upper bound state | (p> is the np Rydberg state, 

|̂ E> is the unmixed continuum state [2pa ^Z^(v, J), 3pa ̂ Z*(v, 

J), or 2p7C ̂ n̂ ] , and \ ^ is the modified discrete state. 

Since the direct photodissociation rate from the E(v=0) 

state is known to be very small[44] compared to the indirect 
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predissociation rate through Rydberg states, we should 

observe symmetric Lorentzian line profiles with q almost 

infinite[10,38]. This will simplify the analysis 

considerably. 

2.4 Excitation of predissociating np states 

2.4.1 State with fast predissociation 

For high Rydberg states of n closer to the ionization 

potential, the predissociation rate r^{- 1/n̂ ) becomes small 

since charge density of excited electron near core is small. 

And, AVi„„> AViif.tiiM so that the predissociation rate F̂  can 

not be obtained by resolving the lineshape. 

However, if we consider the interaction between the E 

state and low lying excited state as a two-level system 

coupled by a coherent optical field, the transition 

probability can be obtained by solving the Schrodinger 

equation with the Hamiltonian perturbed by the optical 

field. Figure 2.5 shows an open two-level system with 

direct photoionization from state (1), transition from state 

(1) to (2), and predissociation from state (2). The 

probability amplitudes for upper and lower states can be 

calculated by solving the Schrodinger equation as a pure 

two-level system if there is no photoionization and 

predissociation 

i>,^ = Hi^ (2.9) 
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Fig 2.5 Transition between the E state(1) and np excited 
state(2) with fast predissociation, showing 
expecting ionization dip in the Hj yield along 
with resonance spectrum in the H* yield. 
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where H-Ho + H' (t) with H' (t) =-^,E (t) =-̂ 1̂, (̂ ê «+̂ *e-̂ «) and \i, 

is z-component of the electric dipole moment operator since 

we choose z to be the direction of polarization of the 

optical field with constant frequency ©(coherent field). 

When there are no loss of population by predissociation or 

photoionization, solution of the Schrodinger equation with 

an initial condition at t=0(ai=l, a2==0) gives rise to the 

state probability amplitudes. 

-i(o-Co) t 

a^it) = 4^e 2 sinJ^ (2.10a) 
12 2 

a,(t) = e'^^^^Lcos-^ - i '"'"o' sin^^] (2.10b) 

after applying the rotating-wave approximation where 

x=|Xi2̂ /ti, x*=|X2î /ti are constants and ̂ V (a>-cOo) ̂  + |x|^ is the 

Rabi frequency. These probability amplitudes increase and 

decrease periodically, a process that is called Rabi 

flopping[45]. 

Since AVi...̂  > AViif.tia.̂  the molecules have a range of Q. 

However, if decay through the predissociation from state (2) 

is fast enough, not much population exists in the upper 

state, there will be correspondingly little stimulated 

emission and photoionization from state (2), and the 

coherent flopping effect will be destroyed. If this is the 

case, coherent effect can be ignored, that is, we can use 
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incoherent rate equations unless Nj becomes large or Av̂ ..,̂  < 

V̂iif,tî  with large N2. If AVi..„ « AVî .̂̂ î , the coherence 

is destroyed by the rapid decay of the upper state and rate 

equation will be applicable. 

At high intensities, photoionization of the excited 

states becomes important but high energy states tend to have 

smaller photoionization cross sections at a given 

wavelength(202 nm or 440-500 nm) than low-lying states. If 

the photoionization rate of state (1) is much larger than 

that of state (2) and predissociation from state (2) is 

fast enough, there will be population depletion from state 

(1) by saturation, and consequently we will observe a dip in 

the Hj ionization yield along with a peak in the H* 

predissociation yield at the resonance with high intensity 

of the second laser as shown in Figure 2.5. This is due to 

population depletion of the initial state by the saturation 

effect, and absorption(aal2T) becomes on the order of 1. 

2.4.2 System of rate equations 

If the above is the case, we can consider a system of 

rate equations for an open two-level system in which the 

upper state can decay through predissociation and there is a 

direct photoionization from state (1), to study the 

excitation cross section of the transition and 

predissociation rate of the upper state. Only the 

excitation cross sections of n=2,3,4 states from the ground 
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state have been studied[46] by electron impact, while no 

study of excitation cross sections from the E state to np 

excited states has been reported. Therefore, using 

parameters such as peak excitation cross section of the 

transition a. and the predissociation rate F̂ , along with 

known fluences of the lasers(Ii and 12)^ and the known 

photoionization cross section of the E state C^ by 202 nm 

light, we can model the excitation process with a system of 

rate equations under various conditions of saturation and 

large predissociation rate(F^ » ai (I is photon flux)). The 

direct photoionization cross section of the state (1)(E 

^Z;(v=0,J)) by 202 nm light is known to be 2*10"" cm^[41]. 

The rate equations for an open two-level system can be 

written as 

^ =0iVe* J, (t) ̂ *o,* J2 (t) *i\r2-0,*I, (t) *N,- (-̂  ) *03*l2 (t) *N^ 2̂ . iia) 

- ^ = - o^* J2 (t) '^N,-T^*N,- (-̂  ) *0,*l2 (t) *JV, (2 . lib) 
dt * ̂  ffi 

^^0,*I,(t)*N, (2.11c) 
dt ^ ̂  

^d^P ^^ (2.lid) 
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where NQ, N^, N2, N^ and N^ are populations of ground state, 

initial (E) state, final(np Rydberg) state, predissociation, 

and photoionization. And Î  and I2 are photon fluences of 

the first and second laser, ĝ  and g2 are the degeneracies 

of level (1) and level (2) , a. is the absorption cross 

section, which is a function of frecfuency, by the second 

laser, ai is the photoionization cross section of the E 

state by 202 nm light, and F̂  is the predissociation rate. 

Under the conditions above, these rate equations are a good 

approximation where the total population N=Ni+Nd+Ni+N2 is 

conserved, assuming very weak excitation from the ground 

state. We have assumed a Gaussian temporal profile for each 

laser light pulse when we solve the rate equations. 

In order to solve this system of rate equations, we 

have used the experimentally measured true predissociation 

line width(Av) as an initial input value of the 

predissociation rate r^{2nA\) in the rate equations. The 

true predissociation line width is measured with resolution 

about 0.2 cm"̂  when the dip disappears in the Hj 

yield(saturation is eliminated) at low intensity of the 

second laser. The predissociation widths Av„ are also 

measured for different intensities of the second laser by 

curve fitting with Lorentzian line shape function. 

Therefore, we can solve the rate equation with trial 

input values of excitation cross section a, and 

predissociation rate F̂  while decreasing F̂  from the 
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smallest line width of experiment since it is maximum value 

of predissociation rate where itself contains experimental 

resolution. Then, we can repeat changing both of these 

input values until we obtain excitation cross section and 

predissociation rate, which give rise to a best fit of 

predissociation line widths Av̂ h and ionization dip depth to 

the experimentally measured values for the given 

intensities. This procedure will yield the excitation cross 

section a., predissociation rate F̂ , predissociation line 

width, and ionization dip depth simultaneously for the case 

of fast predissociation. 

Solution of the rate equations will give rise to 

predissociation line width from the spectrum in N^ after 

curve-fitting by Lorentzian line shape function obtaining Av 

for the Full Width at Half Maximum (FWHM) , and measure of 

population depletion from the dip depth in N^. Population 

changes in state (1) and (2) at the resonance will be shown 

in Ni and N2 channel respectively. 

Therefore, first we have solved the rate equations 

using the fourth-order Runge-Kutta algorithm[48, 4 9, 50] in 

order to see how populations Ni, N2, N^ and N^ behave at the 

resonance with variations of various input parameters(Ii, 

I2, a. and F̂ ) . Solutions have been obtained with changing 

one parameter after another and then behaviors have been 

confirmed for variation each parameter. 
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As we expected, a dip appears in Hj ionization yield, 

and the predissociation width broadens with increase of 

intensity of the second laser. Figures 2.6-2.8 show how the 

solution behaves for three different input values of 

integrated excitation cross section (a.= 1.0*10"̂ '' cm^ cm"\ 

a.=1.0*10~" cm^ cm~^ a.==1.0*10~" cm^cm'M with fixed values of 

Fd=4.77 GHz, Ii=10 mJ/cmS and l2=20 mj/cm^ The 

predissociation line width increases with larger excitation 

cross section, and the ionization dip deepens. Here, the 

excitation cross section has a characteristics of integrated 

excitation cross section. 

In Figures 2.7 and 2.8, there is a dip in the Nj 

channel at the resonance. Since when the second laser does 

not hit the resonamce yet, population in N2 increases 

however, as soon as it hits the resonance population decay 

very quickly through predissociation. Therefore, there will 

be a dip in N2 channel at the resonance. This happens only 

when the predissociation line width is relatively large 

because fast predissociation decay occurs at the resonance 

with its predissociation rate. Therefore, when the 

predissociation line width is small, the scanning laser will 

hit the resonance as quickly as predissociation so that it 

does not show up for the solutions with parameters of small 

predissociation line width as Figure 2.6. Since behaviors 

of Ni and Nj channel do not give any direct information, we 

disregard N^ and N2 channels in figures hereafter. 
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Fig 2.6 Solutions of the rate equations with a,=1.0*10 -17 

cm̂  cm'̂ , Ii = 10, I2 = 20 mJ/cmS and F̂  = 4.77 
GHz. Ni and Nj are population in state (1) and 
(2) , Ni and N^ are ionization and predissociation 
yields. 
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Fig 2.7 Solutions of the rate equations with a.=1.0*10~̂ * 
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When we vary the intensity of the second laser l2(20, 

10, 5, 0.5 mJ/cm^) fixing the other parameters at Ii=10 

mJ/cmS Fd=4.77 GHz, and a.=1.0*10-" cm^ cm'^ the dip depth 

and the predissociation width increase when the intensity I2 

is increased as shown in Figures 2.9 (a), (b), (c), and (d) . 

When the predissociation rate is varied(0.477, 4.77, 47.7 

GHz) fixing the other parameters at 1̂ =10 mJ/cm^, l2=20 

mJ/cm^, and a.=1.0*10~" cm^ cm"\ the predissociation width 

increases rapidly but the dip depth slightly increases as 

shown Figure 2.10 (a), (b), and (c) . The variation of 

intensity of the first laser Ij did not change the 

predissociation width or ionization dip depth so that it can 

be said that these are insensitive to the intensity of the 

first laser. 

The values of predissociation line width Av̂ h and 

ionization dip depth (D.Dth) from the solutions of the rate 

equations have been obtained and tabulated in Table 2.1 for 

excitation cross section a. variation, in Table 2.2 for 

intensity of the second laser I2 variation, and in Table 2.3 

for predissociation rate F̂  variation, respectively. 

As a results of variations of parameters, the 

predissociation width increases with increase of excitation 

cross section, intensity of the second laser and 

predissociation rate. Larger excitation cross section and 

intensity will saturate the transition easily so that the 

predissociation width increases accordingly as it does for 
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Table 2.1 Predissociation widths and dip depths with 
variation of excitation cross section, fixing 
predissociation rate, and intensities of the first 
and second lasers. 

(GHz) (mJ/cm^) (cm̂ cm"̂  ) 
D.D Av 

(GHz) 

4.77 10 20 
1.0*10"" 
1.0*10"" 
1.0*10"" 

0.20 
0.73 
0.93 

5.55 
11.7 
37.4 

Table 2.2 Predissociation width and dip depth when intensity 
of the second laser varies, fixing rate, and 
intensity of the first laser and excitation cross 
section. 

(GHz) (mJ/cm ) (cm cm" ) 
I2 

(mJ/cm^) 
D.D Av 

(GHz) 

4.77 10 1.0*10 -16 
20 
10 
5 
0.5 

0.73 
0.57 
0.39 
0.05 

11.7 
8.55 
6.71 
4.96 

Table 2.3 Predissociation width and dip depth when 
predissociation rate varies, fixing cross section, 
and intensities of the first and second lasers. 

(mJ/cm^) 
a. 

(cm̂ cm"̂ ) (GHz) 
D.D Av 

(GHz) 

10 20 1.0*10"" 
0.477 
4.77 
47.7 

0.72 
0.73 
0.75 

3.60 
11.7 
55.1 
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larger predissociation rate. However, the dip depth 

proportionally increases with increase of excitation cross 

section, intensity of the second laser and predissociation 

rate since more population is depleted by saturation and by 

fast predissociation. As shown in Figures 2.10 (a), (b) and 

(c) the peak value of excitation corss section decreases 

with increase of predissociation rate since larger 

predissociation rate gives rise to smaller peak cross 

section at the resonance where the total area under the 

curve remains the same. 

After we confirmed that the solutions give rise to 

proper behaviors for the open two-level system in the H* and 

H2 yields, we have applied this procedure to all of the np 

Rydberg state that gave rise to dips in the Hj yield, and 

deduced predissociation rates of the states and excitation 

cross sections of the transitions with given parameters in 

the experiment. These results will be discussed in Chapter 

IV in more detail. 

2.4.3 Excitation cross section 

Once the excitation cross section of the transition 

where a dip appears in the H2 yield can obtained, the 

integrated excitation cross section can be related to the 

oscillator strength of the transition as f - Ja. (v)dv. It 

should be nearly a constant for the same principal quantum 

number state if the rotational line strength and Franck-
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Condon factor for each ro-vibrational band are considered 

since the internuclear distance does not change appreciably 

for small changes of ro-vibrational levels in the same 

electronic state. 

The intensity of absorption spectra is proportional to 

the absorption probability coefficient B, and therefore 

rotational line strength Sj, Franck-Condon factor(squared 

vibrational transition probability) |<^^, |%>p, and squared 

dipole matrix element |R.P as 

r'^ oc B,,,,̂ ,,̂  oc s, |<4',,|̂ ,>|2 |R,2|^ (2.12) 

The absorption cross section is related to the 

absorption coefficient as Ja(v)dv=jB(v)g(v)dv where g(v)is a 

unitless line shape function and B̂ ,̂ ĵ,j = a| R.| ̂ | R̂ ,̂ | ̂ | Rj,j| ̂  

with a constant a= (87t̂ v̂ ê /3eoĥ c) in CGS unit. 

Therefore, the rotational line strengths and Franck-

Condon factors must be taken into account for the integrated 

excitation cross section of the transition to each ro-

vibrational level. The rotational line strength can be 

calculated by Honl-London formulae[1] with known initial and 

final rotational quantum nximbers J' and J as 

SJ - ^-^^^ (2.13a) 
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^j?, (J^l-^AQ (J^fl-AQ . iJ^A) ( j-A) ,^ ^,^^ 
'̂  (J'-^I) J (2 .13b) 

f o r AA=0 t r a n s i t i o n s and 

g.J?. {J'^2^A') {J'^I^A') _ (J^A) ( J - I - H A ) 

'^ A{J'^1) 4 (JO (2 .13c) 

•̂  IFuFH) ZJ[J^) (2 .13d) 

cP . {J'-l-A') iJ'-A') , (J-^l-A) (J^2-A) ,<5 T - s^ , 
-" 4*7' 4 ( J + 1 ) U . l ^ e ; 

for AA=+1 transitions. 

Franck-Condon factors for some vibrational transitions 

between the E state and involved np excited states(4pa B" 

and 4p7C D') will be calculated using modified Morse 

potential functions with the molecular parameters: r., 

equilibrium internuclear distance; CO., vibrational 

frequency; D,, dissociation energy; B. and â , vibrational 

corrections in the rotational energy term; and ©,x., second 

-order vibrational correction[1,23]: 

V(r) =D. [ (1-e"̂ <'-">)'+ C [P (r-re) ] ̂e'̂ Pt'̂ -") [l+Bp (r-re) ] (2 .14) 

w i t h c o n s t a n t s C = l - ( 1 + a.(0./6B.2) , and 

B = 2 - [ 7 / 1 2 - ( 1 . 2 5 + 5a.C0./12B. + 5a.2co./(144B.4) - 2co.x./3BJ ] 
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where the wavefunction of each vibrational state can be 

generated by the Numerov in ward and outward 

algorithm[48,49,50] . The calculated Franck-Condon factors 

and rotational line strengths will be included when we 

discuss the excitation cross section in chapter IV. Once 

these elements are included, we can express the integrated 

excitation cross section with squared dipole matrix element 

by the relation 

/<'(^)dv = - ^ ^ ln^P = OoAv (2.15) 

so that we can find the squared dipole matrix element as 

\^UL\ = -TT- ^o^v . (2.16) 
47t-'v 

where the squared dipole matrix element can be expressed in 

cm^ using CGS unit. 

The excitation cross section, predissociation width, 

and dip depth can be obtained in this way for the case of 

fast predissociation; however, the rate equations above can 

only be used when the predissociation rate is fast enough, 

that is, there is not much population in upper state. 

Therefore, we have to consider another case, in which the 

predissociation rate is comparable to other decay processes 

such as photoionization. If this is the case, population in 
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the upper state will build up and other decay channels may 

compete with predissociation. 

2.4.4 States with slow predissociation 

When the Rydberg state population becomes significant 

and photoionization and predissociation rates are comparable 

to each other (ap.̂ .I ~ F̂ ) , the photoionization by 202 nm 

light or by the scanning laser from the Rydberg state 

becomes very important so that the system of rate equations 

as written earlier is not valid any more. 

In this case, we might expect a peak in Hj 

photoionization yield rather than a dip at the resonance as 

shown in Figure 2.11. This peak is due to photoionization 

of molecules in upper state by the 202 nm or by the second 

laser but it is impossible to distinguish one from the other 

without resolving photoelectron energies. Photoionization 

yield depends on both the photoionization cross section of 

the np excited state and the intensities of the lasers. 

Additionally, the photoionization cross section may also 

depend strongly on photon energy due to resonance with 

autoionizing states above the ionization limit. 

In this case, we can gain qualitative information about 

decay dynamics by simply comparing both predissociation and 

photoionization yields and examining how they vary with 

increase of the principal quantum number. In this case, the 

predissociation rate is clearly smaller than in the other 
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Fig 2.11 Transition between the E state(1) and the np 
excited state(2) with slow predissociation, 
showing expecting ionization peak in the Hj yield 
along with resonance spectrum in the H"̂  yield. 
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case above since comparable photoionization rates give rise 

to a peak which means that some amount of molecules are 

photoionized directly from the np excited state. 
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CHAPTER III 

EXPERIMENTAL METHOD 

The purpose of this research project was to analyze the 

decay dynamics of singlet np Rydberg states of the hydrogen 

molecule and gain information on excitation cross sections 

of some of the transitions between the E state and Rydberg 

states. In this section, the experimental techniques 

employed, such as Resonantly Enhanced Multiphoton 

Ionization(REMPI), operation of dye lasers, frequency 

doubling and three-wave mixing processes, and the 

combination of molecular beam techniques with time of flight 

mass spectrometry will be discussed. Also, the data 

acquisition and recording system, and the procedure used for 

analysis of the observed spectra will be briefly described. 

3.1 Excitation scheme 

The singlet, ungerade np Rydberg states of hydrogen 

molecule can be excited by a multiphoton excitation through 

an intermediate bound state or from the ground state by 

single photon absorption of VUV radiation. The relevant 

potential curves of electronically excited states and some 

of their vibrational levels for npa ẐJ and npTi ^J\ states 

are shown in Figure 3.1 [23]. A schematic diagram of 

multiphoton excitation processes to obtain Hj and H* ion 

products are shown in Figure 3.2. 
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3 4 A 
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Fig 3.1. Some of the potential curves and spectral region 
of the np excited states, and potential curve of 
the E state showing two-step excitation from the 
ground X state. 
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Fig 3.2 Multiphoton excitation scheme, showing two-step 
excitation along with photoionization, and the 
atomic excitation and ionization after 
predissociation. 
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The first step excitation from the ground X 

^rj(v=0,J=0,l,2) state to the intermediate E ̂ Z* (v=0,J=0,1,2) 

state is achieved by a simultaneous absorption of two 

photons with wavelength around 202 nm through Q-branch[Q(0) , 

Q(l), and Q(2)] transitions. Thereby, a selected 

vibrational and rotational state is prepared, and used as an 

initial state for the excitation of the molecules to 

specific photo-selected electronic, ro-vibronic np Rydberg 

states. 

The intermediate E^Ej(v=:0,J) state of H2 has been 

studied both experimentally and theoretically.[51,52] The 

E,F ^rj(v=0,J) electronic potential curve, which has a 

double minimum which results from the avoided crossing of 

the (Isa^ 2sCg) E state (inner well), and (2pa«)^ F 

state(outer well), was included in Figure 3.1. The energies 

and radiative lifetimes of rotational levels of the E(v=0, 

J=0,l,2) state are listed in Table 3.1[47,53]. 

Table 3.1 Energy levels and radiative lifetimes of the 
E ^ZJ(v=0,J=0,l,2) states 

V i b r a t i o n a l 
l e v e l ( v ) 

0 

R o t a t i o n a l 
l e v e l ( J ) 

0 

1 

2 

Energy 
(cm" )̂ 

99164.801 

99228.229 

99354.572 

Lifetinne 
(ns) 

200 

213 
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The energies of the ground state X ^Z;(v=0, J=l,2) 

levels are 0, 118.50 and 354.35 cm"̂  with respect to (v=0, 

J=0) from which the transition energies of Q(0), Q(l) and 

Q(2) can be obtained.[2] A fraction of the population in 

the E state will be photoionized by a (2+1) process due to 

the 202 nm light. This two-photon resonant, three-photon 

ionization from the ground state will give rise to a 

constant Ĥ  ionization background. This constant background 

H2 ion yield will be used to measure the relative dip depth 

when it presents itself. As discussed in Chapter II, it 

should be constant unless there is a population depletion 

from the E state or there is additional ionization by the 

scanning laser from the Rydberg state. 

There might be a small amount of direct 

photodissociation products from the E state. Hence there 

will appear a small background in the H* yield but it is 

negligible[54]. Weak predissociation of the E state by a 

non-adiabatic coupling with the electronic ground state has 

been theoretically studied, and the calculated nonradiative 

decay probability appeared to range up to 3.3*10* /s[55], 

but this would give dissociated ground state atoms which we 

would not ionize. In any event, this rate is much smaller 

than the predissociation rate of the Rydberg states, which 

is in the range of 10^^"" /s. 

The second laser(tunable) light coincides in time and 

space with the 202 nm light at the interaction region and 
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excites some of the population from the E state to the np 

Rydberg levels based on the selection rules(dipole and 

symmetry); para-f-̂  para, ortho <-> ortho, Al=±l, AJ=0,±1, + «-̂ -

and g <-» u as described more detail in Chapter II. Once the 

molecules are excited up to np Rydberg states by absorption 

of photons, the molecules will decay through fluorescence, 

predissociation and photoionization since the other 

processes such as autoionization and photodissociation are 

impossible or much smaller than the above processes. Field 

induced predissociation can be avoided by setting the pulsed 

electric field to rise several hundred nanoseconds after the 

laser pulses. 

The dominant decay channel at low laser intensities, 

predissociation, produces neutral H(ls) and H(2s,2p) atoms. 

A study of the branching ratio to H(2s) and H(2p) in the 

photodissociation at near threshold by observing L„-

fluorescence spectra showed that the D n̂;̂ (v=3, J=0,1) 

predissociating states yield about 43% of the atoms in the 

H(2p) and 57% in the H(2s) state[56] and both H(2s) and 

H(2p) atoms will be ionized. The ratio of predissociated 

atomic states is due to the mixing of the three dissociation 

continual of B, B' and C states. H(n=2) atoms can be 

photoionized by a (1+1) process. H(n=2) atoms are excited 

through the B„ transition to H(n=3) with a third laser at a 

wavelength of 656 nm and ionized with 532 nm light. This 

one-photon resonant, two-photon ionization occurs a few 
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nanosecond after the predissociating state has been excited. 

H* ion yield will be monitored to observe the 

predissociation yield as the second laser scans over the 

resonance transitions to Rydberg states. The H* ions (from 

photoionization by the 202 nm or the 440-500 nm light) and 

H* ions(from predissociation) will be observed separately 

and simultaneously to investigate the decay dynaunics of np 

Rydberg states of molecular hydrogen. 

3.2 Optical arrangements 

In order to produce the wavelengths of laser light 

needed to populate the desired np Rydberg states under study 

from the ground state and detect dissociation products, 

three dye lasers are employed along with a small fraction of 

the second harmonic(532 nm light) from an Nd*^:YAG laser. A 

Q-switched Nd'*'̂ :YAG laser [56] generates a fundamental beam 

of horizontally plane polarized light at 1064 nm, which is 

then up-converted to the second harmonic (532 nm) light and 

the third harmonic (355 nm) light using non-linear crystals. 

The optical arrangements and laser light propagation are 

shown in Figure 3.3. 

The second harmonic of the Nd*^:YAG laser pulse(with 

repetition rate 10 Hz) pumps three homebuilt modified 

Littman dye laser/amplifier systems. The first dye 

laser(DLl) produces 606 nm light using Rodamine 610 dye 

dissolved in methanol. The laser light passes through a 

63 



NdrYAG l a s e r 

1064 run 

S»G THG 53, ^ 

355 run 

DLl (606 rLTi) 

/ 

D L 2 ( t u n a b l e ) 

l^ A m p l i f i e r c h a i n s ^ - -^ 

Uran ium Lamp 

I V 

DL3(656 nm) 

Monochromator 

etalon 

440-500 nm 
> 

\ / 

Pulsed valve 

P 
\ / 

^ 

IF 

H *o 
/N 

diffusion 
pump 

c: 

202 nm 

SHG 
(KDP) 

THG 
(BBO) 

'̂ diffusi on 
pump 

532 nm 

Fig 3.3 Optical arrangement, showing dye oscillators(DLl, 
DL2, DL3), propagation of the laser lights, and 
other elements used. 
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three-stage amplifier chain resulting in a pulse energy of 

about 25 mJ. This output is then frequency doubled in an 

angle-tuned Potassium Dihydrogen Phosphate(KDP) crystal 

giving rise to 303 nm light. The frequency doubled 303 nm 

light along with the residue of the fundamental 606 nm light 

undergoes a sum frequency process(by a three-wave mixing 

process) in a Beta-barium Borate(BBO) crystal, generating 

narrow bandwidth (0.1 cm~̂ ) 202 nm pulses with energies of 

about 0.5 mJ(the frequency doubling and three-wave mixing 

processes will be discussed later in this chapter). The 

pulse duration is about 3 ns and the beam diameter is about 

0.17 cm at the interaction region. 

The third harmonic (355 nm) of the Nd"*'"̂ :yAG laser is 

separated by a beam splitter from the second harmonic light, 

and pumps a second modified Littman oscillator/amplifier 

system(DL2) producing tunable (440-500 nm) light with pulse 

energies of about 2 mj/pulse after two-stage amplification. 

In order to cover a wide spectral range, we used Coumarin 

440, 460, 480 and 500 dyes. This laser has a 5 ns pulse 

duration and its beam diameter is 0.24 cm at the interaction 

region. A fraction of the second harmonic(532 nm) is 

delayed about 4 ns and used to pump a third dye laser 

system(DL3) operating at 656 nm, with output energy of about 

20 |iJ using Oxazine 720 dye. The 440-500 nm light should 

have a larger beam diameter, since then all of the molecules 
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in the E state excited by the 202 nm light can be spatially 

overlapped. 

The third laser light will strongly saturate the B„ 

transition (H(n=2) to H(n=3)) and the residue of 532 nm light 

with energy about 5 mJ, and pulse duration 6 ns will ionize 

H(n=3) atoms, producing H* ions which are monitored as the 

second laser scans over the transitions to the Rydberg 

states. The H(2s) atoms are metastable with lifetime of 140 

millisecond while the H(2p) atoms have lifetime of 1.6 

nanosecond[53]. The 656 nm(B„ transition) light slightly 

overlaps the excitation pulse so that the H(2p) atoms can be 

excited before they decay down to the ground state. 

Photoionization from the H(n=3) atomic level is saturated 

with absorption cross section -10"̂ '̂  cm^[58] and energy of 5 

mJ/pulse in our beam diameter. Therefore, most of the 

predissociated H(n=2) atoms will be collected. These high 

energy laser pulses will allow us to perform experiments 

under collision-free conditions at a low sample density. 

The timing of the lasers at the interaction region is 

very important, as well as the spatial overlap. Since the 

population depletion of the E state will depend on the 

temporal overlap between the 202 nm light and the second 

laser pulse, the second laser pulse should coincide with the 

202 nm light exactly. Also the third laser pulse should 

arrive at the interaction region shortly after the first and 

second lasers for the reason mentioned above. Therefore, 
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these laser pulses are timed at the entrance window before 

the main vacuum chamber using a 2 ns rise time photodiode. 

The first and second laser pulses are temporally placed on 

top of each other, while the third laser and the 532 nm 

pulses were delayed about 4 ns. Therefore, the 

predissociated H(n=2) neutral atoms can interact with these 

lasers and then be monitored but the 532 nm light cannot 

affect the excitation process. The timing of the laser 

pulses at the interaction region and description of each 

laser are shown in Table 3.2 and Figure 3.4, respectively. 

3.3 Operations of dye laser 

High resolution dye lasers have made accurate 

spectroscopic studies of atoms and molecules possible since 

they can generate tunable, narrow-bandwidth coherent light 

over a large range of the spectrum with many available laser 

dyes. In this experiment, three dye laser systems are used 

to produce the coherent light needed as previously 

discussed; fundamental light at 606 nm(DLl), tunable laser 

around 440-500 nm(DL2), and third laser (B̂ ) at 656 nm(DL3). 

The oscillators generate coherent light utilizing laser 

dyes dissolved in methanol as the active medium. The dye 

solution is circulated by fast mechanical pumps through dye 

cells, which have a small cross-sectional surface area for 

each dye oscillator. The purpose of the small surface area 

is that the pump light can penetrate completely the 
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Table 3.2 Description of lasers 

Laser wavelength Energy 

202 nm 

440-500 nm 

656 nm 

532 nm 

0.5 mJ 

0.1-2 mJ 

20 ̂iJ 

5 mJ 

Pulse duration(bandwidth) 

3 ns(-0.1 cm-i) 

5 ns(-0.03 cm-1) 

5 ns(-0.3 cm-1) 

6 ns(-0.5 cm-1) 

Intensity 440-500 nm 532 nm 

Fig 3.4 Arrival time of the laser pulses at the 
interaction region, showing relative intensities 
and pulse durations. 
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restricted diameter of the dye solution and excite the dye 

molecules uniformly. Also, the restricted surface area 

increases the flow rate through the cell to deter turbulent 

effects that would create an inhomogeneous energy profile of 

the beam shape. The circulation of the solution serves to 

keep thermal effects to a minimum so that the solution 

maintains a good optical quality[28]. 

Laser dyes have an organic structure that exhibits good 

photochemical characteristics. They have a 7c-electron that 

is easily excited such that the laser dye absorbs energy 

readily in the visible and near ultra-violet region. This 

strong absorption in a spectral region in which intense pump 

sources are available, combined with the molecule's 

efficiently fast fluorescence decay processes, makes laser 

dyes an excellent source for stimulated emission due to 

population inversion. The broad range of the fluorescence 

produced by the absorption gives a wide emission range, 

which yields the possibility of a widely tunable dye laser. 

The emission wavelengths of light from the dye molecules are 

shifted to the red of the absorption wavelengths(Stokes 

shift)[59]. 

The dye molecules are excited electronically by photon 

absorption to vibrational states just above v=0 in its first 

electronically excited singlet state(SJ from the ground 

state(G)[59]. The transition probability for the excitation 

varies with dye molecules and it is a function of its 
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electronic oscillator strength. The molecules' higher ro-

vibrational states relax down to the lowest ro-vibrational 

state of the Ŝ  electronic state quickly to build up a 

population inversion with respect to ro-vibrationally 

excited levels of the ground state as illustrated in Figure 

3.5 for the four-level laser system of dye molecules. This 

figure shows the radiative and non-radiative transitions and 

pumping and lasing cycle of typical dye molecule. The 

inverted population will be relaxed by stimulation emission, 

giving off coherent light. 

There are also other decay processes possible within 

the molecule that could affect the behavior of the dye 

lasers such as spontaneous emission and a forbidden 

transition from singlet to triplet states due to the orbital 

angular momentum interaction with spin. There is a small 

loss of population inversion due to the transition from 

singlet to triplet state(intersystem crossing). However it 

is slow compared to nanosecond time scale of the singlet 

transitions thus it does not affect the laser action 

although the gain is slightly decreased[59]. Spontaneous 

emission at other wavelength within the emission curve can 

also be generated and amplified in the gain medium. The 

spontaneous emission if produced at a significant rate will 

compete with stimulated emission affecting the generation of 

coherent light. However it can be taken care of by proper 

laser cavity alignment. 
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Fig 3.5 Pumping and lasing cycle of a dye molecule with 
intersystem crossing which causes population 
inversion loss. 
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With dissolved dye as a gain medium, we can design a 

laser system which typically consists of reflecting mirrors 

on both sides of the active medium. Light produced by the 

stimulated emission travels between the reflecting mirrors, 

passes through the gain mediiom and is amplified. At the 

threshold gain, which depend on the dye properties, pump 

intensity, and cavity losses, it will start lasing. A laser 

cavity design used in this experiment is shown in Figure 

3.6. It consists of an output mirror(partially 

transmitting), a double grating(Littrow grating and Grazing 

incidence grating) as the other mirror, intracavity lens and 

active medium. A well collimated beam is generated by a 

telescopic arrangement, in which the focal point of the 

intracavity lens coincides with the center of curvature of 

the output mirror(partially transmitting). This system 

employs a grazing incidence grating and a Littrow grating to 

produce a narrow bandwidth laser light and tune laser cavity 

to a particular wavelength. A desired wavelength can be 

selected by tuning the angle between two gratings utilizing 

constructive interference in a double grating system. The 

wavelength can described by diffraction grating 

equations[66], 

X (sin 00 + sin ej = m ^ (3.1a) 

2 X' sin 62 = m' X (3.1b) 

X ^ (x/m)(1 + sin O) (3.1c) 
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Fig 3.6 Diagram of a Grazing incidence grating-Littrow 
grating dye oscillator system design. 
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where these angles are measured from the normal directions 

to the gratings, and 8o=90 degrees with m and m' are the 

diffraction orders, x and x' are the grating period of the 

grazing incidence and Littrow gratings(groove spacing), OQ 

is the angle of the incident light measured from the grazing 

incidence grating normal, and ei+02=4>, which is the angle 

between the Littrow mounted grating normal and the grazing 

incidence grating's normal. The Littrow grating is blazed 

at 57 degrees, and has been used in third- or fourth-order. 

This laser cavity design produces horizontally polarized 

light(perpendicular to the plane of the grating). The dye 

cell is angled off vertical by about 15 degrees to prevent 

optical feedback into the resonator cavity. 

There are two conditions to be satisfied for the laser 

oscillation. The gain condition and single pass losses of 

the cavity determines the minimum population difference, and 

therefore the pumping threshold, required for lasing and the 

phase condition determines the frequency at which 

oscillation takes place[60]. The initiation of laser 

oscillation requires that the signal gain coefficient must 

be greater than the loss coefficient. The phase condition 

of oscillation requires that the phase shift imparted to a 

light wave completing a round trip within the resonator must 

be a multiple of 2K where constructive interference occurs, 

so amplification is possible. 
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The overall single-pass gain for a dye laser consisting 

of a medium of length L, dye solution of concentration 

n[cm~^] and net reflectivity R for the laser resonator 

should be equal to or greater than unity[59]. 

Here G^{v) and af(v) are the cross sections for absorption 

and stimulated fluorescence at oscillation frequency v, n̂  

and no are the population of the first singlet state and 

ground states, respectively, where the total population 

n—n^+no is conserved. Taking the logarithm and rearranging 

above equation leads to a form of the oscillation condition 

as 

- + o,(v) 
n - ,Y(v) <3-2) 

Ofl(v) + o^(v) 

where S= (1/L) In (1/R̂ ff) with R.f£ including losses from 

scattering and diffraction, and Y(v)=ni/n is the minimum 

fraction of molecules that must be raised to the first 

excited singlet state to reach the threshold of oscillation. 

Using pulsed pump lasers, threshold can be reached easily, 

even for lossy cavities such as the one described above. 

The laser light is now amplified by two kinds of 

amplifiers increasing the gain output as well as producing a 

good beam shape. The first dye amplifier is transversely 
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pumped where the pump light is expanded horizontally and 

focused vertically using cylindrical lenses, and directed 

transversely into the dye cell along one edge of the beam. 

The first amplifier increases the energy about 100 times, 

but the output beam has a distorted energy profile due to 

the transverse pumping since the gain decreases as the pump 

light is absorbed by dye cells. 

The longitudinally pumped second amplifier is to 

increase the intensity but correction of the distortion as 

well. The pumping light, expanded and collimated increasing 

the beam diameter matching with that of the coherent light, 

will interact with a larger volume of the dye cell, thus a 

uniform energy profile beam results with energy about 30 mJ. 

3.4 Frequency up-conversion 

After the fundamental laser light(606 nm) is amplified 

up to desired energy(30 mJ), we need to convert it to the 

needed wavelength(202 nm) to optically excite molecules from 

the X^Z*(v=0, J) state to the E^Z*(v=0, J) state by two-

photon absorption. This up-conversion is performed through 

second and third harmonic generation processes using the 

non-linear crystals KDP(frequency doubling) and BBO(three-

wave mixing). The ideas behind the use of non-linear 

crystals to perform the second harmonic generation and 

summing of optical frequencies with high efficiency will be 

described in the following. 
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In a isotropic dielectric material, the polarization P 

induced by an applied electric field is directly 

proportional to the electric field and its magnitude is 

independent of the direction of the electric field. Thus 

the index of refraction for radiation propagating through 

the dielectric will be independent of the direction of 

polarization of the radiation. In the more general case of 

a crystal, however, the index of refraction will depend on 

the direction of polarization of the radiation in a way 

which is based on the details of the anisotropy of the 

crystal[63]. 

In this case the dielectric constant becomes a tensor; 

this tensor can be diagonalized, giving a new set of axes 

called the principle dielectric axes. For waves with their 

electric field polarized along these axes, propagation 

occurs with a single index of refraction. For polarizations 

which are not along a principle dielectric axis, the various 

components give rise to waves propagating through crystal 

which have different directions and speeds. This is known 

as birefringence. Additionally, if the crystal lacks 

inversion symmetry, the response of the crystal to an 

applied electric field becomes non-linear[61]. Even if it 

has inversion symmetry, it can respond non-linearly but then 

the first non-zero susceptibility is going to be the third-

order (four-wave mixing). 
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Basically, second- and third-harmonic generations are 

due to the interaction of light waves with each other 

through the non-linear response of the medium. The 

dielectric materials in optics can be thought of as a 

collection of electrons and ion cores. When an electric 

field is applied, the charged particles(which are bound 

together) will move from their original positions and this 

small movement results in a collection of induced electric-

dipole moments. Thus, the effect of the applied electric 

field on a dielectric medium is to induce a 

polarization[62]. 

If the displacement is small, the linear solution of 

the equation of motion is a good approximation; however, 

when it gets larger the strong restoring force is 

significantly non-linear where the non-linearity can be 

accounted for by including an additional anharmonic 

restoring force. Then the oscillating component will 

contain significant components oscillating at the harmonic 

frequencies 2(0, 3co, . . . and a d.c. component (at zero 

frequency). The equation of motion can be expressed in 

terms of the damping constant F, the resonant frequency CI 

and the applied electric field 

E(r,t) = (Ei 1 + Ej 3 + E,, Ic) ê '̂̂ -'"̂ ' (3.4) 

where 1, 3 and k are unit vectors along the principle axes, 

K is the wave vector and r is the propagation vector, as 
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^[•~^*2r-^*Q2_^-(^f2)^2^^(3)^3 ^_ )] ^ .g£,(̂ j (3 5j 

where (̂^̂ x̂̂  + ^̂ '̂x̂  + ) are the anharmonic terms and x is 

the displacement from the mean position. The second- and 

third-order terms in the resulting polarization give rise to 

doubled and tripled frequencies of the incident wave, 

respectively. 

3.4.1 Second harmonic generation 

A non-linear dielectric medium is characterized by a 

non-linear relation between polarization and applied 

electric field. If two monochromatic waves of different 

frequency on the incident, the non-linear susceptibility 

gives rise to the transfer of energy to the sum and 

difference frequencies of the waves. For frequency 

doubling, we consider only one incident wave of frequency co. 

Although the non-linear terms are small compared to the 

linear term, the polarization depends upon the applied 

optical electric field so that the polarization density 

function P=-Nex can be expanded in a Taylor's series about 

E=0 as follows. 
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where x̂ >̂ denotes the linear susceptibility with solution 

ignoring the anharmonic term, and X^^^r X'̂ ' â ® called the 

second-order and third-order non-linear susceptibilities of 

the medium. If the non-linearities of order higher than the 

second are negligible, it can be written as 

P = CoX̂ '̂ E + 2dE^ (3.7) 

where d is a second-order non-linear coefficient, which 

vanishes in a medium with inversion symmetry. 

Simply substituting E(r,t) into the second term of 

above equation, terms with wave vector kj© at a doubled 

frequency 2co of the incident wave will arise where the 

second-order polarization components can be written as 

^i = ^oE -̂;c xSiEjE^ Pj = €o5:^, X j i i ^ A Pic = ^oEij xS^ i^ , - . ( 3 . 8 ) 

Since the polarization acts as a source of the electric 

field, the electric field propagating through the non-linear 

crystal has components at co and 2co, whereby the second-

harmonic wave has been generated in the crystal. Since the 

induced polarization acts as a driving term in the wave 

equation, the non-linear wave equation in this case can be 

expressed as equation below including a non-linear partial 

differential equation as a source radiating in a linear 

medium of refractive index n[60]. 
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VI - J^^ - n„-^ (3.9) 

where the source of on the right hand side corresponding to 

the second-order term gives rise to a second-harmonic 

component PNL(2CO) =dE (co)E (co) at twice the frequency of the 

incident field. Since the amplitude of emitted second 

harmonic light is proportional to the complex amplitude of 

PNI(2CO), its intensity is proportional to <f, 1/XQ^, and Î  of 

the incident wave which means that the power of the incident 

wave is important for the intensity of the second harmonic 

output. Typically, the second-order non-linear coefficient 

of the KDP crystal is 10"̂ ^ - 10'̂ ^ [As/V^] [60] . 

3.4.2 Three-wave mixing 

Now, we consider the case of a field ^(t) comprising 

two harmonic components at optical frequencies cOi and cOg. 

l{t) =i?e[^((i)i) e^"^' + ̂ (wj) e^"^' ] . (3.10) 

The second-order non-linear component of the polarization 

again arises if this field is substituted into the 

PNL(2co)=2dÊ  term of equation 3.7. Then the second non

linear term will contain components at five different 

frequencies (0, 2a\, 20)2, (%+ cOj, o\- CO2) . Thus the second-

order non-linear medium can be used to mix two optical waves 
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of different frequencies. It will generate a third wave at 

a difference frequency (cô - CO2, down-conversion) and at the 

sum frequency (a\+ cOj, up-conversion). In this experiment, 

the sum frequency was used to generate up-converted light. 

In this sense, the second-harmonic generation can be 

considered as a degenerate case of three-wave mixing where 

the incident frequencies 0̂ =0)2, and the second-harmonic wave 

o\+ C02=ca3(2(0) . 

Efficient generation of the second-harmonic or sum 

frequencies requires that the waves generated in different 

parts of the crystal add in phase; however in general, the 

normal dispersion of the crystal causes the generated wave 

to see a different index of refraction than is seen by the 

fundamental wavelength[63]. This leads to a different phase 

relationship between the waves at different points along the 

propagation direction and destructive interference of the 

generated waves. In this case, the process is referred to 

as not being phase-matched. The need for matching of the 

indices of refraction and thus the phases for the various 

waves in the crystal can be seen more easily in the quantum 

mechanical picture of the generation of the s\jm frequency. 

In the quantum mechanical treatment of the process, the non-

linearity leads to the annihilation of two of the 

fundamental photons with the creation of one photon at the 

sum frequency. 
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The anisotropies of the non-linear crystals used for 

the second-harmonic and sum frequency generation are such 

that there is a significant amount of generation at the 

polarization perpendicular to the incident radiation; thus, 

this component will have a different projection along the 

optic axis and a different index of refraction. Varying the 

angle between the optic axis and the radiation will change 

the indices of refraction at the different frequencies; if 

the birefringence of the crystal is large enough, the phase-

matching condition can be satisfied at a certain angle and 

efficient second-harmonic and sum frequency generation will 

result. 

In the case of second-harmonic generation, phase-

matching occurs when 2ka,=k2a,(Ak=0) where the energy 

conservation meet with C02=0\+a\. Since p=flk, this is 

equivalent to momentum conservation. These conditions are 

equivalent to demanding that the indices of refraction must 

be the same for different frequencies. A Schematic diagrams 

of wave propagations, polarizations and including phase-

matching condition for the incident and second-harmonic 

waves with respect to the optic axis are shown in Figure 

3.7. Some angle between the incident wave at 606 nm and 

the optic axis will generate significant intensity of the 

second harmonic wave. 

Similarly, the three-wave mixing process between the 

incident 606 nm and 303 nm waves through crystals will 
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Fig 3.7 Geometry of the frequency doubling process, 
showing KDP crystal and optical beams with 
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generate high intensity up-converted frequency at some 

angle[63] where the conditions of phase-matching kj = ki+ k̂  

and energy conservation CO3 = a\+ (Oj are satisfied. Figure 

3.8 shows geometry of the three-wave mixing with vector 

diagram of photon momenta for phase-matching and 

polarizations of the incident and generated waves. 

The effect of dispersion on the phase-matching can be 

overcome by using the natural birefringence of the non

linear crystal. In the case of a uniaxial crystal, 

radiation polarized along one principle axis has a different 

index of refraction than radiation polarized in the other 

two orthogonal senses. 

There are two types of phase-matching utilizing the 

natural birefringence in the crystal; Type I, where the 

polarization of the second harmonic or sum frequency is 

perpendicular to the incident wave which is the case in this 

experiment, and Type II, where the polarization of generated 

wave is parallel to the incident field. There are two ways 

to achieve the phase matching; angle tuning in which the 

optic axis of the crystal is rotated until the indices of 

refraction for both fundamental and the second harmonic or 

sum frequency are equal, and temperature tuning. In this 

experiment, the phase matching condition is achieved by 

tuning the angle of the crystal, since it is more convenient 

than controlling the temperature. 
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Fig 3.8 Geometry of the three-wave mixing with BBO 
crystal. A vector diagram of the phase-matching 
for the photon momenta. Polarization directions 
are the same as Fig 3.7. The cuigles are 
exaggerated. 
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3.5 Vacuum system 

The vacuum system is illustrated in Figure 3.9. The 

major functions of the vacuum system are the production of 

the molecular beam, providing an ionization region where the 

molecules interact with the laser beams, and the time of 

flight ion mass spectrometry. 

A high pressure hydrogen line, with the atmospheric 

impurities pumped out by a fore pump before operation, is 

connected to the input of the Newport B-lOO pulsed valve. 

This pulsed valve is synchronized with the Nd"̂ :̂YAG laser so 

as to have the molecular beam pulse reach the interaction 

region at the same time as the laser pulses. The valve 

operates at a backing pressure of a few hundred Torr of H2. 

This is the source of molecular hydrogen, and the pulses of 

H2 gas siibsequently expand into a diffusion pumped expansion 

chamber remaining at a residual pressure of 10"*-10"* Torr 

when the valve is operating. Then the molecular beam pulse 

enters the ionization chamber through a skimmer. Initially, 

the impurities in the expansion and ionization chamber are 

pumped out to a base pressure of about 8*10"̂  Torr. 

The ionization chamber is a six-way cube containing a 

small time of flight ion mass spectrometer. The laser beams 

enter the ionization chamber through Suprasil windows on 

both sides as shown in Figure 3.3 on page 63, and pass 

through a baffle system which reduces scattered light inside 

the chamber. At the center, there are two parallel plates 
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1 cm apart where the pulsed voltage can be applied across 

the plates. The upper plate is equipped with a 5 cm 

diameter uniform fine grid of nickel mesh to produce a 

uniform electric field(400 V/cm) between the plates during 

the voltage pulse and pass ions into the time of flight 

tube. 

The gas pulses enter the ionization chamber after being 

skimmed by a 2 mm aperture to reduce the divergence of the 

beam, and pass between the electric field plates where the 

laser lights cross the besim perpendicularly. At this point, 

the density of H2 is about 10^^ molecules/cm . 

The molecular beam pulse and the laser pulses will 

interact with each other and produce Hj and H* ions by 

absorption of photons. The ions will then acquire kinetic 

energy by falling through the electric field where the 

magnitude depends on their masses. 

The pulsed electric field gate is set to make the 

interaction region field free during the laser pulses so 

that H2 and H* ions produced by the lasers can be detected 

separately and simultaneously, in the absence of static 

electric effects. 

Hj and H"̂  ions produced by photo sib sorption will be 

forced into a 50 cm long field-free drift tube by the 

applied electric field with different velocities. They are 

mass analyzed by the time of flight mass spectrometer before 

being detected by a channeltron detector. The channeltron 
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detector collects energized incident ions by amplification 

of secondary electrons, and this electrical output is sent 

to the data acquisition system. 

3.6 Data acquisition system 

The mass analyzed ion signals collected by the 

channeltron detector will be acquired by a Fortran coded 

data acquisition system after being amplified by a 

preamplifier with a gain of 10. The amplifier has 2 ns rise 

time, helping the true amplification of signals, and no 

negative overshoot of the output pulse. The signals are 

gated so that the sample and hold circuit can sample and 

hold the signals which arrive in the nanosecond time frame 

long enough, for the A/D conversion board to read the A/D's 

signals about every 100 ms. The data points will be 

collected and stored by the Fortran code of the personal 

computer. The electronic circuits of the data acquisition 

system are also synchronized with the Nd*^:YAG laser. 

The Fortran code collects three different signals 

simultaneously: Hj and H* ion signals, and the optogalvanic 

spectra of uranium which is used for the calibration of the 

observed transition spectra. The wavelength of the scanning 

laser is calibrated in accordance with the optogalvanic 

spectrum of Uranium lines[64]. The optogalvanic spectra are 

taken simultaneously with the resonance spectrum by 
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splitting off a small fraction of the light and sending it 

to a Uranium hollow cathode discharge lamp. 

A optogalvanic effect is that voltage change across the 

gas discharge tube in a low pressure discharge when an 

exciting laser source is tuned to an electronic transition 

of any atomic species present in the discharge region[65]. 

The optogalvanic spectra are similar in nature to 

fluorescence spectra and have the advantage that the voltage 

signal can be used directly. This optogalvanic spectra of 

all known electric dipole allowed transitions of uranium 

have been used to calibrate the observed spectra resulting 

in the wavelengths of the transitions from the E state to 

Rydberg states and line widths of the spectra. 

The observed Hj and H* spectra for many different 

transitions to the np Rydberg states will be analyzed to 

study the dynamic decay processes for these states and 

excitation cross sections of some of the transitions. 
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CHAPTER IV 

RESULTS AND DISCUSSIONS 

In this section, the experimental results will be 

presented in comparison with previous work. A brief 

description of the non-linear curve fitting process for the 

observed spectra using Lorentzian line shape functions will 

be given, followed by a detailed discussion of excitation 

cross sections and decay dynamics of the np excited states. 

4.1 Experimental and model results 

In this experiment, we have observed 29 np excited 

states by scanning a wide spectral range with the tunable 

second laser, and measured their transition energies. 

In a large range scan, a dip or peak in the Hj 

ionization yield has been clearly identified at the 

resonances. Whether we see a dip or a peak in the Hj yield 

depends on predissociation rate of each state. Therefore, 

the predissociation and photoionization yields have been 

observed using high resolution spectroscopy. 

4.1.1 Transition energies 

As discussed in chapter II, the transition energies of 

the np excited states with the principal quantum number n(4-

7) have been measured by a single photon VUV 

radiation [20,21] from the ground state so that the state 
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assignment can be done unambiguously. The wavelengths of 

the scanning laser for the observed spectra have been 

calibrated based on the standard uraniiom transition lines, 

and were added to the energies of Q(0), Q(l) and Q(2) 

transitions from the ground states to E states, where these 

transition energies are accurately measured as discussed in 

Chapter III [53]. 

The calibrations of observed resonance spectra resulted 

in accuracy of about 0.05 cm"̂  for the energies of the 

second laser; therefore, these results are much more 

accurate than the previous works. The total transition 

energies of observed np excited states have been tabulated 

in Table 4.1 for the npa ^Z* (v, J) states, and Table 4.2 for 

the npTt ̂ H (v, J) states, respectively, in comparison with 

the previous experimental results of references[20,21]. 

4.1.2 Non-linear curve fitting 

As discussed in chapter II, predissociation is often 

the dominant decay process over other decay channels if a 

state has fast predissociation rate, while in the other 

cases photoionization is comparable. If the predissociation 

is fast enough to prevent population buildup in the upper 

state, we can experimentally observe a dip in Hj ionization 

yield. On the other hand, if photoionization is comparaible 

to predissociation, we observe a peak in the Hj ionization 

yield along with the resonance peak in H* yield. The Hj 
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Table 4.1 Transition energies of the npa ^Z; (v,J) states. 

P(l 

R(0 

R(l 

P(l 

R(0 

R(l 

R(2 

State assigned 

2^ 

T„(cm-') T.,<cni-') 

4pO B" 

4pC B" 

4pa B" 

4pc B" 

4pa B" 

4pa B" 

4pG B" 

2: 

2? 

IT 

2:: 

2:; 

v=l,J=0) 

v=l,J=l) 

v=l,J=2) 

v=2,J=0) 

v=2,J=l) 

v=2,J=2) 

v=2,J=3) 

118825.31 

118994.25 

118975.04 

120750.52 

120919.01 

120895.83 

121804.10 

118826.5 

118994.7 

118974.9 

120750.9 

120918.1 

120895.9 

121804.0 

AT 

-0.19 

-0.45 

+ 0.14 

-0.38 

+ 0.99 

-0.07 

+0.10 

P(l 

R(0 

P(2 

R(l 

R(2 

R(l 

R(2 

P(l 

R(0 

R(2 

P(l 

R(l 

5pa 

5pa 

5pa 

5pa 

5pa 

5pa 

5pa 

6pa 

6pa 

6pa 

7pa 

7pa 

0,J=0) 

o,J=i) 

o,J=i) 

0,J=2) 

0,J=3) 

1,J=2) 

1,J=3) 

119613.75 

119775.88 

119422.01 

119750.52 

119656.31 

121886.44 

121793.48 

119613.4 

119776.3 

119422.7 

119750.3 

119655.9 

121886.2 

121792.7 

0,J=0) 

0,J=1) 

0,J=3) 

121091.06 

121248.41 

121112.19 

121093.8 

121248.5 

121111.2 

3? 0,J=0) 

0,J=2) 

121994.26 

122087.70 

121995.3 

122088.1 

+0.35 

-0.42 

-0.59 

+0.22 

+ 0.41 

+0.22 

+ 0.78 

-2.74 

-0.09 

+0.99 

-1.04 

-0.40 
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Table 4.2 Transition energies of the npTU ^FC(v,J) states. 

State assigned T^(cm"^) T^f(cm"M AT 

R(0) 4p7C D' ^FC(v=l,J=l) 120097.30 120096.0 +0.70 

P(2) 4p7C D' ^FC(v=l,J=l) 119742.23 119742.1 +0.13 

R(l) 4p7C D' ^]T;(V=1, J=2) 120095.05 120093.7 +1.35 

R(2) 4p7C D' ^]^(v=l,J=3) 120028.19 120027.9 +0.29 

P(2) 4p7C D' ^FC(v=2,J=l) 121813.95 121812.7 +1.25 

R(0) 6p7C ^rC(v==0, J=l) 121526.79 121526.9 -0.11 

P(2) 6p7C ^rC(v=0,J=l) 121171.84 121172.24 -0.40 

R(l) 6p7C ^ri;(v=0, J=2) 121551.01 121551.3 -0.29 

R(2) 6p7C ^I5(v=0,J=3) 121517.13 121517.2 -0.07 
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ionization yield can be from both photoionization of 

molecules in the E state by 202 nm light or photoionization 

of the np excited state molecules(either by 202 nm light or 

the scanning 440-500 nm laser light), which are 

indistinguishable in our experiment. 

Therefore, we have used a non-linear curve fitting 

process to obtain the predissociation line widths and 

ionization dip depth or peak height from the observed 

spectra. The observed spectra for the two different cases 

have been analyzed using a non-linear curve fitting 

process (SAS) [67] . As mentioned in Chapter II, the observed 

spectra can be well fit with a Lorentzian line shape 

function which can be written in terms of oscillation 

frequency and line width as 

Av 

G(v) =A(v) ^ (4.1) 
(V- v^)^ * i-^)' 

where Av is the predissociation line width, A(v) is a 

constant, and v and Vo are photon energy and resonance 

transition frequency, respectively. The predissociation 

spectra have been fitted to a Lorentzian line function to 

obtain predissociation width in both cases. 

When a dip appears in the H^ inoization yield, A(v) 

gives rise to relative dip depth with respect to the 

constant background ionization yield; in these cases, the 
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ionization yield was fitted to an inverted Lorentzian 

function. When a peak arises in the ionization yield, A(v) 

will give rise to a peak height of the photoionization 

yield. The non-linear fitting program gives rise to Av for 

the Full Width at Half Maximum (FWHM) of the H* resonance 

spectriim in both cases as well as the dip depth or peak 

height in the Ĥ  yield. As the results of this fitting 

process, we have obtained the parameters such as 

predissociation widths and ionization dip depth or peak 

height for the observed resonance spectra of the np excited 

state. 

4.1.3 Decay dynamics 

The predissociation rate of the 3p7c D F̂Iu(v > 3, J) 

states are large; however, none of these states have been 

observed in this experiment due to small vibrational 

transition probabilities to these states from the E 

state[68]. The R(l) 4p7C D' ^n^(v=l, J=2) , R(2) 4p7C D' 

n̂;̂ (v=l, J=3) and 4p7: D' ^n^(v=2, J=l) states resulted in 

dips in the Hj ionization yield while the 4p7C D' ̂ n^(v=l, 

J=l) state gave rise to a peak in both R(0) and P(2) 

transitions. The Spn ^F^(v=0, J=l) states have gave rise to 

peaks in Hi yield for the same state through P(2) and R(0) 

transitions, and also R(l) 6p7i; ̂ n^(v=0, J=2) and R(2) 6p7C 

F̂i;̂ (v=0, J=3) resulted in peaks in Hj ionization yield. 
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The 4pa B" ^Z*(v=l,2, J=0,l,2,3) states showed dips in 

Ĥ  yields through P(l), R(0) , R(l), and R(2) transitions. 

The 4pa B" ̂ Z;(v=0, J) states were not observed, since the 

4pa B" ^Z;(v=0) level lies below the predissociation limit 

of the lower electronic states 2pa B Ẑ;;, 3pa B' ^Z;, and 2p7r 

C ^n^. Interestingly enough, all of the npa(n=5-7) ^Z; (v, J) 

states showed peaks in the Hi ionization yield. 

4.1.3.1 State with fast predissociation 

The observed spectra for the case of fast 

predissociation have been shown in Figures 4.1 through 4.4 

as a sample for R(l) 4pa B" ^Z*(v=l, J=2) state with four 

different intensities of the second laser. The fitted curve 

obtained by the non-linear curve fitting process and 

observed data points are shown together in the figures. The 

top part shows H"̂  resonance spectrum where the bottom part 

shows Hi ionization yield, respectively. Figure 4.4 shows 

only the predissociation spectrum since the constant Hj 

ionization yield did not produce either a dip or a peak at 

the resonance, which means that the saturation is completely 

eliminated by decreasing the intensity of the second laser. 

The width of this spectrum is used for an initial trial 

input value of predissociation rate F̂ . 

The fitted curves for given intensities are shown 

together in Figure 4.5, along with relative dips in Hi 

ionization yield, in which the predissociation line 
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19887 19891 19895 19899 

Photon energy cm"* 
19903 

Fig 4.1 Observed resonance spectrum of predissociation and 
ionization dip for Ii = 9.25 mJ/cm^ and I2 = 21.4 8 
mJ/cm% giving rise to Av = 4.47 cm"̂  and dip depth 
= 0.84. 
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Observed resonance spectrum of predissociation and 
ionization dip for Î  = 9.25 mj/cm^ and I2 = 11.49 
mJ/cm^, giving rise to Av = 2.87 —"^ 
= 0.77. 

cm" and dip depth 
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Observed resonance spectrum of predissociation and 
ionization dip for Î  = 9.25 mJ/cm^ and Ij = 3.54 
mJ/cm , giving rise 
= 0.71. 
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to Av = 1.54 cm" and dip depth 
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Photon energy cm'* 
19903 

Fig 4.4 Observed resonance spectrum of predissociation for 
Ij = 9.25 mJ/cm^ and I2 = 0.33 mJ/cm^ giving rise 
to Av = 0.57 cm"̂  with no dip in the Hi yield. 
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Fig 4.5 Fitted curves of predissociation spectra and 
ionization dips altogether for given 
intensities of the second laser. 
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broadening can be seen and compared to the true 

predissociation line width. Also, a variation of dip depth 

can be observed for different intensities of the second 

laser. These dip depths with respect to the constant 

photoionization background will give rise to a direct, 

quantitative measures of population depletion from the 

initial state. 

The dip depth does not vary rapidly with respect to the 

intensity changes of the second laser, which means that the 

photoionization dip depth is relatively insensitive to the 

intensity once the transition is saturated, as shown in 

lower part of Figure 4.5. After curve fitting for the 

experimentally observed spectra, we have obtained 

predissociation line widths Av.̂ , and ionization dip depths 

D.D^ for given intensities of the first and second lasers. 

With experimentally measured values of the 

predissociation line widths and ionization dip depths of a 

example 4pa B" ^Z„(v=l,J=2) state for given intensities of 

the first and second lasers, we have solved the rate 

equations by variation of predissociation rate and 

excitation cross section until we obtain a best fit of 

predissociation line widths Av̂ h from the model calculation 

with the experimental values. 

After many tiral input combinations of F̂  and a., we 

have obtained the excitation cross section and 

predissociation rate for the state resulting in a best fit 
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of the predissociation line width and ionization dip depth 

to that of experimental values. The predissociation line 

widths and ionization dip depths from the model calculation 

and experiment for different intensities of the second laser 

have been obtained and tabulated in Table 4.3 for the sample 

4pa(v=l,j=2) state above along with predissociation rate and 

excitation cross section. 

In accordance with increase of predissociation line 

widths, we can obtain the dependence of line broadening due 

to increase of the intensity of the second laser. Therefore, 

a plot of predissociation line width versus intensity of the 

second laser has been shown in Figure 4.6, containing both 

theoretical and experimental results. Based on this figure, 

it can be said that the predissociation width is 

approximately proportional to square-root of the intensity 

of the second laser. 

After detailed investigation of the model result with a 

sample state, we have applied this procedure to all of the 

states with dip in the Hi ionization yield, and deduced the 

predissociation rates and excitation cross sections. The 

predissociation line widths, ionization dip depths, 

predissociation rates, and excitation cross sections from 

the model calculation have been tabulated in Table 4.4 for 

given intensities of the first and second lasers used in the 

experiment in comparison to experimental values for the 

4pa(v, J) states. Direct comparison between theoretical 
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Table 4.3 Experimental and model calculation for 
predissociation line widths, dip depths, 
predissociation rate, and excitation cross section 
of the sample 4pa(v=l, J=2) state for given 
intensities of the first and second lasers. 

Intensity (Ij) 
(mJ/cm^) 

21.48 
11.49 
3.54 
0.33 

Width 
Av (cm"̂ ) 

4.47 
3.26 
1.80 
0.70 

Dip 
depth 

0.89 
0.87 
0.78 
0.18 

Rate 
Fd(GHz) 
(cm-̂ ) 

77.3 
(0.41) 

Cross section 
a. (*10"" cm^) 

5.4 
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Fig 4.6 Dependence of the predissociation width on the 
intensity of the second laser, showing experiment 
and theoretical values together, o : experiment. 
X : theory 
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model and experimental results shows a fairly good agreement 

for predissociation line widths(Av) and ionization dip 

depths(D.D). 

Also, the experimental and theoretical model results of 

predissociation line widths, predissociation rate, 

ionization dip depths and excitation cross sections of the 

transitions to the npjr (v, J) states have been tabulated in 

Table 4.5, along with intensities of the lasers. 

There is consistant difference between smallest 

predissociation line width of experiment and predissociation 

rate from the model calculation. This difference means that 

the smallest experimental width includes experimental 

resolution where the predissociation rate purely caused by 

lifetime broadening due to predissociation. 

4.1.3.2 Excitation cross section 

As shown in Tables 4.4 and 4.5, the excitation cross 

section for the 4p7i:(v=l) band was about factor of 5 larger 

than that of the 4p7C(v=2) band, and the excitation cross 

section of the 4pa(v=l) band was about a factor of 15 larger 

than that of the 4pa(v=2) band. This difference is 

primarily due to the different Franck-Condon factors of 

these bands and rotational transition probabilities. 

The rotational line strengths have been calculated by 

Honl-London formulae of the S5 and Sj for AA=0 transitions, 

and S5 and Sj for AA=+1 transitions. The Franck-Condon 
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factors have been calculated using Numerov (inward and 

outward) algorithm[48,49,50] generating the wavefunctions of 

the vibrational levels of the E ^IJ(v=0) [3], 4p7r D' 

^]^(v=l,2) and 4pa B" ^S*(v=l,2) states with modified Morse 

potential functions[1]. The results for the rotational line 

strengths and Franck-Condon factors are tabulated in Tables 

4.6 and 4.7 along with calculated excitation cross sections 

by rate equation model. 

After we divide the calculated excitation cross section 

by the rotational line strength and the Franck-Condon 

factor, the excitation cross sections resulted in fairly 

close agreement, although the 4pa(v=l, J=0) and 4pa(v=2, 

J=l) states resulted in a large discrepancy from others. 

With a fair agreement in predissociation width, ionization 

dip depth and reasonably close values of excitation, it can 

be said that this approach is a good approximation. 

In order to express the excitation cross sections with 

physically meaningful quantity, they are converted into 

scjuared dipole matrix elements, and tabulated in Tables 4.6 

for 4pa(v, J) states and 4.7 for 4p7r (v, J) states, 

respectively. 

However, significant discrepancy for the 4pa(v=l, J=0) 

and 4pa(v=2, J=l) states may be due to perturbation by an 

unknown state or misalignment of the laser beams and 

accidental changes in laser intensities. 
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Table 4.6 Excitation cross sections, rotational line 
strength (SJ) , Franck-Condon Factor Q(FCF), and 
squared dipole matrix element (| R12M) of the 
4pa(v,J) states. 

State Cross section Sj FCF IR12 T 
a.dO"'"' cm^cm"^) (10-2° cm') 

v=l, J=0 2.8 1 1.5 

J=l 45. 1 0.330 32. 

J=2 54. 2 18. 

2. J=0 1.6 

J=l 1.0 

J=2 3.2 

J=3 3.1 

9.1 

0.028 6.1 

9.9 

7.0 

Table 4.7 Excitation cross sections, rotational line 
strength (SJ) , Franck-Condon Factor Q(FCF), and 
scjuared dipole matrix element (| R121 ̂ ) of the 
4p7C (v, J) states. 

State Cross section Sj FCF l̂ isl̂  
Co (10"'' cm^cm"^ (10"" cm') 

v=l, J=2 1.3 6/8 5.0 

j=3 2.4 1 0.06 6.9 

v=2. J=l 0.4 1/4 0.04 6.2 
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There may exist some degree of experimental errors due 

to experimental conditions such as laser beam alignment, 

timing of laser pulses, or measurement of intensities of the 

first and second lasers. However, the overall results came 

out with reasonable agreement. 

4.1.3.3 State with slow predissociation 

As previously mentioned in Chapter II, the observed 

spectra for states with slow predissociation gave rise to Hi 

photoionization peaks along with the resonance spectrum. 

Since the predissociation is not fast enough, population in 

upper state builds up and photoionization become important. 

The predissociation competes with photoionization so that 

each state shows different dynamics, which means that some 

states have a larger predissociation yield than 

photoionization, while some states showed the opposite 

behavior. 

Figure 4.7 shows the observed spectrum of the 

5pa(v=0,J=2) for the case when the predissociation yield is 

larger than that of photoionization, and Figure 4.8 shows 

the observed spectrum of the 5pa(v=l,J=2) for the other 

case. In general, higher energy states resulted in larger 

photoionization yield while lower energy states showed 

larger predissociation yield. 

The predissociation widths and yields, and 

photoionization yields along with intensities of the first 
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Fig 4.7 
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Observed resonance spectrum of predissociation and 
ionization peak, showing larger predissociation 
yield than that of ionization. 5pa(v=0, J=2) 
state. 
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Fig 4.8 
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and second lasers have been tabulated in Table 4.8 for the 

np excited states of this kind. As shown in Table 4.8, 

photoionization becomes larger than predissociation from 

6p7C(v=0) for npTC state, and it becomes larger from 5pa(v=l) 

for npa states. 

While some of the 4p7r states showed fast 

predissociation behavior, all of the 6p7C states showed slow 

predissociation behavior as expected due to large difference 

in energy between 6p7r state and low-lying dissociation 

continua. A unit change in vibrational level between 

5pa(v=0) and 5pa(v=l) showed different decay dynamics due to 

difference of Franck-Condon factor. 

The photoionization yield depends on the intensity of 

the second laser. However if the second laser wavelength 

coincides with a certain resonance to an autoionizing state 

above the ionization limit, the photoionization yield may be 

strongly affected. The photoionization may dominate 

predissociation so that no predissociation product be 

observed. 

4.2 Discussions 

4.2.1 Predissociation rate 

Predissociation rates of the 4pa(v=l,J) and 4pa(v=2,J) 

states have resulted in about 7.4*10" (1/s) and 1.6*10^' 

(1/s), and the 4p7t (v=l, J=2, 3) and 4p7C (v=2, J=l) states have 

shown about 6.8*10'° and 4.3*10'° (1/s), respectively. As 

115 



Table 4.8 Experimental predissociation line widths, 
photoionization and predissociation yields for 
given intensities of the first and second lasers 

R(0] 

P(2) 

R(0] 

P(2] 

R(l] 

R(2; 

p ( i ; 

R(o; 

P(2' 

R(l 

R(2 

R(l 

R(2 

P(l 

R(0 

R(2 

P(l 

R(l 

State 

4p7C(v=l, J=l] 

1 4p7C(v=l, J=l] 

1 6p7r(v=0, J=l] 

1 6p7C(v=0, J=l] 

) 6p7U(v=0, J=2] 

) 6p7C(v=0, J=3] 

> 5pa(v=0,J=0] 

I 5pa(v=o,j=i; 

1 5pa(v=o,j=i; 

) 5pa(v=o,j=2; 

) 5pa(v=0,J=3, 

) 5pa(v=l,J=2 

) 5pa(v=l,J=3 

) 6pa(v=o,j=o 

) 6pa(v=0,J=i 

) 6pa(v=0,J=3 

) 7pa(v=o,j=o 

) 7pa(v=0,J=2 

Av 
(cm"̂ ) 

0.65 

0.49 

0.42 

1 0.92 

» 0.37 

1 0.44 

• 0.60 

1 0.66 

1 0.45 

I 0.64 

) 0.85 

1 0.33 

) 0.47 

) 0.58 

) 0.78 

) 0.39 

) 0.94 

) 0.65 

Yp 

0.75 

1.0 

0.11 

0.17 

0.24 

0.75 

1.0 

1.0 

0.70 

1.0 

1.0 

0.03 

0.67 

0.14 

0.08 

0.03 

0.27 

0.06 

Yi 

0.19 

0.10 

0.24 

1.0 

1.0 

1.0 

0.57 

0.53 

0.47 

0.28 

0.51 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

(mJ/cm^) 

5.17 

6.17 

7.04 

4.85 

3.08 

5.29 

4.41 

5.73 

3.97 

5.29 

6.61 

3.30 

5.29 

5.29 

7.04 

4.41 

3.52 

3.52 

14.31 

23.11 

8.86 

19.89 

5.75 

16.58 

33.16 

14.31 

22.53 

12.16 

33.16 

16.14 

16.58 

24.32 

8.86 

15.47 

13.04 

13.04 
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shown and discussed above, a surprising difference in decay 

dynamics have appeared between the 4pa 'I;;(v=l, J=2) and the 

5pa 'Z*(v=l, J=2) states although these states have the same 

symmetry properties. The only difference between these 

states is unity difference in principal quantum number; 

however, the predissociation is a dominant decay channel 

over other processes for the 4pa 'Z*(v=l, J=2) state, since 

the transition had been saturated showing dips in the Hi 

yield, while the 5pa 'Z*(v=l, J=2) state does not have 

nearly as large a predissociation rate. The Born-

Oppenheimer approximation breaks down as n goes higher. And 

since the potential curves of inner turning point for these 

electronic states are different, configuration interaction 

become considerable and also Franck-Condon factor difference 

between these electronic states and low-lying continua can 

be changed drastically with small change in internuclear 

distance. Therefore, unity difference in the principal 

quantum number can change the decay dynamic drastically. 

The 4pa(v=l,2, J) , 4p7C(v=l, J=2,3) and 4p7i (v=2, J=l) 

states have shown fast predissociation behavior. However, 

the 4pa(v=l,J) states have resulted in relatively smaller 

predissociation rate than the 4pa(v=2,J) states although 

latters lie higher. Also, the 4p7r (v=l, J=2,3) and 

4p7C (v=2, J=l) states have shown fast predissociation behavior 

where the 4p7C (v=l, J=l) state showed slow predissociation 

behavior. The smaller predissociation of the 4pa(v=l,J) 
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than that of the 4pa(v=2,J) states and slow predissociation 

behavior of 4p7U (v=l, J=l) state are caused by potential 

barrier when rotational part is included in the effective 

potential curve of the 3pa electronic state. This potential 

hill (about 0.1 eV aho-ve the second dissociation limit) 

decrease predissociation rate somewhat although these states 

predissociate by tunneling through the potential barrier. 

It is known that the predissociation line rate is 

dependent on the angular momenta J and A by [J(J+1)-

A(A+1)]'^^ for states which predissociate with AA ^ 0; 

however, we could not verify the proportionality since 

observed predissociation line widths have never shown the 

proportionality. As expected, the smallest predissociation 

line widths have shown large variations, which is due to 

differences of the Franck-Condon factor between theses 

states and the continua of low-lying electronic states in 

Tables 4.4 and 4.5 as well as predissociation line widths in 

the second column of Table 4.8. 

When photoionization becomes comparable to 

predissociation rate, we are not able to draw any 

quantitative information from the predissociation line 

widths since these lines include broadenning due to 

intensity of the second laser. As expected, none of the npTC 

'n^(v, J) states have been observed since these states are 

stable against predissociation and the only candidate which 

can be coupled to these states is the 2p7i: C 'n;; continuum, 
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in accordance with the perturbation selection rules. 

As discussed earlier, predissociation yield decreases 

with increase of the principal quantum number. Larger 

difference in energy and large separation of potential 

curves inhibit the ro-vibrational couplings of high excited 

states to low-lying electronic continua. 

4.2.2 Excitation cross section 

As a results of model calculation in comparison to 

experiment, excitation cross sections for the transitions to 

the np excited states with fast predissociation have shown 

reasonable values of squared dipole matrix elements, with 

concequent predissociation rate. Excitation cross section 

of the reansition from the E state to the 4pa states with 

fast predissociation was about 5.4*10"'^ to 1.0*10"'"' cm^, and 

it was about 2.4*10"'"' to 4.0*10"'® cm^. Excitation cross 

section a=7.2*10-'^ cm^ for the 4pa B" - X(2,0) 

transition [69] and a=2.3*10~'"' cm^ for the 4p7C D' - X 

transition[46,70] have been obtained; however, no references 

for the transitions from the E state to the 4pa(v,J) and 

4p7C(v,J) states are available. 

4.2.3 Photoionization 

Different dynamics between 5pa(v=0) and 5pa(v=l) 

appeared even though these states belong to the same 

principal quantum number and have same symmetries. This 
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difference is mainly due to the vibrational coupling of the 

np excited state to the low-lying electronic continua 

(difference in Franck-Condon factors). As the principal 

quantum number goes higher, photoionization becomes 

important and it has been shown that photoionization of the 

molecular hydrogen behaves differently from a hydrogenic 

model. 

The npa(n=5-7) 'I* (v, J) states never showed fast 

predissociation behavior, due to the larger difference in 

energies and larger separation of potential curves between 

these states and lower electronic continua. The ro-

vibrational couplings to lower electronic continua of these 

states are not as large as the 3p7C(v,J), 4pa(v,J) and 

4p7C(v,J) states. Similarly, the 6p7C or higher states will 

not have a fast predissociation rate due to above reason. 

For these states, photoionization rate is comparable to that 

of predissociation as shown in Table 4.8. 

4.2.4 Miscellaneous 

Actually, the experimental true predissociation line 

width Av of lowest intensity, tabulated in Tables 4.3 and 

4.4, may be somewhat larger than the actual value, since a 

small dip in the ionization yield could not be observed due 

somewhat larger fluctuation of the intensity of the first 

laser. Therefore, the intensity has been decreased further, 

and as expected the predissociation rate with small 
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intensity of the second laser resulted in the same as input 

value itself. 

Unexpectedly, the transitions through P(2) and R(0) to 

a certain states resulted in slightly different 

predissociation line widths maybe due to different alignment 

of the laser beams. 

The experimental error in measuring predissociation or 

photoionization width was less than 0.2 cm"'where the error 

in curve fitting falls within this range. The associated 

error in measuring the photoionization dip depth was about 

30% since the fluctuation of constant background of the Hi 

yield varies with accidental changes of intensity of the 

first laser. 

In reality, this kind of experiment has many parameters 

which affect the accuracies. Beam alignment is critical 

since the four laser lights having different beam diameters 

should overlap with each other spatially. Small accidental 

variations of beam alignment can change both the H* and the 

Hi ionization yield by fairly large amounts. Also, timing 

of the laser pulses is very important since changes in 

temporal overlap between laser pulses will affect the 

photoexcitation and photoionization. Therefore, these 

factors should be checked very carefully. The accuracy can 

be improved by employing a better beam shape using a spatial 

filter and/or beam shape analyzer, and employing smooth 

temporal pulses from single longitudinal mode lasers. 
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CHAPTER V 

CONCLUSION 

As a result of calibration for the energies of the 

resonance transitions, which were added to the respective 

transition energies from the ground X 'lg(v=0, J=0,l,2) to 

the intermediate E '2J(v=0, J=0,l,2) state, the measured 

energy levels have been found to agree very well with the 

previous experimental data, and the accuracy is about a 

factor of 3 better. 

The accurate high resolution scans over the resonances 

to singlet, ungerade np excited states from the E state 

resulted in excitation cross sections of the transitions to 

the states with fast predissociation rates. A new analysis 

approach allowed us to obtain the excitation cross section, 

predissociation line width, and measure of population 

depletion by modelling and solving a system of rate 

equations under the conditions of saturation (altirl) and 

dominantly fast predissociation rate(F^ » al) . 

In this way, we obtained predissociation widths, a 

measure of population depletion, and excitation cross 

sections, simultaneously and separately observing lineshapes 

of the dissociation resonances and photoionization yields. 

Overall, theory and experiment showed a fair agreement which 

means that the theoretical model is a good approximation to 
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obtain the excitation cross section and decay rates of the 

np excited states with fast predissociation. 

The observed spectra for the np excited states with 

relatively slower predissociation have showed that 

predissociation and photoionization compete with each other 

effectively under our experimental conditions. 

Predissociation yield decreases when the principal quantiim 

number increases, and the photoionization yield becomes 

larger, respectively. Therefore, it can be said that 

photoionization is an important decay channel for high lying 

np excited states excited by pulsed lasers. This is in 

contrast to what would be expected from a hydrogenic model 

of photoionization. 

A surprising change in predissociation mechanism with 

only unity difference in the principal quantum number 

appeared even though the symmetry properties of the states 

involved are the same, and unity change in vibrational level 

was observed to alter the decay mechanism drastically due to 

large difference in the Franck-Condon factors. 

It will be worthwhile to extend this study to singlet, 

gerade ns and nd Rydberg states, thereby investigating the 

decay dynamics of these states and their excitation cross 

sections. Also, this study can be applied to other 

molecules. We need more information(lifetime, 

photoionization cross section) for each state to investigate 

decay dynamics of individual states more accurately, 
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especially for the states with slow predissociation since 

other decay processes become relatively more important. 

For better accuracy, the laser pulse can be improved by 

employing spatially filtered beams, a beam shape analyzer 

for a better determination of the beam shape, and single 

longitudinal mode lasers for smooth temporal profile pulses. 
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