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A bstract

We observed Resonance Enhanced Midtiphoton Ionization (REMPI) spectra 

of n f  '^Ua Rydberg states of C O 2  for n = 4  to 8. In addition, we also did a 

laser power dependence study of these states for n =  5 to 7. We compared 

our results to two other studies by Johnson and coworkers and Dobher and 

coworkers.

In the present study we observed that dissociation rate increased with in

creasing frequency. Also, we observed a clear difference in rates of dissociation 

for the two spin-orbit components of each n f  state. This difference was not 

consistent, in some states the Q = 1 /2  component dissociated more while in the 

others Q = 3 /2  dissociated more. When, comparing with Dobber and coworkers' 

REMPI-Photoelectron Spectra (REMPI-PES). a good correlation between the 

observed symmetric vibrational progressions and our dissociation rates was no

ticed. We also fotmd that these rates stayed remarkably constant for different 

powers of the laser even though the production of CO^ ions required more pho

tons than CO 2  ions. From this observation we came to the conclusion that the 

two-photon transition was saturated. What was surprising was. the amoimt of 

CO 2  ions observed despite the fact that the two-photon transition X 1̂1, —  ̂

was saturated. The observ'ed ratio of CO'^/CO^ ratio never was lower 

than 6. These observations led us to believe that CO^ ions were predom inantly  

made by predissociation rather than direct dissociation. We propose that the 

two-photon transition is X followed by predissociation of the

x\"ii



Sj" state. In our model, predissociation must occur through a potential 

barrier in the C state which is on the order of an electron volt above the 

dissociation limit. We estimated the mean lifetime of this state to be about 

600 psec by using the ratio of CO^ICO^ from our spectra.

This model explains two other phenomena observed in REMPI spectra. First 

is the observation of increased dissociation with increasing principal quantum 

niunber in the n f  Rydberg states. The second is the lower dissociation rate 

observed in Dobber and coworkers’ spectra for picosecond laser compared to 

the nanosecond laser.
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Chapter 1

Effects of non-adiabatic coupling in photofragmentation

Photofragmeatatioa of molecules occurs by two different processes: photodis

sociation. where the molecule breaks into two or more segments due to interac

tions with photons, or photoionization, where an electron is removed from the 

molecule due to the effects of photons. In a molecule there are many states- 

electronic. \ibrational and rotational- that lie close together in energ}'. Due to 

the close proximity of these states they can interact with one another, creating 

effects that make interpretation of results more complicated. These interac

tions are known as non-adiabatic couplings of states. The details about these 

couplings will be explained in the next, paragraph.

1.1 Non-adiabatic coupling of states

WTien calculating the electronic states of a molecule one has to make some 

approximations in order for the Schrodinger equation to be solvable. The first 

approximation in calculating molecular states is the Bom-Oppenheimer ap-



proxiniation. which is based on the vTist difference in the mass of the electrons 

and the nuclei. This is also known as the adiabatic approximation. Since the 

mass of the electron is so small, when the nuclei change their geometr}' the 

electrons can be assumed to instantly adjust, to their new positions. Hence, 

according to the Bom-Oppenheimer approximation, one can freeze the nuclei 

and solve the Schrodinger equation for the moving electrons. Therefore, the 

nuclear dimensions (for instance intemuclear distances) can be treated as pa

rameters instead of co-ordinates. This makes the Schrodinger equation solvable. 

To get the electronic energ}\ U(R), as a function of different positions of the 

nuclei R )• the parameters R can be adjusted and the Schrodinger

equation can be solved for each set of nuclear coordinates. By doing this for 

many points, a cmve showing the dependence of the electronic energ}' of each 

state of the molecule for different geometries of the nuclei can be constructed. 

Potential energy ciurves for several electronic states of a diatomic molecule are 

shown in figure 1.1. These are called the adiabatic molecular potential energy 

curves and each curve represents a different electronic states of the molecule. 

In the adiabatic approximation, some of these states cross each other (see fig

ure 1.2(a)). For a diatomic molecule, this is not allowed for states which have 

the same projection of total orbital angular momentum on the nuclear axis. 

A. and the same overall symmetry. These crossings come about only because 

of the approximations made in calculating these curves. If no approximations 

are made the curves will take the form shown in figure 1.2(b). These crossings
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Figure l.l:  Potential energy curves for a diatomic molecule with respect to the internu- 

clear distance. R. The dots show the calculated electronic energies for different values of the 

parameter R.
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lead to states that are coupled together. The new. non-aciiabatic states are a 

combination of the approximate adiabatic states. This phenomena is referred 

to as the non-adiabatic coupling of states. The initial adiabatic states. and 

$6. cannot be treated as two independent states. Since and are coupled 

together the new coupled states. and will be two states which are a 

linear combination of the states and $&. and can be denoted by

=  a,{R)^a{R)  +

=  a^im^aiR) +  bdR)^b{R)

. where the coefficients Oc. be and a^, bd depend on the non-adiabatic coupling 

involved.

1.2 Predissociation

These non-adiabatic couplings bring about two interesting phenomena: predis

sociation and autoionization. Figine 1.3 depicts the mechanism for predisso- 

ciation. As shown, predissociation is due to coupling of a bovmd state with 

either a dissociative state or another bound state that leads to a lower disso

ciative continuvim. Since these states are coupled together the new state is a 

hnear combination of the bound state and the dissociative state. Therefore 

a molecule that reaches the quasi-bound predissociative state can ultimately 

dissociate. This action is named predissociation. Figine 1.3 shows coupling of 

a bound state with a dissociative state in 3(a) and with another bound state
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Figure 1.3: Pretlissociatioa due to coupling of a bound state with i) (a) and (c) a dissociative 

state or ii) (b) and (d) a lower electronic state



that leads to a lower dissociative limit in 3(b). If the molecule is in any of the 

\ibrational levels in case (a) or above the vibrational level n =  4 in case (b), 

it is above the dissociative limits of the lower level. Therefore, if we consider 

the combined states in figures 1.3(c) and (d) we can expect the molecule to 

tunnel through the small potential barrier between the two states and dissoci

ate. Since predissociation requires the molecule to tunnel through a potential 

barrier it is a slower process than direct dissociation. Hence, there are finite 

lifetimes for predissociative states. Due to this, predissociative states support, 

vibrational and sometimes rotational motion in the molecule.

1.3 Autoionization

Autoionization is another process very similar to predissociation. In this case 

the autoionizing bound state is coupled to an ionic state of the molecule. This 

autoionizing state is most often a Rydberg state converging to the groimd ionic 

state (rotationally or vibrationaUy excited) or to an excited ionic state which 

lies above the ionization potential. A Rydberg state is a state in which only 

one electron is very highly excited. This electron is bound to an ionic core 

which may be the ground state of the ion or some excited electronic state. The 

molecule can be thought of as nom in a lly  hydrogen-like. If the ion core is vi- 

brationally, rotationally or electronically excited, the Rydberg state may have 

enough energy to ionize. If it does ionize, the process is known as autoioniza- 

tion. The question is: what tA-pe of energy has to be transferred into kinetic
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Figure 1.4: .Autoiooization due to (a) rotational excitation (b) vibrational excitation

energy of the outgoing electron for the molecule to be ionized. As shown in 

figure 1.4. in case (a) or (b) the autoionizing state is a Rydberg state leading 

to the ground ionic state. In situation (a) the molecule has rotational energ>' 

which puts it above the ionization continuum. If this rotational energj' can be 

transferred into the outgoing electron, the molecule can be ionized. Similarly, 

in situation (b) the molecule has vibrational energy which can be transferred 

into the outgoing electron.

In figure 1.5 the ground ionic state is coupled to a Rydberg state leading to 

an excited ionic state, where the core is electronically excited. In a situation like 

this, the Rydberg electron can gain enough energy firom the excited electron 

in the core to ionize and leave the ion in its ground states. This can leave
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the molecule in any of the rotational or \ihrational states below this energy. 

As can be expected, autoionization takes more time than direct ionization and 

therefore autoionizing states have finite lifetimes.

1.4 Resonance Enhanced Multiphoton Ionization

In our study we used Resonance Enhanced Multiphoton Ionization (REMPI) 

techniques to investigate the above mentioned processes and therefore the non- 

adiabatic coupling effects of photofragmentation processes in COg. Resonance 

Enhanced Multiphoton Ionization. (REMPI). as the name suggests, is ioniza

tion due to absorption of more than one photon simultaneously. As can be 

expected this process calls for very high intense lasers. In addition to ion

ization in these experiments molecules can go through other processes .such 

as dissociation, predissociation, and autoionization. In the present, study we 

observed (34-1) REMPI spectroscopy of CO2 where the molecule absorbed 3 

photons simultaneously to reach a resonant intermediate state and then I more 

photon to get ionized. In REMPI it is the ions coming out of these reactions 

that is finally detected. A more complete discussion about REMPI will be 

given in Chapter 2  and the reader is referred to it for more details.

In our experiment we used CO2 as oiu molecide of study for two major rea

sons. Firstly. CO2 is a linear triatomic molecule made up of first row elements 

in the periodic chart which makes it important in the fundamental sense to com

pare with theory. The second reason is that it is a verv' important constit.jient

1 0



in the atmosphere. It plays an important role in the life cycle, greenhouse ef

fect. and combustion processes. CO 2 has been studied extensively in the past 

by niunerous scientists and most of the lower states has been assigned but not 

without controversy. A review of these studies will be given in chapter 3.

In Chapter 4. a detailed description of the experiment and the set up will 

be discussed. In Chapter 5. the REMPI spectra of the nf Rydberg series in 

our study and how it compares to the results of previous experiments by other 

scientists will be discussed. Also a brief description of a new technique of 

obtaining lifetimes of highly excited ionic states utilizing satiurated transitions 

will be given in this chapter. Chapter 6  will conclude this dissertation.
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Chapter 2

Resonance Enhanced Multiphoton Ionization (REMPI) 

Spectroscopy

2.1 REMPI Experiment

Resonance Enhanced Multiphoton Ionization (REMPI) as the name suggests 

is absorption of more than one photon simultaneously by molecules or atoms 

and subsequent ionization. As can be expected this process requires a highly 

intense, monochromatic Ught source. In a very intense visible or UV light field, 

instead of just one photon, a molecule can absorb multiple photons to reach 

high Ijdng excited electronic states. The molecule can then absorb additional 

photons to leave this resonant state and be ionized or dissociated. In the case 

of dissociation, the fragments may also subsequently be ionized. In REMPI 

experiments, it is these ions that are finally detected. The wavelength depen

dence of the ion signal holds a wealth of information about the electronic states 

and ionization and dissociation dvnamics of the molecule.
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Absorption of multiple photons by atoms or molecules was predicted as 

early as in 1929 by the future Nobel prize winner Maria Gopert-Mayer [Ij. 

Such an experiment could only be imagined at that time because of the lack of 

a proper intense monochromatic light soiurce. In the 1960's. when the powerful 

Q-switched Ruby laser was discovered. Kaiser and Garrett carried out their 

famous experiment where doped into CaFi  crystals produced ultraviolet 

fluorescence by absorption of red photons. [2]. The subsequent development 

of the tunable dye laser, particularly by Hansch in the 1970s [3]. served as the 

driving force behind much of the activity that has taken place in visible-UV 

multiphoton electronic spectroscopy over the last two decades. The multipho

ton ionization technique, in particular, was developed independently by Dalby

[4] and Johnson [5. 6 ] in 1975. and has made great contributions, particularly 

to the spectroscopy of molecular Rydberg states.

A schematic of a typical REiMPI experiment is shown in figvne 2.1. As cein be 

seen it has a few major components: a powerful pulsed laser, a timable dye laser 

pumped by the pulsed laser, a vacuum system which holds the molecules under 

study, an ion mass spectrometer, and an ion detector and the electronics to 

analyze the ion signal. The molecules are generally fed into a vacumn chamber 

by a direct line or a nozzle and the Ught from the dye laser is sent through a 

horizontal axis of this chamber. Usually a focusing lens is kept on the path of 

the laser to focus it to an intense spot at the reaction area. This increases the 

photon density at the point where the reaction occurs. Since the dye laser can

13
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Figure 2.1; Schematic diagram of the REMPI experiment
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be tuned in wavelength the laser can be scanned across a certain energy region. 

While scanning, if a resonance state is present at the m-photon energ\'. the 

molecule can absorb m photons simultaneously to reach this resonant state. 

If the laser is still present it may absorb further photons to be ionized. For 

instance if the number of photons absorbed after excitation to the resonant state 

is n. then the above process is said to be an (m+n) REMPI process. Once the 

molecule is ionized it can absorb additional photons and be dissociated into 

fragment ions. In addition, instead of ionization after reaching the resonant 

state, it is possible that the molecule will dissociate and. if  the laser is still 

present, these fragments may subsequently be ionized due to the absorption of 

more- photons. Therefore, in addition to molecular ions there may also be ion 

fragments in the reaction area. In REMPI it is these ions that are detected. If 

the power density of the laser is P  and the intensity of the ion signal is /  then in 

the absence of saturation or dissociation the intensity of the ion signal will \-aiy 

like /  TC P" where n is the number of photons absorbed in a given step. To find 

out the number of photons absorbed in the multiphoton transition a log plot 

of P  and /  can be made where the slope will give the number n. In general, 

it often deviates from this equation due to saturation effects and dissociation 

occiuring in molecules. Nevertheless, a lower limit to the number of photons 

can be gained from this analysis.

In the experiment the detection of these ions can be done by applying a 

voltage across the reaction area. This voltage will make the ions accelerate
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to the detector. Depending on the charge and the mass of the ions, they will 

gain diflFerent velocities due to the voltage and hence will reach the detector at 

different times. Therefore it is possible to detect the molecular and fragment 

ions separately. This is the principle behind the time-of-flight ion mass spec

trometer. For more details on our particular experiment the reader is referred 

to Chapter 4 where a detailed accoimt of the experiment performed at The 

University of Oklahoma is given.

2.2 Other Spectroscopic Experiments

In the past, two of the major techniques used to characterize electronic states 

were single-photon absorption and emission spectra. In absorption experiments 

the amoimt of light absorbed by the molecules is monitored with respect to the 

wavelength. Once the energj-' of the photons matches a resonant state of the 

molecule, there wiU be a lot of absorption leaving a dip in the spectra. Hence 

when sca n n in g  the laser one can get the energy levels of the molecule.

For some states the cross section for absorption of photons is very small. 

This makes the sensitivity of the above experiment low. The reason is that 

the intensity of the incoming and the outgoing light are large quantities but 

the difference will be small. One way to increase the sensitivity is by using 

path lengths which are verv- long, but this is not suitable for radicals which are 

made in small quantities or for molecules which cannot be obtained in large 

quantities. To overcome this problem, instead of measiuing the outgoing light.
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the fluorescence from the excited states may be measured. The intensity o f the 

fluorescence will give a direct measmement of the amoimt of energy that was 

absorbed by the molecules. Therefore, by observing the fluorescence one can 

map out r.he initial absorption to the excited state. This method is known as 

the fluorescence excitation spectroscopy or if excitation is made by a laser, it 

is known as laser induced fluorescence (LIF) spectroscopy.

In the above case the fluorescence is usually due to transitions to differ

ent lower states and will consist of different wavelengths. To separate these 

wavelengths the fluorescence can be made to go through a monochromator. 

Knowing these wavelengths the energy levels of the lower states can be foimd. 

This technique is known as emission spectroscopy. As can be seen different 

spectroscopic methods give different information about the molecules. In the 

following discussion I will .su m m arise some of the advantages of REMPI spec

troscopy.

2.3 Advantages of REMPI Spectroscopy

REMPI is a very sensitive technique as almost 100% of the ions from a REMPI 

process can be detected as all the ions can be directed towards a detector 

using a voltage. Due to this sensitivity, it can work at ver}' low pressme. One 

major aspect of REMPI is that it can reach higher states due to absorption 

of multiphotons with high resolution. Therefore REMPI spectroscopy becomes 

vet}' useful when studv'ing colorless molecules.
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Colorless molecules do not absorb visible light as single photons. The excited 

states of these molecules cannot be reached by single visible photon absorption 

since these states are at higher energies than that can be accessed by single 

visible photons. In the past these states were observed by either excitation 

due to sj-nchrotron radiation which lies in the vacuum ultraviolet range or 

v’acuiun UV lamp and monochromator combination. The bandwidth of these 

light sources is not as narrow as the bandwidth of laser radiation. Therefore the 

resolution of these spectra are low compared to laser spectroscopy. Since most 

of the lasers are in visible or near UV range, REh^IPI spectroscopy becomes 

very handy in observing these state. In REMPI spectroscopy multiple photons 

are absorbed coherently to reach these high lying electronics states.

In most molecules, the first few electronic states lies far apart in energ\' 

from, each other. Generally, after these states the energy difference between 

the other states become lesser and lesser. In other words density of states 

rises with energy. Therefore, in RENIPI after the initial multiphoton step the 

subsequent steps are either single photon resonant transitions or nearly res

onant transitions. Considering the laser intensities used in these experiment 

the subsequent steps are usually saturated. Hence, a REMPI spectrum follows 

the structure of the initial resonant state. Due to this, in an (m +n) REMPI 

process even though (m+n) photons are absorbed, the intensity varies with an 

exponent of m instead of (m +n).

In atomic and molecular transitions there are selection rules involved which
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make some of the states more easily accessible than the others. An important 

difference about multiphoton absorption compared to single photon absorption 

is that they may have different selection rules. Therefore, some of the states 

that are forbidden in single photon spectra are allowed in multiphoton spectra. 

Even though these transitions are forbidden due to selection ndes. in reality 

there still may be weak transitions if the intensity of the light source is powerful 

enough and if there is coupling between states. However. REMPI allows us to 

observe strong transitions to these electronic states which are not or barely 

observable in single-photon spectra. For example, if we consider a symmetric 

molecule with inversion symmetry, the wave fimctions are either even or odd 

hmctions known as gerade and ungerade and denoted g and u. In single photon 

spectra of a s \ t t i metric molecule, g <=̂  g transitions are forbidden and g u 

transitions are allowed, but in two-photon spectra the g ^  g transitions are 

allowed and g o  u transitions are forbidden. Therefore, in 2-photon spectra 

the excited gerade states can be observed. For example in one of .Johnson et al.'s 

earlier experiments on butadiene [6 ], he observed strong two photon transitions 

in the wavelengths below 400 nm above the three photon ionization potential 

(see figme 2.2). These states are 2-photon allowed and single-photon forbidden 

transitions and they were barely visible in the single photon spectra. The only 

reason they were \isible is because of the breaking of symmetry due to vibronic 

interactions.

Even though single-photon transitions have different selection rules than
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Figure 2.3: (3-f-l) REMPI spectra o l butadiene [61

2-ph.otoa transitions, 3-photon transitions mimic them to a certain extent. Se

lection rules for 1, 2, and 3 photon transitions are tabulated in Table 2.1. In 

REMPI once the molecule reaches the resonant state it has to wait in that 

state for another photon to come along to be ionized. Since it is these ions that 

are detected the molecules that dissociate or fluoresce from this resonant state 

before the ionizing photon is absorbed will not appear in the REMPI spectra. 

Therefore, non-dissociating states are much stronger in REMPI spectra than 

states which dissociate prior to ionization. An example of this can be foimd 

in the same experiment by .Johnson et al. on butadiene recalled above. In 

.Johnson’s REMPI spectra of butadiene in figure 2.3. some of the peaks seen 

above 420 nm in wavelength were not present in single photon spectroscopy. 

The peaks between 470 and 420 nm are all due to transitions to Rydberg states 

of butadiene. A Rydberg state is a state in which a single electron of the
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one photon two photon three photon

AJ: for Z -1,0,1 -2,-l,0,l,2 -3,-2,-l,0,1,2,3

for I  ->Z -1,1 -2,-1,1,2 -3,-2,-l,U ,3

Av No No No

AA -1,0,1 -2,-l,0,l,2 -3,-2,-l,0,l,2,3

g or u syra. g < = > U g<=>&  

u<=> u

g < = > U

+ or - sym. + <=> + +,-<=>+,- +,- <=> +,-

Allowed 

Rydberg series

s,d P ,f

AS 0 0 0

Table 2.1: Selection rules for one. two. and three photon transitions.
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Figure 2.4: Tj'pical structure of a Rydberg state.

molecule has been excited to a \ êry high energj' level while the other electrons 

stay in their ground state. This puts the excited electron (Rydberg electron) 

far away from the rest of the molecule which can be treated as a core, see figure 

2.4. This leads to a molecule that in some ways resembles a hydrogen atom in 

which the nucleus (a proton for hydrogen atom) has been substituted by the 

core. However, the molecular Rydberg states will be more complex than those 

of the hydrogen atom. For instance the core will have at least tw'o nuclei and 

will rotate and vibrate. In addition there will be the core electrons to deal with. 

Nevertheless, these Rydberg states are more likely to be ionized by ejecting the 

highly excited electron than to be dissociated. By contrast, a valence state 

is a state in which more than one electron is excited. If one of these excited
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Figure 2.5; (3+1) REMPI spectra of Benzene [5]

electrons is antibonding, these states are more like two atomic or molecular 

fragments bound together. Therefore, these states are more likely to dissoci

ate than to ionize. Therefore, in REMPI spectroscopy you are more likely to 

observe Rydberg states than valence states. In an experiment on Benzene by 

.Johnson et al. [5] (see figure 2.5), they were able to observe (2+1) REMPI 

spectra of the Rydberg state which was totally covered in single photon 

spectra by a huge valence state in the vicinity [6 ].

In addition, if a state is present in spectra of single photon absorption and 

is not present in REMPI spectra, information about the state’s lifetime can be 

obtained. For instance, this state will either have a very short lifetime: it may 

be coupled to a dissociative state and therefore is a predissociative state which 

causes the molecule to dissociate before it gets ionized. For example some of 

the states seen in Cossart-Magos et al.’s single photon absorption spectra of
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CO-i [7] were absent in Johnson et a l/s  [8 j (3+1) REMPI spectra. One of 

the states that was missing in the REMPI spectra was a 2pr„ which was 

actually coupled to a valence dissociative state. Hence, the dissociation rate of 

this state is presumed to he much higher than the ionization rate.

In the early days. REMPI spectroscopy was used mainly to discover and 

identifv’’ new electronic states. Now it is also used in stiidving the mechanics 

of photofragmentation and the effects of non-adiabatic coupling. In the pres

ence of a high intense laser field, in addition to photoionization, the molecules 

imdergo intense photodissociation. This was first experimentally observed by 

Zandee and Bernstein in 1979 [9]. When experimenting with Benzene (CqHo) 

in addition to observing Benzene ions, they observed ions. This is only 

possible if the Benzene is strongly dissociated. Even though the production of 

ions needed at least absorption of nine photons kineticaUy. they observed 

only an exponent of 3.5 in the power dependence. The reason was that after the 

initial multiphoton step, the subsequent steps were fully or partially saturated.

As seen above a wealth of information about excited electronic states can 

be gained by REMPI spectroscopy. In the present study we have used REMPI 

spectroscopy to study Rydberg states of COg. As you go through the chapters 

you will be able to appreciate the amoimt of new information that can be gained 

through this technique on this molecule and its ionization and dissociation 

dvnamics.
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Chapter 3

Experiments on COg

Carbon dioxide is an important constituent in our planet’s atmosphere: also 

it plays a role in combustion processes and the greenhouse effect. In addition 

CO2 is the principle atmospheric component on Mars and Venus and a thorough 

understanding of the molecule is crucial to studying these atmospheres.

In this chapter. I wiU give an overview of the experiments done on CO^ up 

to this date. This will be divided into two sections. In the first section the early 

experiments on CO 2  will be discussed and in the second section more recent 

studies on the molecule will be dealt with.

3.1 Early Experiments

C O 2  has been studied extensively by numerous experimentalists and theoreti

cians at least for the last 60 years. Despite this fact there are many controversies 

in the assignments of its spectra and disagreements about its dissociation and 

ionization mechanisms.
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Figure 3.1; Vibration modes of COg.

The ground state of C O 2  has Hnear geometrj- and it belongs to the 

s\Tnmetry group. Its groimd state electronic configiuration is given by

 ‘s ;

The ground ionic state of C O 2  is a state. Therefore it has a net spin 

of 1 / 2  and a projection of the electronic orbital angular momenta on the in- 

temuclear axis. A, of 1 . Depending on how the spin and the orbital angular 

momentum add up wiU lead to two spin-orbit Hmits with total angular mo

mentum on the intemuclear axis. Q =  3/2 and 1/2. with different energies. 

The energy spHtting for these states is about 160 cm~^ and of the two limits, 

fl =  3 /2  has lower energy.

Since CO 2  has 3 atoms it has 3 vibrational modes, as shown in Figure 3.1. 

These are the symmetric stretch mode. u\, the bending mode. t/g. and the
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as\Timietric stretch, i/3 , with frequencies of 1244.27. 511.35 and 1423.08 cm~^ 

respectively [1 . 2 ].

3.1.1 Spectra of CO2  (first bands of CO2 )

CO 2 is transparent in the visible and near UV regions. The first few absorp

tion bands are reviewed by Rabalais et al. in his paper in 1971 [3]. The first 

absorption peak observed is around 1900 Â. This first structureless peak in the 

speetnun. is barely visible and is assigned by Rabalais to a forbidden transition 

'E j «— . The second band, observed around 1475 Â is weak and has a

complex vibrational structure. Gardner and Kasha assigned it to the transi

tion.  ̂Au which is weakly allowed by the first order \dbronic coupling.

This explains the weakness and the complexity of the band [4j. A third band 

aroimd 1332 A with seemingly simple vibrational structure was observed by 

Price and Simpson [5] in 1932. They assigned the upper level of this band to a 

‘rip state. Even though the vibrational structure seemed simple, the intervals 

between the vibrational peaks were irregular, which made the assignment of 

them non-trivial. According to Price and Simpson these bands consist of two 

progressions in the symmetric normal mode, i/i. but Rabalais e t al disagreed 

with this assignment. They suggested that the upper state ‘11, is slightly bent 

and that the vibration in question belongs to the bending mode 1/2 . The irregu

larity of the vibration was suggested to be due to the interaction of vibrational 

and rotational angular momenta due to the sUght bending of the state. The

29



next absorption band seen is around 1 1 2 0  Â and was assigned to the transition 

by Inn et al. [6 | in 1953. Embedded in this band were some sharp 

peaks that were assigned to Rydberg states ^1^. From the progression of these 

Rydberg states Inn et. al determined the first ionization potential to be at 13.8 

eV. This value was later retdsed and will be discussed in the next section.

3.1.2 Photolysis o f  CO-2

In addition to spectra, photolysis of CO-z has also been studied intensively by 

numerous scientists. In the early stages the major concern in these studies was 

the quantum yields of the photolysis products, oxv'gen and carbon monoxide. 

For photolysis wavelengths longer than 1082 A the allowed dissociation product 

channels are

COz  +  0(^P)  A < 2275A (3.1)

COz COCE^)  +  OCD)  a <  1671.4 (3.2)

COz COCE^)  +  OCS)  A < 1286A (3.3)

Table 3.1. taken from Ashfbld et al. [7]. gives a listing of the energies needed 

to access other channels. For wavelengths longer than 1082 A . excited states 

of CO  are not energetically accessible and photolysis of COz can be divided 

into three different regions depending on the accessible dissociation continua. 

According to equation (3.1) the first dissociation limit of COz lies at 2275 A 

which leaves both the O and CO  in their ground states, and respectively. 

The second continua begins at 1672 A  which leads to O in its first excited state
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CO
1

0 - > 2
(0.00)

‘0 :
(1.97)»

'So
(4.19)»

(0.00) (5.453)« (7.42) (9.64)
227.5 167.1 128.6

«^n (6.0D* (11.46) (13.43) (15.65)
108.2 92.3 79.2

, (6.86)' (12.31) (14.28) ( 16.50)
100.7 86.8 75.1

(7.52)' (12.97) (14.94) (17.16)
95.6 80.9 70.7

Pt~ (7.90)' (13.48) (15.45) (17.67)
92.0 80.3 70.2

x 'n (8.03)' (13J9) (15.56) (17.78)
91.2 79.7 698

Table 3.1: Threshold energies for primary product channels in the photochssociation of CO> 

(upper values, in brackets, are in electron volts, lowere values are in nanometers) [7]

and CO  in its ground state (Equation (3.2)). Therefore the first region 

in photolysis studies is assigned to the region between these two limits of the 

continua. In this region the only accessible path leaves O  and CO in their 

ground electronic states.

The third dissociation continuum begins at 1286 Â in which the O atom 

is left in the state and C O  in the ground state. This basically defines the 

second region in the photolysis studies 1672 A - 1286 A where both and 

states for the O atom is energetically possible. The third region is for 

wavelengths below 1286 A and in this region aU three states and arc

allowed.
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Above 1672 A

In region one the photolysis reaction can be written as CO2 C O  +  Oi^P).  

In this region, from their photoabsorption studies Demore and Mosesman [8 ]. 

in 1971. determined a quantum yield of I for the above process by monitoring 

the 0{^F)  \ield. However, when C O  and O 2  {O2  from the reaction 0{^P)  4- 

0 ('^P)+X  —* O2 + X ), were monitored, quantum yields of less than the limiting 

values 1 and 0.5. respectively, were measured. They obtained O2 IC O  ratio of 

0 to 0.4. depending on the wall conditions, which Is less than 0.5 expected. 

Later, in 1970. Slanger et al. [9] established that the reason for this is due to 

heterogeneous processes occurring on the cell wall subsequent to the production 

of 0{^P).  Inn and Heimerl [10] and Krezenski [11] and co-workers measured a 

quantum yield of 1 for CO  at 1750 to 2 1 0 0  Â and 1849 A respectively.

1200 to 1672 A Region

In the second region between 1286-1672 A both ^P and states for O arc 

energetically accessible. The reaction expected is [12]

CO2 CO 4- 0(^D) A =  1200 -  1620A (3.4)

O ^D ) +  CO 2  Oi^P) +  CO 2  (3.5)

Oi^P) +  O C P )  4- X  O2 +  X  (3.6)

In this region, even though 0{^D)  is the initial product it is not possible 

to observe it directly using resonance fluorescence spectroscopy, which is the 

method used in these experiments. There are two reasons; one is that 0{^D)
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has a ver\' long radiative lifetime, and the second is that it imdergoes ver\' rapid 

quenching from CO2 by means of reaction (3.5). Collisions with CO 2  molecules 

cause 0{^D)  atoms decay to 0{^P)  before they can radiate to the ground state 

[13]. In 1968. Slanger et al. determined that this process is 100% efficient [14]. 

Thus in most experiments the 0{^P)  state was detected, instead of the 0{^D)  

state. Unfortunately, this method cannot distinguish between 0{^P)  formed 

by reactions (3.1) and (3.5). Similar to region 1. up to 1966. the ratio O-ijCO 

was found to be far less than 0.5 expected [15. 16]. indicating a lack of O -̂ lu 

1966. Slanger in their absorption studies reported that this lack of O2 was again 

due to Oi^P) reacting with the smfrce of the vessel that causes the deficiency 

in O2 ? and that proper treatment of the vessel walls resulted in the expected 

O2/CO ratio of 0.5 [17]. In 1971. in another paper Slanger et. al also showed 

that the quantum yield for reactions (3.4) and (3.5) are both unity' indicating 

the wall reactions occurred after the formation of 0{^P)  [13].

The next problem in this region came up when Sach [18], Inn [19] and Slanger 

[20] determined an absolute quantum yield for CO  (absolute CO  production) 

of less than 1. which indicated that the quantum yield for reaction (3.5) is 

not unity' which is inconsistent with Oi^P) yield of 1. Subsequently, in 1977. 

Slanger et al. [1 2 ] measured the 0{^P)  yield which again turned out to be 1 . 

He then compared the O jC O  ratio which turned out to be the same for two 

different wavelengths which indicated that the quantiun yield of CO  too is one. 

These results indicate imit quantum efficiency for photodissociation of CO 2 at

33



all wavelengths above 1286 Â.

Below 1200 Â

In the photoK'sis reaction of CO2 in region 3 between 1060 - 1200 Â there is 

enough energy* for the O  atom to reach the state in addition to and 

states. In 1972. Lawrence stated that the quantum yield for the reaction 

CO -2 —  ̂CO  +  0 (^ 5) was imity throughout the region 1060 - 1150 A [21]. 

whereas, in 1975. Kojuno et. al [22] observed an abrupt dip in the quantum 

\icld that starts at 1095 A. This dip was also observed by Slanger et al. [23] 

in 1977. when monitoring the emission from the transition 0{^S) —>■ 0{^D)  

and was foimd to center around 1089 A. Within this dip the preferred channel 

was found to be CO(^5) 4- 0{^D)  mth a maximum quantum \ield of 0.65. 

They explained that it is due to a Rydberg state, that lies exactly in the 

same wavelength region [23]. The reason for this is shown by the correlation 

diagram in Figure 3.2. taken from Ashfold et al [7]. At 1089 A wavelength 

there is enough energy for the molecule to reach the ÎIu Rydberg state, but 

this state only correlates to two channels that leads to O atom in or 

states. Therefore when this Rydberg state is accessed the 0 ^ 5 )  channel is 

not preferred. This causes the dip in the emission spectnun. The reason why 

0{^D) channel is preferred to 0(^F) 4-C0(a^II) is because at 1089 A the latter 

reaction is endothermie. This causes a higher population of 0{^D).

Going down to wavelengths below 1286 A Gilpin and Welge [24]. in 1971.
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Figure 3.2: Adiabatic singlet electronic state correlation diagram for CO^ disscociation [7],
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obsen’ed a time-of-flight spectnun of 0(^S) for wavelengths 1050 - 1160 Â. 

They observed it to be broad, which indicates vibrational and rotational states 

of the electronic state. Slanger et al., in 1977. established that 0(^S)

atoms were produced solely by dissociation of CO? in ‘üjJ’ state (see figiue 3.2).

Lawrence [21]. in 1972. did a study on photolysis using wavelengths between 

850 - 1090 Â. In this region there is enough cnerg}' to aceess the first exeited 

state of CO.  (a'^U). In his study he observed the emission from CO(a^II) —>■ 

CC(^E"''). known as the Cameron band. The fluorescenee from CO(a^IT) w'as 

zero at threshold but was foimd to inerease monotonieally to a maximiuu of 

0.5 at the first ionization potential at 901 A. In another study by Slanger, in 

1978. a quantvun yield of imity for CO.  and a quantiun yield of 0.60 ±; 0.06 for 

OCS)  at 1067 A was determined [25]. From Lawrence’s experiments quantum 

vield for CO(a^II) ~  0.05 [21]. therefore indieating a quantum yield of 0.35 for 

OCD).

Going even further down in wwelcngth to 764 - 923 ÂJudgc and Lee [26] 

obsened \isible emission from other triplet states of CO.  and e^E~.

They also determined a higher yield of triplet CO  than Lawrence. By analv'z- 

ing the emission from the exeited C O  states a^II. i f  A[27] and .4'II[28] 

the accessed vibrational states were determined. Later in 1978. in a theoreti

cal study using Franck-Condon and half collision considerations by Band and 

Freed [29, 30], these vibrational distributions were reproduced except for the 

ones belonging to the a^II state. This was attributed to contributions from pre-
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dissociative states at the rele\’ant energies. At even shorter wavelengths (down 

to 700 Â) CO{A^ÏL) too was detected by three different groups [31. 32. 33] 

and it was observed that the production of CO{A'-H) increased with shorter 

wavelengths and that photodissoeiation competes with photoionization, since 

these wavelenghts reach the ionization continuum.

Above the ionization potential, it is well established that the lowest ionic 

states are X  ^11,. A  1̂1̂ . B  and C  due to removal of electrons from 

iTTg. ItTu. 3(T„ and 4(tg respectively from the groimd state of COo.

4 iv -e  
'“Ç •

Figiure 3.3 shows the threshold energies of these states. The groimd ionic 

state. is split into two components due to spin-orbit interactions. The

energy difference between these components, X  ^Il3/2 and X  is ~  160

cm“ ‘. Out of these two states the X  Û.3 / 2  has lesser energy according to 

Hiind.s rules. The above mentioned excited ionic states have been studied ex

tensively by fluorescence spectroscopy [34. 35] and photoelectron spectroscopy 

[36. 37. 38. 39]. The .4 state was found to have a considerably larger bond 

length, C - O, (1.2274 Â) than the X  ^Ilg state (1.1769 Â). Due to this strong 

sjrinmetric vibrational activity was found in the .4 —* X  fluorescence

spectroscopy [35]. It was also found that this state couples to the X  state 

\ia  the asymmetric vibrational mode [40]. However, the B  and the C  

ionic states have bond lengths that are closer to the bond length of the ground 

ionic state. Therefore, the fluorescence spectra via B  —» X  ^Hg show a
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Figure 3.3: Energy level diagram of X  ^fl,. A  ^flu. B and states [74].
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strong 0 - 0  vibrational transition. From the vihrationless groimd state of CO2 

transitions to odd levels of u-i and i/z \ibrations of the X  state are strictly 

forbidden in the Bom-Oppenheimer approximation [41]. However, these levels 

have been observed in various experiments [21.36. 37. 38. 42. 43. 44. 45. 46. 47]. 

The reason for these observations was said to be due to coupling of the X  

ionic state to the B state \*ia the 1/2 bending vibration [38. 42. 46. 47] or 

due to coupling with bent superexcited valence states [44. 46. 47. 48]. Fluores

cence from the C -Hg ionic state has not been observ'ed and it was deduced 

that this state is completely predissociated.

The Rydberg states leading to these ionic states have been observed in the 

past. The Rydberg states leading to the ground ionic state, X  were the 

last to be observ^ed and wül be discussed in section 3.2 of this Chapter and in 

Chapter 5. The Rydberg states leading to the A ÎIu ionic state was observed 

by Tanaka and Ogawa [49] and is named Tanaka-Ogawa series. This series was 

tentatively assigned to a transition of the Itt  ̂electron to ns<Tg orbital [50. 51]. 

Two Rydberg series have been assigned as Rydberg series leading to the B 

ionic state due to electronic transitions of the 3(Tu electron to ndiTg and nscTg 

orbitals. These were observed by Henning [49. 52] and assigned by Fridth et 

al.[51]. These series are known as Henning sharp and Henning diffuse series, 

respectively. However, the assignment of the sharp series was questioned by 

two studies afterwards [53, 48]. Three Rydberg series leading to the C 

Ionic level have been reported. These three, known as Tanaka-Jursa-LeBlanc
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absorption, weak absorption and emission series, are due to the excitation of 

the \<jg electron. Single-photon absorption studies of these Rydberg series 

have shown that these states undergo extensive competing processes between 

electronic autoionization and dissociation [44. 53. 54. 55. 56. 57. 58. 59. 60. 61. 

62. 63. 64. 65. 66].

3.2 Recent studies on COg 

3,2.1 Single Photon Absorption Studies

Cossart-Margos et al., in 1982. did gas phase absorption spectra of CO2 be

tween 880 - 2000 Â with a resolution of 0.008 Â[67. 68]. In this region the 

only state that was rotationally resolved was at 1106 A and was assigned to 

...3p7Tu Rydberg state. Prior to this work, the only other state that has been 

rotationally analyzed was by Dixon [69] in the emission band corresponding to 

a transition from the lowest bent state.

Cossart-Margos et ai. later analyzed and assigned the rest of the bands in the 

spectra in the region between 898 - 1145 A[68]. They carried out Hartrce-Fock 

calculations in the Frozen-Core-approximation to assign the lower Rydberg 

states of the s. p. d and f series converging to the groimd ionic state of CO-i.

X  ' ^ g  .

In single photon absorption processes s and d Rydberg states are forbidden 

by one and three photon transitions, but a few diffuse states were observed
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for principal quantvun number. r> < 4. In the p series, except for the above 

mentioned sharp state, the others were diffuse. This was explained as due to 

the interaction of these states with dissociath-e valence states. This would lead 

to predissociation and make the lifetime of the state short. If the lifetime of the 

state is shorter than the rotational period, the spectrum will show no rotational 

stnicture. In other words, if the lifetime is short the imcertaintv' in energj* is 

large according to Heisenberg’s uncertainty principle A E  -^ t > h/2. Therefore, 

the rotational states will be diffuse in the spectrum. The np Rydberg series 

splits into two series; npc  and nprr, depending on the projection of the p orbital 

angular momentum on the intemiiclear axis. Interactions with the molecular 

core then results in an energy difference between these series. Prior to these 

experiments there was a long standing controversy as to which of these series lie 

higher in energy: whether its the npa series or the npir series. Lindhohn [70]. 

in 1968. based on his experience with diatomic molecules, placed the np7r series 

at a higher energy than the npcr series. Later Foo et al. [71]. in 1971. working 

on energ\'-loss spectra adopted the same placing. Betts et al. [72], in 1983. 

calculated the above order for the two series. On the other hand McDiarmid 

et al. [73], in 1984. in a study of electron energy loss spectra and a comparison 

with the analysis done on their previous studies on the molecule C S 2  (which 

is analogous to the CO 2 molecule), concluded that the ordering of the states 

should be reversed. [73] Cossart-Margos and co-workers, according to their 

single-photon spectra and ah initio calculations, agreed with McDiarmid et al.
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and placed the njxr series at a higher level than njnr.

Nevertheless Cossart-Margos and her group [68] disagreed with McDiarmid 

et a l/s  [73] assignment of the nd series and assigned them to the n f  '̂ Ug series. 

Unlike McDiarmid's short nf series (n =  3..7). Cossart-Magos observed the nf 

series for n =  4 to 28 and 32 respectively for the two spin orbit limits, = 3 /2  

and 1/2 respectively. In \iew  of the fact that in single-photon absorption the 

nd Rydberg series is not allowed in the dipole approximation and the n f  series 

is. it is reasonable to assume that the above mentioned series is the n f  Rydberg 

series. In addition to this, they also observed the spin-orbit splitting to be about 

160 cm~^ which is also the energj-' difference between the two spin-orbit lim its of 

the ground state of the CO 2  ion X  which has the same con fig uration  as the 

core of the n f  Rydberg states. However, from this n f  series. Cossart-Magos. 

deduced a new re\dsed \^alue for the first ionization potential, 111201 ± 2  cm~'-. 

In Cosart-Magos’ spectra, the n f  series had sharp featines in their rotational 

contours, imlike the np series, indicating longer lifetimes. This meant that these 

states were relatively free from interference by the other states and therefore 

free of processes such as predissociation.

3.2.2 REMPI and REMPI-PES Studies

Johnson et al.'s studies

Between 1989 - 1992 .Johnson and his coworkers performed a number of studies 

on CO -2 Q[77-81]. Their technique was (3-1-1) Resonance Enhanced Multipho
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ton Ionization (REMPI) spectroscopy. In a (3+1) REMPI process, 3 photons 

are absorbed coherently to the resonant state first, then one more photon is 

absorbed to reach the ionization continuiun. It is the ion that is finally de

tected in REMPI spectroscopy. In their study of CO 2  the range of the photon 

wavelengths were from 2750 A to 3380 A . These energies eorrespond to 916 

- 1127 A range in single-photon absorption spectra. In REMPI the molecule 

has to be in the resonant state long enough to absorb more photons to get ion

ized. therefore, only the stable states are visible in this spectroscopy. Another 

highlight of REMPI is that it can detect the photodissociated products of the 

molecule imder study if they imdergo ionization while been photodissociated or 

if the dissociated products absorb photons and then get ionized. In .Johnson's 

group’s study in addition to C O 2  they observed its photodissociated products 

CO^ and 0 + .

Johnson and coworkers agree with Cossart-Magos et al. [68] in the assignment 

of the spectra. However, some of the peaks visible in the Cossart-Magos spectra 

were not seen in their spectra and other additional peaks were [74]. In the p 

Rydberg series, the 3p7r„ state seen in Cossart-Magos. spectra were not 

observed in REMPI spectra but additional peaks were observed at 3330.3 X 

and 3337 A (single photon 1110.2 A and 1113.5 A) and were assigned to the two 

spin-orbit components of ZpiTu Johnson et al. suggested that the reason 

for not seeing the 3p7r„ state is because it is interacting with a dissociating 

valence state and that the dissociation rate Is much higher than the ionization
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rate. Whereas the additional state Sp^u seen in REMPI is explained by a 

3-photon transition and not by a single photon transition.

In addition to the p states mentioned above. .Johnson and his coworkers 

obseiA'ed both the components Q. =  1 /2  and 3 /2  of the n f  series for n =  4 and 

5 separated by ~160 cm~^, agreeing very well with Cossart-Magos' spectra. 

Johnson et al. were able to monitor this spectra by obsendng the CO^  ions as 

well as their fragmented products CO^  ions for both n =  4 and 5. In addition 

they did a laser power dependence study on the 4 /  and 5 /  states to find out 

the nmnber of photons absorbed to be ionized. In principal with no satiuration 

or intermediate resonances affecting the intensity, the power dependence curves 

should follow the equation /  x  P ” where I  is the intensity of the ion signal, P  

is the laser power and n is the number o f photons absorbed. If dissociation and 

predissociation processes are important, then this power dependence will not 

hold and only an effective exponent can be derived from the above equation by 

plotting log of I  and log of P.

According to their power dependence study, Johnson et al. [74] observed a 

consistently higher effective n for CO^  than for COf -  From this data, they 

deduced that CO'^ ions are predominantly produced by dissociation of C O f  

ions after these are formed and not by the other two methods, namely disso

ciation occurring simultaneously while ionization or ionization subsequent to 

dissociation. As you wül see later the above conclusions about dissociation 

were continually evolving.
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In addition to the n /  states. Johnson and coworkers also observed seven 

ver>' sharp peaks to the high energy side of 4 /  and 5 /  states. In their sec

ond paper, they attributed these to autoionization from the 4rphoton resonant 

states belonging to Rydberg series converging to the A and B ionic states [75j. 

The imusual strength of these lines were suggested to be due to a coincidence 

of the B *— X  transition with the photon energy. This attribution, however, 

was later disputed by another group, and will be discussed later.

Johnson and his coworkers also did a theoretical analysis of the 4 /  spectrum  

and fitted their data to a rotational contour [75]. In this analysis they ignored 

the singlet-triplet splitting, which is a good approximation for a completely 

decoupled Rydberg electron, and came out with a rotational contomr that fitted 

the data very well. From this they concluded that in the n f  series, the Rydberg 

electron was very detached firom the test of the molecule.

In 1991 Johnson et al. did a REh'IPI-Photoelectron Spectroscopy (REMPI- 

PES) via 3p. 4 /  and 5 /  Rydberg states of CO 2  [76]. In REMPI-PES experi

ments the wavelength of the incom in g light is fixed at a resonance peak (in this 

case 3p. 4 /  or 5 /)  and the electrons coming out from the ionization process are 

monitored. By measuring the kinetic energy of the electrons the ionic states 

that are reached can be determined by the equation:

E  =  nhif — K.E .

Here. E  is the energy of the final ionic state, n is the nmnber of photons 

absorbed, hu and K .E . are the photon energy and the electronic kinetic energ>*
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respectively. This process is shown in Figure 3.4.

Figure 3.5 shows the kinetics occurring in REMPI-PES in .Johnson et al.'s 

study. According to the figure when the experiment is done via the 4 /  Rydberg 

state there is enough energy to reach the ground ionic state with 4-photons hut 

not to any other excited states of the ion. Nevertheless in the REMPI-PES 

spectra Johnson et al. observed two bands they assigned to the X and C 

electronic states of the ion. This was revised later by another group and will 

be dealt with later in the next section. However, going along Johnson et al.'s 

argmnents. to reach the C ionic state it requires an absorption of at least five 

photons, which requires absorption of photons above threshold. Since Johnson 

and coworkers used low laser powers they eliminated the possibility of this 

occmring due to conventional ATA processes or due to Ponderomotive force. 

These two processes will be explained in the next two paragraphs respectively.

.ATA Process: In a strong laser field sometimes molecules absorb additional 

photons above the ionization threshold in a coherent manner. In this process 

photoelectrons are produced with discrete kinetic energj' with an energy dif

ference of the input photon energy in the spectra. This process is known as 

Above Threshold Ionization or Absorption (ATI or ATA). This process is shown 

in Figure 3.6.

Ponderomotive Force: A strong laser field can be considered an oscillating 

electromagnetic field. Due to this field an electron in the ionization continuum
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eau be considered a particle moving imder a conservative force with a potential 

energy function which is called the Ponderomotive potential. This potential 

delays the removal of the electron from the molecide and allows more time for 

absorption of additional photons. Nevertheless this force is negligible for weak 

fields.

.Tohnson et al. explained that above-threshold absorption is due to the 

molecule undergoing resonance with autoionizing states. Since these states 

are relatively long-lived the molecule can absorb more photons to reach the 

ionic excited states. To distinguish this process from the other two processes 

mentioned above, they called it the Resonance Enhanced Above Threshold 

Absorption (REATA) process [76].

In a paper in 1991, .Johnson et al. stated another surprising feature they 

observed in their REMPI-PES spectra [77]: long vibrational progressions be

longing to X, B and C ionic states, which are very smrprising considering the 

Franck-Condoon principle. The Franck-Condon principle states that the ab

sorption of a photon occurs very rapidly, so there is not enough time for the 

nuclei to rearrange during the transition period. Therefore the transition rate 

is proportional to the overlap of the initial, <  'If*, |, and the final, | > , vi

brational wavefunctions, <  '&*, [ '! '{> . The ground ionic state of COg , X^II^, 

and the Rydberg states leading to it have very similar potential en-

ergv' curves and therefore, the vibrational states will look very similar in these 

states. Since, in a given electronic state different vibrational states are orthog-
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oaal to each, other, if the poteatial curves are ver\* similar, the Franck-Coadoa 

overlap between the n f  state and the ground ionic state. <  'F}, j <̂ (. > . will 

nearly be orthogonal. Due to this, one would expect the transition starting 

from the groimd \ibrational level of the Rydberg state to be predominantly 

to the ground \ibrational level of the ground ionic state of CO^- Similarly 

the first vihrationaUy excited state of the resonance state to lead to the first 

vibrationally excited state of the ionic state, and so on. In view of this, long 

vibrational progressions observed in the PES spectra were imexpected.

WTien observing REMPI-PES spectra via 3p states. .Johnson and his cowork

ers observed sv-mmetric and asymmetric vibrational progressions belonging to 

the groimd ionic states. X. and in the PES via the 4 /  state they again saw 

asymmetric vibrational progressions which they attributed to the ground ionic 

state. X. and svmmetric vibrational progressions which they attributed to the 

C ionic state. They also observed that the PES peaks corresponding to the 

C states are enhanced when timed to the sharp peaks which were assigned to 

autoionizing states to the high energy side of the 4 /  states. This agrees well 

with their argument about the REATA processes, since REATA processes are 

additional absorption of photons from autoionizing states. However, Johnson 

et al.’s assignments of the vibrational levels of the C state were later disputed 

by Dobber et al. [79] and wül be discussed in the foUowing section.

When resonant with the -5/ Rydberg state, the 4-photon transition to the X 

state and the 5-photon transition to the B state give out electrons with similar
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kinetic energies [77]. Due to this and the low resolution of their experiment 

•Johnson et al. did not assign the PES spectra via the 5 /  Rydberg states. Nev

ertheless they mentioned the possibility of a new CO 2  state based on analv*sis 

of the PES spectra via the 5 /  states. They also observed that this new state is 

enhanced when PES spectra are observed via the sharp autoionizing peaks to 

the high energy side of the 5 /  states.

Photofragmentation studies by Johnson et al.

Photofragmentation of CO 2  is an interesting subject in itself.- In their paper 

that came out in 1991 April, Johnson et al. [77], considering the unexpected 

vibrational progressions in their REMPI-PES spectra, suggested that the disso

ciation and ionization of C O 2  occurs simultaneously. They explained that the 

3-photon resonance state is mixed with a dissociative valence state, therefore 

altered the Franck-Condon factors between the 3-photon intermediate state and 

the final ionic state. This contradicted their initial conclusion about CO'^ ions 

been produced by dissociation of CO^, which came from the power dependence 

study of CO'^ and CO 2  ions in their first paper in this series [74].

Later, in October 1992, Johnson’s group, in a quest to find out the level (3- 

photon or 4-photon level) at which the dissociation occur, collected REMPI- 

PES spectra for different laser intensities [78]. They argued, assuming the 

dissociation occur at the 3-photon level, that for high laser power the molecule 

will not stay too long in the 3-photon level before another photon comes along
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and gets absorbed. Therefore it will not evolve too far in this predissociative 

state and hence wiU not affect the Franck-Condon factors verv' much. Whereas 

for low laser power the molecule will have to wait longer for the next photon to 

be ionized. Therefore for the lower laser powers a longer vibrational progression 

is expected compared to higher laser powers. Nevertheless in their experiment 

they observed similar vibrational profiles for all the different laser powers used. 

From this observation they concluded that the dissociation occur at the 4 or 

5-photon level instead of at the 3-photon level. This disproved their earlier 

model where they said a dissociative state coupled to the intermediate state 

causes the long vibrational progressions.

As a result, Johnson and coworkers suggested that for 3p. 4 /  and 5 /  states, 

autoionization was the cause of the vibrational progressions and also that au

toionization dominates direct ionization. This conclusion was made considering 

the long vibrational progressions observed in their PES spectra [78] as in direct 

ionization one expects only one vibrational level, corresponding to the selection 

rule A// =  0. However, for autoionization to dominate direct ionization, strong 

oscillator strengths for transitions to autoionizing states are required. Strong 

oscillator strengths are expected because of accidental resonances with A X 

transitions when the intermediate state is 3p and with B X when 4 /  and 5 /  

are the resonant intermediate states. From this it can be inferred that there will 

be strong oscillator strengths for transition from Rydberg states leading to X 

with Rydberg states leading to A and B ionic states. They also concluded that
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there was relatively strong coupling of these Rydberg autoionizing states with 

neutral dissociative states from the long asymmetric stretching progressions 

observed in the photoelectron spectra.

The studies of Dobber et al.

More recently, in 1994. another group. Dobber et al. [79] used the same tech

nique. REMPI-PES to study CO 2 with higher resolution than .Johnson and 

coworkers. In their REMPI spectra they observed the (^II| i)n/ Rydberg se

ries for n =  4 — 13 while REhlPI-PES spectra was observed for n = 4  — 7. Their 

spectra agree very well with Cossart-Margos assignments. When comparing 

REMPI spectra with .Johnson et al.'s spectra there were some discrepancies. 

.Johnson et al. stated that they did not observe CO^ ions in the n f  series for 

n larger than 3 whereas in Dobber et al.’s study they observ êd CO^. 

and for all the n ’s up to 13. Nevertheless, Dobber’s group observed the 

C O f jC O ^  ratio to decrease with increasing n but the CO^ jO^  ratio to stay 

nearly constant for aU n f  states. They also observed ion spectra which 

looked like the structure of the n f  resonances only to a very limited extent.

Dobber and his coworker’s also studied the n f  series with nano and picosec

ond lasers. They found the spectra to look the same for both the situations. 

The only difference they observed was the ratio of CO^ : CO^ : which

vielded typical values of 0.13 ; 0.73 ; 0.14 for the nanosecond laser and 0.30 

: 0.35 : 0.15 for the picosecond laser. This indicates that there is much less
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fragmeatation for the picosecond laser.

There was another major disagreement bet^ '̂een the studies of .Johnson et al. 

and Dobber’s group in assigning the sharp features to the high energy side of 4 /  

and 5 /  Rydberg states. Johnson and coworkers assigned them to autoionizing 

states of CO2 but Dobber assigned them to Carbon ions, for the reasons given 

below. Dobber and coworkers also concluded that at least 90% of these 

ions were produced by dissociation of organic molecules, such as are fovmd in 

pump oU. and only about 1 0% was due to dissociation and ionization of CO-2 - 

The reasons for assigning these peaks to ions are:

1. They fall exactly on the transition 2 s ^ P q   ̂ 2s'^2p3p^Di 2,3 and

2s’̂ 2p^^Po i 2 ‘ 2s^2p^^Po i 2 of atomic C.

2. The time-of-flight spectrometer gives a m /e ratio of 12 for the ions respon

sible.

3. PES taken at sharp features show only one peak which correspond to the

2s^2p^^Pj —*—* 2s^2pZp(^Dj,?Pj,) —‘ ^P? 3 (2 + 1 ) ionization process of 

carbon.

4. Several other (2+1) REMPI transitions out of 2s  ̂0 (^ P ) 2p̂  j g 

and 2s^2p3p^£)f^ 3 have been observed in the study.

In their REMPI-PES Spectra via n /  (n =  4 - 7) Rydberg states Bobber's 

group did agree with .Johnson and co-workers in observing long vibrational pro

gressions in their photoelectron spectra. However, they disagreed with .Johnson
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et al.’s assignments of PES Spectra on the basis that their spectra had a higher 

resolution compared to Johnson and coworkers’. Dobber et al. assigned most 

of the \ibrational progressions to the symmetric stretch mode in the ground. X. 

state whereas Johnson et. al.'s assignments were predominantly to the asj-mmet- 

ric stretch mode. The long symmetric stretch progression in the C state seen 

in Johnson et al.’s study was missing in Dobber’s. .Johnson’s group also stated 

that these peaks were enhanced when PES was taken via the sharp stnictiures 

to the high energy side of the 5 /  peaks. Taking this into consideration and 

their belief that the sharp structures belong to the ions. Dobber et al. con

cluded that they belong to the photoelectrons due to the ionization of Carbon 

atoms. Dobber also didn’t observe any electrons due to REATA process ob

served in Johnson’s study. Even though. Dobber and co-worker’s assignments 

of the of PES spectra were predominantly to the symmetric stretch vibrations, 

they nevertheless, observed a few asymmetric stretch and bending \ibrations 

in their spectra.

In their attempt to find out which level (3-photon or the 4-photon level) is 

causing the non-Franck-Condon like behavior Dobber et al. did two experi

ments. In the first experiment they used nano and picosecond lasers. As with 

Johnson’s group low and high intense laser study, nano and picosecond lasers 

should give long and short vibrational progressions respectively, if the cause for 

the vibrational progressions is in the 3-photon level. When nanosecond lasers 

are used there is more time for the molecule to evolve in the intermediate level
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before it gets ionized compared to the time available with the higher power 

density present in the picosecond laser. Nevertheless, in their experiment the 

nbratioaal profiles were similar for nano and picosecond lasers in their spectra, 

indicating that the \dbrational progressions are due to some effect in the 4  or 

5-photon level.

The second experiment used two colors. When observing the 4 /  ÎTq states 

they observed a lot of vibrational activity in the 0 = 1 / 2  state compared to 

0  =  3/2. Manipulating the two colors first, they fixed the intermediate level 

(3-photon) at the 4 /^ 113/2 state and scanned the 4-photon energy. This 4- 

photon energy in the two color experiment fell on the 4r-photon energy when 

scanning the 4 /^ II i /2  in the one color experiments. They called this the Con

stant Elxcited State (CES) mode, see figure 3.7. In this figure the shaded peak 

on the right was assigned to the vibrationless state of the groimd ionic state 

of CO 2  and the two shaded peaks on the left were assigned to the 1̂1, ( 0 . 0 . 2 ) 

and ^IIg(0.1,2) levels. In this mode they observ^ed dramatic changes in the 

REMPI-PES spectra, which indicated that the 4 or 5-photon level is involved 

in the vibrational progressions.

In the second part of this experiment they fixed the 4-photon energy when 

using two colors at the 4-photon energv' when .scan n in g the 4 /^ IIi /2 component 

in single color experiments and scanned the 4 /^ 113/2 state at the 3-photon level. 

They called this mode the Constant Ionic State (CIS) mode. In this mode 

they claimed that they observed inore or less the same” structures in the



PES Spectra, (see figure 3.8) again indicating the 4 or -5 lev’el is the cause for 

the non Frack-Condon like vibrational progressions. In figiure 3.8. the spectra 

on the left-hand-side shows the CIS spectra and the right-hand-side spectra 

shows single color spectra where the excited resonant state tallies with the 

CES spectra at the same level. If we consider the two shaded peaks in the left 

and right side of the CIS spectra the peak on the left always stay smaller than 

the peak on the right. However the ratio changes and therefore it is not obvious 

that CIS mode has no change at all.

Production of CO^ and CO*̂  ions: Dobber’s theory

According to the above experiments. Dobber et al. were convinced that the long 

vibrational progressions were due to some phenomena going on at the 4-photon 

energy". They agreed with .Johnson et al. that these were due to autoionizing 

states at this level.

When considering the production of CO^ and CO^  ions. Dobber et al. con

sidered their occurrence at the 4 photon energy due coupling of dissociating 

vWence states to the autoionizing states. They rejected this idea since if disso

ciation occurred at this level, they would have observed more of the asymmetric 

stretch in their PES spectra. Dobber also rided out the possibUity of photons 

being absorbed directly at the autoionizing level to produce CO"*" and ions 

since they did not observe any photoelectrons due to this process. Almost all 

the photoelectrons they observed were assigned to numerous vibrational levels
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Figure 3.7: Two - color photoelectroa spectra forming a CES series. The three photon level 

is fixed at the state and the four photon level is scanned 10 cm~*̂  at a time. The

shaded peak on the right was assigned to the vibrationless state of the ground ionic state of 

CO 2 and the two shaded peaks on the left were assigned to the ^11^(0,0.2) and ^11,(0.1.2) 

levels. The peak with the asteric is to be ignored as it is assigned to a different process 7̂9i.
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Figure 3.8: Two - color photoelectroa spectra fonniag a CIS series are shown on the left hand 

side. The four photon level is fixed at the four photon level of the single color experiments 

when scanning the 4/^rii/2 state. The three photon level is scanned over the 4/ ^ 113/2 state 

10 cm~^ at a time. On the right-hand-side, the series of spectra shows single color spectra 

where the excited resonant state (at three photon energy) tallies with the CIS spectra at the 

same level. The peak with the asteric is to be ignored as it is assigned to a different process 

;79!.
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of the C O 2  ground ionic state. Therefore, they deduced that the CO^  and 

ions were produced primarily by dissociation of CO 2  ions by absorption of at 

least two additional photons. More details about this transition will he given 

in chapter -5.

As you can see. imderstanding of dissociation and ionization dvmamics of 

CO 2  is very complex and is continually evolving. In Chapter 5. I will present 

and discuss o\ir contribution to this puzzle.
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Chapter 4

Experiment

In this chapter I will first giw  an overview of the experiment and then will 

discuss the equipment used and its role in detail. A schematic diagram of our 

experiment is shown in figme 4.1. The main components of this experiment are: 

a laser system, a vacuum system and electronics to manipulate the ion signal 

from the REMPI process. The laser system consists of three components: a 

NdtYAG pulsed laser ( section 4.1). a tunable dye laser which was pmnped 

by the Nd:YAG laser (section 4.2). and a doubling crystal which doubled the 

frequency of the visible dye output (section 4.3). It is the ultraviolet , frequency 

doubled light which was used in our experiment to excite and subsequently 

Ionize the COj molecules. The light was focused to a tiny spot by a lens. The 

REMPI processes then occurred at the focal spot, where the energv' density 

was sufficiently high.

The vacuiun system consisted of two chambers: the interaction chamber and 

the detection chamber. The REMPI processes took place in the interartiou
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I. Y\G Laser 
1  D> c Laser
3. Frequencv' Doubler
4. Converging Lens
5. Time of Flight Tube
6. Detector Chamber 
1. Pre Amplifier 
9 Boxcar Average 
10. Micro Computer

Figure 4.1; Schematic diagram of a REMPI experiment, (a) Laser system, (b) Vacuum 

system, (c) Electrotiics.

chamber. The resulting signal was measured in the detection chamber. More 

details about the vacuum system will be given in section 4.4. The REMPI 

signal was amplified, integrated and then sent to a computer to be stored. 

Further details about the electronics will be given in section 4.5. This stored 

wavelength versus signal intensity constitute the REMPI spectrum. This will 

he discussed in detail in section 4.6.
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4.1 Nd:YAG pump laser

The piunp laser that we used in our experiment is a Quantel (now Continuum) 

581-C YAG pulse laser. For this experiment on CO 2  we used the 2nd harmonic, 

which gives a wavelength of 532 nm. The laser was operated at a pulse rate 

of 10 Hz. giving about 500 m.J of energy per pulse of 532 nm green light. The 

pulse length of the laser was about 8 nsec and the diameter of the pump beam 

was about 1 cm.

4.2 Tunable dye laser

The ad\'antage of a dye laser is that it can be timed across a range of wave

lengths depending on the dyes used. In the present experiment we used the 

dyes: Rhodamine 590 and 575. They were pumped by the 2nd harmonic, 532 

nm. light of the NdrYAG laser. From about 500 mJ per pulse of 532 nm YAG 

laser energj' we were able to achieve about 100 mJ/pulse of dye laser energ}% 

More details about dye concentrations used and laser energies achieved are 

given in Table 1.1 and Table 1.2.

A dye laser consists of an oscillator and amplifiers, as shown in figure 4.2. 

The oscillator allows one to pick out a certain wavelength and the amplifiers 

increase the intensity of the output from the oscillator. In our laser, the oscil

lator was co m m ercially  made and it is of Littman design [1, 2j. A schematic 

diagram is shown in figure 4.3.

71



Dye Oscillator 1st

Amp.

2nd

Amp.

3rd

Amp.

4th

Amp.

Rhodamine 590

Dye Concentration (g/I) 

Laser pulse energy (mJ)

0.2 0 10 

4

0.05

25

0.025

60

0.013

100

Rhodamine 575

Dye Concentration (g/l) 

Laser pulse energy (mJ)

0.115 0.0575

1

0.55

6.5

0.027

50

0.014

100

Table 4.1: Dye concentrations and laser puise energy.



Dye Freq. doubled 

energy (mJ)

Doubling

crystal

Notes

i

Rhodamine 590 10 KDPA Long lasting dye; 

Dissolves fast in MeOH

Rhodamine 575 9 ■ .BCDPB Long lasting dye; 1 

Dissolves fast in MeOH

Table 4.2: Frequency doubled laser pulse energy and doubling crystals used.

73



100%

Nd YAG(apprx. 200mJ, 532nm) — ►-----------

Dye Osc ^  ' 4%
T

6ns del^  line v

100%

^  50cm F.L
' 2mm Dye Cell 

▼
R.A Prism

 ̂ ' ~ ~  appox. 2mJ

▼
50cm F.L I 4mm Dye Cell

R.A Prism
r — ►-

■— I m   appox: 20mJ

▼

50cm F.L
8mm Dye Cell

   R .A  Prism

10% ^  appox. 40mJ

▼
50cm F.L

— ► -

100%

8mm Dye Cell 

R.A Prism
▼

' appox. lOOmJ

Figure 4.2; Schematic diagram of the dye laser.
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End mirror Dye Cell

Prism Beam Expander
! Grazing Incidence Grating

 \
\  \

Laser
‘‘••v Output

Littrow Grating

Pump Laser

Figure 4.3: Schematic diagram of the dye laser oscillator.

About 8% of the YAG laser is used to pump the oscillator. As shown, the 

piunp beam is focused onto the dye cell by a 10 cm focal length cylindrical 

lens. Photons from this beam are absorbed by the dye molecules and reach an 

excited state. Due to the collisions the excited molecules undergo radiationless 

transitions to lower vibronic stat.es. from which then fluoresce. A typical energ}' 

level diagram is shown in figure 4.4 (a), and the absorption and fluorescence 

spectra of Rhodamine 590 dye are shown in figure 4.4 (b). As shown in figure

4.3, the fluorescence from the dye cell is reflected back by the end mirror back 

through the dye cell and reaches the grazing incidence grating. From this 

grating, light is directed to the Littrow grating. Since the angle of the reflection 

from the grating depends on wavelength, there will be only one wavelength for
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Figure 4.4: (a) Schematic euergy level scheme and pumping cycle in dye molecules, and (b) 

absorption and fluorescence spectrum of Rhodamine 590 dissolved in ethanol [U

which the Littrow grating will reflect the light back on its original path, and 

therefore back into the dye cell. By using two gratings the fluorescence is 

dispersed twice, increasing the dye laser resolution. By turning the angle of 

the Littrow grating, this wavelength can be changed. In our dye oscillator this 

grating is installed on a stepping motor, which is controlled by the computer 

and therefore the wavelength can be controlled by the computer. In our dye 

laser the output is the zeroth-order reflection from the grazing incidence grating.

Following the oscillator there are four home-made amplifiers. These are lon

gitudinally pumped: the pump beam and the dye beam combine lengthwise 

in the dye cell. This allows vis to produce a circular, homogeneous beam from 

our dye laser. More than one amplifier is used in order to achieve a narrow 

bandwidth laser. A narrow bandwidth cannot be achieved with a single am
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plifier. since this would mean pumping this amplifier with 95% of the pump 

beam. This would lead to satmation and therefore broadening of the linewidth 

of the dye beam. Thus, foiu: amplifiers were used in omr experiment. In oiur 

power dependence study the laser pulse energ}' was changed by changing the 

voltage supplied to the fiash lamp» in the Nd: YAG laser. In order to maintain 

the quality of the piunp laser beam at lower laser energy the 4th amplifier was 

blocked, in addition to changing the voltage. A discussion of the laser power 

density is given in Appendix B.

4.3 Doubling crystal

A doubling crystal was used to double the frequency of the dye laser. This 

was a commercially made Autotracker II ciystal system by INRAD company. 

The ciystals used for the experiment were KDP "A” and "B” which worked for 

input wavelength 259 to 295 nm. When scanning the dye laser the doubling 

angle was corrected automatically by a feedback system to achieve maximum 

energy output of the doubled laser. Of about 100 mJ/pulse of dye laser energy 

we were able to achieve about 10 mJ/pulse of doubled energy.

4.4 Vacuum system

The mcuum system consists of two differentially pumped vacuum chambers (see 

figure 4.5). This means that the two chambers are at different pressiues. This
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►Nozzle
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Figure 4.5: Vacuum system and time-of-flight mass spectrometer.
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is possible if the aperture between them is minimal. In oiir case the aperture 

connecting the two chambers is 3 nun in diameter. Of the two chambers the 

first one is the interaction chamber. This chamber is piunped by a diffusion 

pump made by Norton (NRC brand products- model number 0183) which has 

the capabilit}'- of taking the pressure down to I0“® Torr. CO 2  is fed into this 

chamber by a 1/4" tube or by a nozzle with 0.001 mm diameter. Both the 

1/4" tube and the nozzle was regulated by a needle valve installed further 

up in the line, closer to the CO 2  cylinder. For the majority of the data in the 

present experiment we used the nozzle to introduce C O 2  into the chamber. The 

nozzle was built in our shop and will be described in section 4.4.2. Between the 

interaction chamber and the diffusion pump a manual gate valve was installed 

to regulate the CO 2  pressure in the chamber. The C O 2  pressure was maintained 

at a constant value around 10"  ̂ Torr by controlling the pump rate from this 

chamber.

The laser was sent through the interaction chamber. This laser was focused 

to a tiny spot at the center of the chamber. It was at this spot that the 

ionization takes place, as the density of photons at this spot was sufficiently high 

for REA'IPI processes to occur. The ions that were produced by the REMPI 

processes were then accelerated towards the detector chamber, through the 

time-of-flight ion mass spectrometer. The time-of-flight ion mass spectrometer 

will be discussed in section 4.4.1.

The detector used in this experiment is a multichannel plate made by Gallileo.



When this plate is set at a high voltage each ion striking the detector creates a 

large number of electrons, which can then be extracted as a ciurent pulse. When 

detector is operating, the detection chamber has to be kept under low pressure 

(below 10"'̂  Torr). Therefore, the detector chamber is kept at a pressure at 

10~® Torr region with a Turbomolecular pump. The Tiurbomolecular pump was 

made by Pfeiffer Balzers (model number TPU 510). With no CO 2  flowing into 

the chamber, it has the capability' of pumping the detection chamber down to 

the 10"* Torr range.

4.4.1 Time-of-flight ion mass spectrometer

A time-of-flight ion mass spectrometer was used to separate the ions of different 

mass created by the REMPI processes. This was done by applying a voltage 

across the interaction region with three metal wire meshes, these meshes are 

located on either side of the interaction region, as shown in figure 4.2. The 

first mesh was biased at -1100 V, the second at -1000 V, and the third at 0 V. 

The laser was focused between the first and the second meshes so that the 

REMPI processes could occur at a relatively low voltage. This avoided any 

effects due to high voltages. However, the 100 V difference was sufficient to 

cause the ions to accelerate towards the second mesh. These ions were then 

hnther accelerated by the 1000 V potential between the second and the third 

mesh towards the detection chamber.

Depending on the charge-to-mass ratio of the ions the time the ions take
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to arrive at the detector changes. Thus the CO^ ions and the fragmented 

ions can be separated. If the charges on these ions are the same they acquire 

the same kinetic energy due to the voltage applied. This kinetic energj' is 

qV. where q is the charge and V is the applied voltage. Hence, the molecules 

with the same charge-to-mass ratio will gain the same velocity' while those with 

different charge-to-mass ratios will gain different velocities. Time-of-flight. mass 

spectrometer is simply a tube through which the ions travel. By traveling along 

this 50 cm tune at different velocities, the various ions reach the detector at 

different times. If any two ion masses are known we can calibrate the time-of- 

flight by using the equation.

q V  =

where m is the mass of the ion, v is the velocity, / is the length of the time- 

of-flight mass spectrometer tube, and t  is the arrival time at the detector. A 

typical signal measmred by the oscilloscope is shown in figure 4.6. The different 

peaks here are due to ions with different charge-to-mass ratios. The time-of- 

flight was calibrated by filling the chamber with air instead of COg. This gave 

us signals from a range of masses stcirting from and CO.]”.

due to air and pump oil.

4.4.2 Nozzle

The nozzle was built in our instrument shop. We were able to adjust its position 

in three directions: x. y and z. This allowed us to orient the tip of the nozzle
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CO'

G*

H*

Time

Figure 4.6: Tv"pical REMPI signal seen by the oscilloscope. The different peaks are for 

different masses.

directly above the focus of the laser and therefore maximize the signal. A 

schematic diagram of the nozzle is shown in figure 4.7. The two knobs on 

the top let us adjust the x and the y  positions, and the knob above the long 

cylinder lets us adjust the z position. These adjustments can be made under 

vacuum and the experiment is underway. Because there was a voltage applied 

across the reaction area, the tip of the nozzle needed to be electrically floating 

to avoid changing the potentials in the ion extraction region. Thus the tip 

of the nozzle was made out of aery he. with a diameter of 0.001 mm. We 

measured spectra at various nozzle backing pressures (from 800 mm Hg to 260 

mm Hg). For higher backing pressure, we observed some supersonic cooling 

by the nozzle. Information about pressure in the interaction and detection 

chamber for different nozzle backing pressme are given in Table 1.3.
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1/4" CO, line

Z adjustment

X, Y adjustment

Nozzle

Figure 4.7: Schematic diagram of the nozzle.
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Backing

pressure

Needle valve 

reading

Source

pressure

Detector

pressure

Signal height 

(mV)

>  8 0 0 m m  Hg 2 3 3  X 10-* 3 x 1 0 ^ 7 0

7 9 0 m m  Hg 1 5 I X 10-* 1 .1  X 10-* 3 5

4 6 0 m m  Hg 1 3 .5 6  X 1 0 * 5 . 6  X 1 0 - ' 2 0

2 6 0 m m  Hg 1 2 .5 2 . 8  X 1 0 * 2 . 8  X 1 0 - ' 1 0

Table 4.3: Supersonic cooling effect due to the nozzle: backing pressures.

4.5 Electronics

The current from the multichannel plate detector was extracted by a home- 

built filter. This separated the direct voltage supplied to the multichannel 

plate from the transient current which was actual REMPI signal. The REMPI 

signal was then amplified by a timing filter amplifier made by ORTEC (model 

number 474), and sent into a gated boxcar averager (Stanford Research Systems 

- model number SR250). The gated boxcar averager allowed us to integrate a 

signal during a given time range, or gate. For instance, if the gate is set at 

the time when the C O 2 ions arrive, the signal due only to CO 2  ions can 

be integrated as a function of laser wavelength. This integrated signal was 

then sent to a microcomputer, where it is converted into a digital signal by an
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analog-to-cligital converter card and finally stored in a data file. In the case 

where more than one mass of ions was monitored simultaneously, for example 

c o t  and CO'*’, two boxcar averagers, and therefore two gates, were used.

4.6 Computer software

A Pascal program weis used to interface with the experiment. This program 

was used to scan the laser, to convert the signal from analog to digital format, 

then to store it in a file. The block diagram of the program is given in figure 

4.8.

The computer program controlled the stepping motor which scanned the 

dye laser. The laser was scanned by rotating the angle of the Littrow grating. 

This grating was attached to a stepping motor (Aerotech- model number .AKT- 

•50). From our program we were able to control the number of steps, and 

therefore the change of wavelength, and to control the amount of time spent in 

that particular wavelength. The stepping motor had a stepsize of 25.000 steps 

per revolution, which corresponds to a wavelength resolution of about 1.3 x 

10~^A/step. The time spent at each step could be determined by the clock in 

the computer or by the niunber of laser shots. In this experiment we used the 

laser-shot mode, which was more reliable than the clock-mode in getting the 

same signal strength at each data point.

The computer program was also used to collect and record the data. The 

analog REMPI signal as a function of wavelength was converted to a digital
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Set Scanning
Parameters
step size = S
No. o f  Points = N
No. o f Laser shots/Point = L

No

Yes

No

Yes

No No

i Yes Yes

;f number 
o f points 

N

/  No. o f > 
Laser shots 
N =  L ^

Save^ 
as a Data 
N jF ile /

END

END

Sum Digital 
Signal for all L

PLOT on computer 
screen and save as 
an array

Move stepping 
motor S steps 
(change wavelength)

Take reading for laser pulse from 
Boxcar Averager and convert from 
Analog to Digital signal

Figure 4.8: Block diagram of the computer program.
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signal and stored in a file. Typically we would sum the signal for 20 laser shots 

and then store the sum at each data point. One scan usually covered about 

10 Â . Each scan took about 45 minutes, and multiple scans were recorded 

for each wavelength range observed. We had to be careful that the doubling 

cr\'stal did not get out of synchronization and that the pressure In the chambers 

was steady. While scanning, the spectra could be obser\ed on a graph on the 

computer. This was very convenient as any error in the scan could be instantly 

detected.
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Chapter 5

Results and Discussion

5,1 Introduction

In OUT study we obsen^ed the n f  ^Iln Rydberg states of CO2 via (3+1) Reso

nance Enhanced Multi-Photon Ionization (REMPI) spectroscopy for the prin

ciple quantum number n =  4 to 8  (see hgure 5.1 through 5.3). A Rydberg state 

is a state in which a single electron of the molecule has been excited to a ver>' 

high energy level while the other electrons stay in their ground state, as was 

discussed in detail in section 2.3. In the n f  ^Iln state the n f  is the Rydberg 

electron which has a principle quantiun niunber of n and an orbital angular 

momentum of 3, since it is an /  state. ÎIq is the molecular state of the core. 

The value of multiphcity, 2, indicates that it has a spin of 1/2 and since it is a 11 

state, its projection of the orbital angular momentum on the intemuclear axis 

is 1. Depending on how the spin and the orbital angular momentum combine 

the total angular momentum. Qc, can take the values 1/2 or 3/2 (see figure
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5.4). Hence, for each n f  state there exists two spin-orbit components n f  

and n f  ^n.3/2 . Of the two. He =  3/2  has less energ\* according to the Hiind's 

rules.

As discussed in Chapter 2. Resonance Enhanced Multiphoton Ionization 

REMPI spectroscopy is done using a high-powered dye laser. This laser has to 

be strong enough to make the molecule absorb several photons simultaneously 

and ultimately be ionized. It is the ions coming out from the interaction region 

that are finally detected. Ions are extracted by apphdng a voltage across the 

interaction region. Our experimental setup is discussed in Chapter 4.

In a (3+1) REMPI process the molecule absorbs 3 photons simultaneously 

to get to a resonant state and from there, one more to reach the ionization 

continuum, as shown in figure 5.5. In our study the resonant states reached are 

the n f  ^Hn Rydberg series of CO2 for n =  4 to 8  which are shown in figures 

5.1, 5.2 and 5.3. One major advmitage of REMPI spectroscopy is that we can 

observe CO 2 ions as well as their dissociated products CO^  or 0^  ions. This 

is done using a time-of-flight apparatus, which makes it possible to distinguish 

between different masses, and therefore between CO 2 and ions. By ob

serving CO 2 and CO'*' ions simultaneously we can get more information about 

ionization and the dissociation dynamics of CO2 . As can be seen in the figures 

the structure of the n f  Rydberg states is visible in the CO 2  ion spectra as 

well as the CO*' ion spectra. This indicates that the dissociation of CO 2  occur 

sometime after the intermediate resonance state. A lengthy discussion of the
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Figure 5.4: Spin - orbit coupling of the core of the Rydberg molecule.

most recent work in ionization and dissociation djmamics of CO 2  was given in 

section 3.2.2 in Chapter 3.

5.2 Spectra of CO2

In the recent past CO 2  was investigated in the energy' region 880 - 2000 Â by 

three different groups using photoabsorption. REMPI and REhlPI-PES meth

ods: Cossart-Margos et al. [1] using single photon absorption spectroscopy, 

and two other groups. Johnson and coworkers [2. 3. 4. -5. 6] and Dobber et al. 

[7] both using REMPI and REMPI-PES spectroscopy methods. In section 3.2 

in Chapter 3. I have summarized most of these results, nevertheless these will 

be discussed briefly again to compare with our experimental results.

Cossart-Magos et al. in their single photon absorption studies observed the
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n f  Rydberg series of CO 2  for n =  4 to 28 for the Qc =  3 /2  spin-orbit component 

and n =  4 to 32 for the =  1/2 component. They carried out Hartree-Fock 

calcidations in the Frozen-Core-approximation to assign these Rydberg states, 

which con\’erge to the groimd ionic state of CO2, [1]. In addition to

this, they observed the spin-orbit sphtting to be about 160 cm~^. which is 

also the energy difference between the two spin-orbit limits of the groimd state 

of the C O 2  ion which has the same configuration as the core of the

n f  Rydberg states. In the present study we observed the energy levels of the 

n f  Îlg series \da (3+1) REMPI spectroscopy for u =  4 to 8. As in single

photon spectroscopy, the n f  series is an allowed transition in (3+1) REMPI 

spectroscopy. Our spectra agree vet}' well with Cossart-Magos group's spectra. 

As do Cossart-Magos’, our spectra showed that each n f  state was split into 

two spin-orbit components separated by about 160 cm~^. as in the ground 

ionic state. In Cosart-Magos’ spectra, the n f  series had sharp features in the 

rotational contoius, indicating long lifetimes. This meant that these states 

were relatively free from interference by the other states and therefore free of 

processes such as predissociation. In our REMPI spectra, we observed some 

sharp features in the rotational contoim; of the n f  series. These were more 

prominent for 4f, 5f and 7f than 6f and 8f.

In .Johnson et al.’s study they observed the n f  ^Ilfi states for n =  4 to 6 

using REMPI techniques. They monitored both CO 2  and CO'*' ion signals 

using a time-of-flight apparatus. In their spectra CO2  ion signal was present
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only in the 4f and -5f Rydberg states, but a ion signal was observed for

all the states including 6f. They observed an O'*" signal which was ver\' small. 

In our study CO'*’ and CO^  ion signals were present for all states of the n f  

Rydberg series observed up to n =  8 and an signal almost to the order of

the CO^  ion signal was observed for 6 /  state. These spectra are shown in 

figure 5.6. at the same scale as the signal for comparison. .Johnson et al. 

mentioned additional sharp featmes to the high energy side of the 4f and the 5f 

states. These peaks were missing in our spectra and will be discussed in section

5.3. Except for these discrepancies, the rotational contoius and positions of our 

spectra agreed well with those of Johnson and his co-workers.

In their study Johnson and his co-workers [2] also did a power dependence 

study on CO^ and CO'^ ion spectra. If there are no saturation effects or 

dissociation or predissociation occurring, the intensity of the ion signal should 

follow the equation 

Jtc P".

Here P  is the laser pulse power density and n is the number of photons absorbed. 

A plot of Iog(/) verses log(P) should give a slope of n.

According to their study they got an exponent of 2.06 for the C O f ion signal 

and 4.05 for the C 0 +  ion signal for the 4f state. In our power dependence study 

we deduced exponents in the range 2 to 3 for CO 2  ion signal and 2.5 to 3.5 for 

the CO^  ion signal for 5 / ,  6 /  and 7 /  spectra. The exponent for the CO^  ion 

signal was always higher than the exponent for the CO 2 ion signal (see figure
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5.7). Since we are considering a (3+1) photon absorption process an exponent 

of at least 3 is expected for COJ ion signal. Since this is not the case it is likely 

that the 3-photon absorption is at least partially saturated.

In their second paper .Johnson and his coworkers also did a theoretical anal

ysis of the 4 /  spectrum and fitted their data to a rotational contour. In this 

analysis they ignored the singlet.-triplet splitting, which is valid for a completely 

decoupled Rydberg electron, and came out with a rotational contour that fitted 

the data very well. From this they concluded that in the n f  series, the Rydberg 

electron was very detached from the rest of the molecule.

The third group. Dobber et al., observed the n f  series from n =  4 up to 13. 

using the same technique, REMPI, as .Johnson’s group and us. Om: spectra 

agree remarkably well with their spectra. Unlike .Johnson et. al.. Dobber et 

al. were able to monitor the n f  series with both CO 2 and CO'*' ions for 

all n. Nevertheless, Dobber’s group obsen^ed the C O ^fCO ^  to increase \\ith  

increasing n. They also observed the 0 ^  and C'*‘ signals in their spectra. Unlike 

•Johnson’s group, they found the signal to be large and to follow the n f  

resonances very well; as mentioned earlier this was observed in our study too. 

In Dobber et al.’s study, the ratio CO'^ fO'^ was found to stay nearly constant 

for all n f  states. Also, unlike the signal, the signal followed the n f  

states only to a limited extent. The sharp features to the high energv' side 

of the 4f and 5f states observed in Johnson et al.’s spectra were assigned to 

ions by Dobber’s group for reasons discussed in section 3.2. AU the abo\ e
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observations in Dobher's group study were observed in our study.

Dobber and his coworkers also studied the n f  series with nano and picosec

ond lasers. They foimd the spectra to look the same for both the situations. 

The only difference they observed was the ratio of CO 2  : CO^ : which

yielded t\'pical values of 0.13 : 0.73 : 0.14 for the nanosecond laser and 0.50 

: 0.35 : 0.15 for the picosecond laser. This indicates that there is much less 

fragmentation for the picosecond laser.

In addition to REMPI. both Johnson et al. and Dobber et al. did RE^IPI- 

PES studies \ ia  the n f  Rydberg series. In REMPI-PES studies the wavelength 

of the laser is fixed at the energv’ of a resonance state and the electrons coming 

out of the ionization process are monitored. The kinetic energy of the electrons 

ejected subtracted from the absorbed photon energy gives the energ}' of the 

final ionic state of COo (see figure 5.8).

Both of the above groups observed long vibrational progressions in their PES 

spectra, which is very surprising considering the Franck-Condon principle. The 

Franck-Condon principle states that the absorption of a photon occurs very 

rapidly that there is not enough time for the nuclei to rearrange during the 

transition period. Since the ground ionic state of CO2 . X ^IIj. and the n f  

Rydberg states leading to it have very similar potential energy curves, they 

expert the transition starting from the groimd vibrational level of the Rydberg 

state to be predominantly to the ground vibrational level of the ground ionic 

state of CO -2 . And s im ilarly the first vibrationaUy excited state of the resonance
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State should lead to the first vibrationaUy excited state of the ionic state, and so 

on. A lengthy explanation of this is given in section 3.2.2. In \iew  of this, the 

long vibrational progressions observed in the PES spectra were unexpected. 

The details of what might cause these long vibrational progressions wiU be 

discussed in section 5.3.

In .Johnson et al.'s study these vibrational progressions were assigned to 

vibrational levels in the ground ionic state. X ^Ilg. the C state, and a brand 

new state never before mentioned in previous studies. Also, their vibrational 

states were assigned predominantly to the antisymmetric stretch mode. Dobber 

et al.'s PES spectra were coUected with much higher resolution than those of 

Johnson et al.. Their assignment of some features in the vibrational spectra 

differ from Johnson et al.’s. Dobber et al. assigned them to the vibrational 

levels of the ground ionic states and mostly to the svTnmetric stretch instead 

of the asvrnimetric stretch assigned by Johnson and his coworkers. We tend to 

agree with Dobber et al.’s assignments for three reasons:

1. Their experiments were done with higher resolution.

2. They believe that the sharp stnictmes to the high energy side of the 4f 

and 5f states belong to the C"*" ions and gave detailed reasons for their 

conclusions.

3. In om: study we have not seen these structures in CO 2 or CO^  spectra.
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5.3 Dissociation and Ionization Mechanisms of CO2

In addition to its spectra, the djTiamics of dissociation and ionization of C0-> is 

also a ver\' interesting subject. One major adv’antage of REMPI and REMPI- 

PES spectroscopy is that it gives an insight into the djmamics of these mecha

nisms. This will be demonstrated by the following discussion.

In this section. I will be discussing .Tohnson et al.'s and Dobber et al.'s 

REMPI and REMPI-PES studies related to this area, and our REMPI studies 

that give insight into dissociation and ionization mechanisms in chronological 

order.

In the first publication [2] in Johnson et al.’s series of publications in this 

area [2-6] they discussed laser power dependence on the CO^ and CO^  ion 

spectra. As mentioned earlier in section 5.2, in their study Johnson and his 

co-workers calculated the effective number of photons, n. for CO^ and for 

CO^ ion spectra to be 2.06 and 4.05 respectively. Considering that CO 2 ions 

are produced in (3+1) REMPI process, these numbers indicate that either 

satiuration effects or dissociation. Nevertheless, since the CO^  spectra gives 

a higher \nlue for n than the CO^  spectra they suggested that production 

of CO^  occurs subsequent to the production of CO 2  ions, and therefore that 

CO^ \s generated predominantly by dissociation of CO 2  ions [2].

However, in their next publication, they discussed the surprising observation 

of long vibrational progressions in their REMPI-PES spectra. As mentioned 

earlier in section 5.2. the long progressions of vibrational states were unex
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pected. A  more elaborate discussion of why they are unexpected was given in 

section 3.2.2.

There are two questions pertaining to this unexpected phenomenon. The 

first is which Ie\el contributes to these progressions: whether it is at a 3- 

photon energy or a 4-photon energy. The second is what kind of a djmamic 

process causes these vibrational progressions at this level. In 1991. .Johnson 

et al. attributed the cause for this non Franck-Condon like behavior to the 3- 

photon resonance level [3]. They suggested that a dissociative state is coupled 

to the resonant Rydberg state and therefore that the state is predissociative. 

Nevertheless, if the laser is powerful enough there still will be time for the 

molecule to absorb another photon and be ionized. In other words the molecule 

will ionize while being dissociated. As a result of predissociation the Franck- 

Condon factors between the 3-photon resonant and 4-photon ionic states are 

altered (see figure 5.9). This alteration will give rise to the observed \ibrational 

levels.

At this point in our study we had observed the 4f and the 5f Rydberg states 

\ ia  REM Pl spectroscopy, see figiures 5.1 and 5.2. Looking at these spectra 

we noticed a definite difference in the dissociation rate of the two spin-orbit 

components Qc =  1/2 and fie =  3/2. We were able to get an idea of the 

amount dissociated in the limit =  3 /2  by t ak ing  the ratio of the integrated 

area under peaks of CO'^ to CO2  of He =  3 /2 , and similarly for the component 

Qc =  1 / 2 .  From this it was clear that the Qc =  1/2 component dissociated
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more than the Og =  3 /2  component. To see how this changes with laser power, 

we did a laser power dependence study on the 5f Rydberg state, as the dye curv'e 

in this region was siÆciently flat. Figure 5.10 shows how the 5f Rydberg state 

changes with laser power. The ratio Qc =  1 / 2 / P-c =  3 /2  changed slightly but 

the dissociation rate CO'^ /  {CO^ +  CO 2 ) calculated was alwav’s higher for the 

Q =  1/2 compared to 0  =  3/2.

In order to find out why the two spin-orbit components differ in their dis

sociation rates we considered angidar momentum coupling schemes for CO 2  in 

the n f  Rydberg series. Figmre 5.11 shows a correlation diagram between the 

tw'o limiting coupling schemes for a configuration  w’hen the n f  Rydberg 

electron is coupled to a ^Iln ion core. On the left-hand side of the diagram is 

A —E coupling scheme suitable when the Rydberg electron is closely coupled 

to the nuclear framework. On the right hand side is (Qc,^r) coupling scheme 

appropriate for the Rydberg electron that is further away from the molecule. 

The soUd lines show the correlation of the two coupling schemes between states 

that are closest in energy. The dashed lines show the states that are correlated 

but are further away in energy. From this figure it is clear that the f>c=l/2 

state has more singlet characteristics and the flc= 3/2  has more triplet chara- 

teristics. Therefore, we suggested a model in which there is a dissociative state 

coupled to the Rydberg intermediate state and this state is a singlet state, thus 

explaining why the Q =  1/2 component dissociated more. If this is all true, 

the vibrational progressions seen in .Johnson et al.’s study should be due to the
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coupling of a singlet dissociative state to the 3-photon resonance state.

In their second paper Johnson and his coworkers also did a theoretical anal

ysis of the 4 /  spectrmn and fitted their data to a rotational contour. In this 

anal\'sis they ignored the singlet-triplet splitting, which is \7Üid for a completely 

decoupled Rydberg electron, and came out with a rotational contour that fitted 

the data very well. From this they concluded that in the n f  series, the Rydberg 

electron was very detached from the rest of the molecule. This means that the 

singlet-triplet characteristics are minimal for the n f  Rydberg series and the 

best angular momentiun coupling scheme is the one on the right hand side of 

figiure 5.10. In \iew  of these facts, there should not exist such a contrast in dis

sociating ratios to the spin-orbit limits in this series as what we have observed 

in oiu: data. Therefore, it was not a surprise to find out later that the myster>' 

of the dissociating ratios lies on another reason. Why dissociating ratios are 

different, for different spin-orbit components wül be discussed later.

Later, in 1992. .Johnson et al. did another study to verify that the vibrational 

progressions were due to a coupling of a dissociative state at. the 3-photon 

Rydberg state [6]. They did a laser power dependence REMPI-PES experiment 

via 4f and 5f. In this experiment, they fixed the laser wavelength at either the 4f 

or the 5f level and observed the photoelectrons. They repeated this procedure 

for different powers of the laser. Their argmnent was that if the laser power is 

high, the molecule wiU ionize verv' fast and will not have much time to evolve 

into the dissociative state. This will lead to a short vibrational progression.
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Figure 5.12: REMPI-PES through the 4 /^ n n  for Q =  3/2 intermediate Rydberg states at a 

number of laser intensities [6j

Whereas if the power Ls low the molecule will have to wait for a longer t im e  

in the 3-photon resonant state for another photon to come along to he ionized. 

This will give the molecule enough time to evolve to the dissociative state and 

hence alter the Franck-Condon factors dramatically to produce long vibrational 

progressions. However, in their PES spectra they did not see a difference in 

the vibrational profiles for different powers of the laser (see figure 5.12). This 

experiment indicated that the reason for the vibrational levels does not lie in 

a dissociative state coupled the 3-photon level. This leads to only one other 

possibility, that is. reason for the vibrational levels lies in the 4 or 5-photon 

energv’ level.

Later, in 1994, Dobber and his coworkers, performed two other experiments
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to determine the level, the resonance (3-photon) or the Ionic (4-photon) level, 

which is responsible for the non Franck-Condon like \-ibrafional progressions. 

The first experiment involved two different lasers; nanosecond and picosecond. 

If the reason for the \ibrational progressions lies in the conphng of a dissocia

tive state to the 3-photon resonance state, they should see a long vibrational 

progression for the nanosecond laser, because the nanosecond laser has a lower 

energj' density and allows more time for the molecule to evoh'e to the disso

ciative stara and therefore alter the Franck-Condon factors dramatically. Since 

the shorter picosecond pulse laser has a higher power density in a short pulse, 

and gives less time for the molecule to evolve to the dissociative level and they 

expected to observe a shorter, sharper vibrational progression. Nevertheless 

in their experiment they did not observe any difference between the two PES 

spectra. This too indicated that some physical phenomena that goes on at 4 

photon energy is responsible for the non Franck-Condon like behavior.

In their second experiment, Dobber et al. used two colors. This was done 

in two modes: 1. CES, constant excited state mode and 2. CIS. constant 

ionic state mode. In the CES mode they manipulated the two colors to set 

the excited (resonance) state at the same level and scanned the ionic level. In 

this mode they saw a dramatic change in their PES spectra which indicates 

that the ionic state is responsible for the vibrational progressions. In the CIS 

mode the ionic state was constant but the resonant state was changed. They 

claimed this mode produced “more or less similar PES spectra”. Therefore
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t.his experiment too indicate the 4-photon level to he the one which causes the 

ribrational progressions. This experiment was explained in detail in section 

3.2.2.

However, in their anah'sis. .Johnson and Dohher and their co-workers agreed 

that long vibrational progressions are not due to any acthitj' at. the 3-photon 

energj'. They attributed these to autoionization at the 4-photon energy. They 

agreed that after the 3-photon transition one more photon is absorbed to excite 

the autoionizing states (Rydberg states leading to A and B ionic states). From 

these states, they concluded that, the C O 2  molecule wül autoionize into the 

\’arious vibrational levels of the ground ionic level (see figure 5.15) causing the 

long vibrational progressions in the PES spectra.

If this is the case, our attribution of a singlet dissociative state coupled 

to the resonant state as the reason for the diflFerent branching ratios for the 

two spin-orbit limits is not correct. Considering the above experiments, the 

reason why = 1 /2  spin-orbit component dissociates more than the Q = 3 /2  

component for 4f and 5f Rydberg states is expected to be due to some process 

occiuing at the four-photon energj' or beyond that energj'.

Even though REMPI-PES spectroscopy provides details of the excitation, 

ionization and autoionization up to the point the electron is ejected, it does 

not. give insights into the dynamics bejond that, point. In our experiments we 

performed a laser power dependence study in the hopes of obtaining information 

about, what goes on after the ejection of the electron. To do this we changed
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the laser pulse energy from about 2 mJ to 8 mJ and recorded the COj and the 

CO^  ion signals simultaneously for each different laser energy. This was done 

for the 5f. 6f and 7f resonance states as the dye laser ciurv'e was sufficiently flat 

over each pair of the spin-orbit components of these n f  states.

Observing oiu REMPI spectra, it was clear that the two spin-orbit compo

nents of each state had different ionization and dissociation rates. The rates 

also varied with the intermediate resonant state. See figures 5.1. 5.14. 5.15 and 

5.16 for the 4f. 5f. 6f and 7f states respectively.

Considering the spectra of 4f. figure 5.1. the Q — 1/2 peak in CO 2 ion 

spectra is much smaller compared to the peak belonging to 0  =  3/2; in the CO'*" 

ion spectra, this is reversed. From this we deduced that f> =  1/2 component 

produces more CO"*’ ions, and therefore undergoes more dissociation than the 

Q =  3/2 component in the 4f state.

Figure 5.14 shows the REMPI spectra of 5f and its dependence on laser pulse 

power. In the CO 2  ion spectra at 7 mJ laser pulse power the Q — 1/2 peak 

is smaller than the Q = 3 / 2  peak. In the CO 2  ion spectra this is reversed. 

However when the laser power is lowered the ratio of 0  =  1/2 to D =  3/2  tends 

to decrease in CO 2  spectra, but this ratio seems to stay constant in the CO^ 

ion spectra. Considering these observations it is clear that for the 5f state the 

Q =  1/2 spin orbit component dissociates more.

The 6f states are shown in figure 5.15. Unlike in the 5f state, in the 6f state 

the n  =  3/2 component seems to dissociate more. In the laser pulse power
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range in our experiment the CO^  ion spectra for 6f gives a very sim ilar curve, 

with n =  1/2 been far smaller than the Q =  3 /2  component. However, the 

ratio of the spin-orbit components in the CO 2  spectra varied with laser pulse 

power. At 6.5 mJ per pulse, the Q =  1/2 peak is larger than the 0  =  3 /2  peak, 

but for lesser laser powers it seems reversed. Nevertheless, considering both 

the CO2  and CO^  ion spectra w'e can safely say that dissociation is greater for 

the 0  =  3/2 state regardless of the laser pulse power.

In the 7f spectra, figure 5.16. both CO^ and CO'^ seems to give s im ilar 

patterns. .lust by observing the spectra it is hard to decide which component 

dissociates more. In the C O j ion spectra the 0 = 1 / 2  component is smaller 

than the 0  =  3/2 indicating that 0  =  1/2 component dissociates more. But in 

the CO'*’ ion spectra, the 0  =  1/2 state is smaller than the 0  =  3 /2  indicating 

that 0  =  3/2 component dissociates more. Therefore a more quantitative study 

was required to find out the dissociation rates. This will be discussed below.

To investigate the dissociation rates in more detail we integrated the areas 

under these curves. The areas imder each spin-orbit component, in each n f  

state for all the laser pulse powers were calculated for both CO 2  and CO^ ion 

spectra in a manner explained below. These are given in tables 5.1. 5.2 and 5.3 

for 5f, 6f and 7f respectively.

In calculating the areas, first we took the data points in the spectra which 

had two colmnns: 1. the wavelength and 2. the intensity of the signal for 

each wavelength. The wavelength was increased by a constant step size in each
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Lsr Eng(mj) Are«(C0:1/21Afea(C0 3/2: a««(C02:1/2) Art»(C02;3/2) 1/2:C0/C02 3/2; C0/C02
2.25 200 130.5 37.5 31.15 5.3 4 2
35 424.5 261 91 83 4 7 3 1
4 692.5 365 128.5 101 5 54 36
4 580 406 7Z9 73.5 8.0 5 5
4 75 1091 552.5 140 130 78 43
5 947 840 92.615 120 10.2 70
55 1511 5 771 158.5 160 9.5 48
6 1912 1288 120 200 15.9 6 4
7 3901 3436 265 389 14.7 8.8
8 4300 3640 325 600 13.2 6.1

Table 5.1; Ratio of CO+/CO^ for tbe two spin-orbit limits of the -5/ state for different 

powers of the laser.

(mJHAm(C0:1/2]ArM(C0:3/2jArM(C02:1/^ Ai m (C02:3Æ> 1/2: C0/C02 3/2: C0/C02
3 389 1260 83.5 106 4.7 12.0
4 1130 3368 163 194 8.9 174
55 1906 5268 319 313 6.0 16 8
6.5 5064 12372 835 650 8.1 19.0
5 7M 1464 220 192 3.2 7 7
6.75 19148 3648 536 377 35.7 9.7
735 243# 3342 820 383 3.9 8.7
2JS 124 384 18 28 8.9 13.7
3 192 612 40 54 4.8 11 3
4 628 1648 101 96 8.2 172
5.29 1312 3072 212 177 8.2 174
6.75 2260 5016 414 296 55 16.8

Table 5.2: Ratio of C O ^ IC O ^  for the two spin-orbit limits of the 6 /  state for different 

powers of the laser.
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LsrEiig(mJ>Are«(CO:1/2)Are»(C0: W:Aret(C02:l/2) Afet(C02 3Æ1 Ü2~ 
275 160 412 303 ‘ 47

C0/C02
5.3

V2: C0/C02] 
8 8

4 565 940 71 102 80 92
S 1040 1706 181 4 228 5 7 75
5 1992 2960 215 262 9.3 11 3
6.29 3304 7228 387 474 85 152
8 2900 7294 290 459 10.0 159

Table ô.3; Ratio of C O '^/C O ^  for the two spin-orbit limits of the 7 /  state for different 

powers of the laser.

spectra. The area was calculated by the equation given below.

Area =  {Intensity  -  Baseline) x Stepsize

The Baseline in the equation was decided by looking at a long enough scan 

to find a fiat region of the spectra close to the wings on either side of the 

peaks. Xsiin and Xstax are the wavelengths at which the peak begins and 

ends respectively. Uncertainties involved in this calculations are discussed in 

Appendix.

In order to investigate the ionization and subsequent dissociation of CO-z 

through diSerent resonant states, we can compare the ratios of CO^/COz  ions 

for the spin-orbit components of each state. This ratio should give us an idea 

as to which states lead to more dissociation. Figures 5.17 a), b) and c) give 

the two.spin-orbit components of the CO^/COz  ratios verses the laser pulse 

power for the 5f, 6f and 7f states respectively.

The most striking fact in these graphs is the lack of or very little dependence 

of laser power in CO' ’̂/C O z  ratios. In particular in the 0. =  1/2 of the 6 /
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Rydberg state the CO^/CO^  ratio is almost constant throughout the laser 

power range. What is remarkable is that, in this state when the laser power is 

increased by a factor of 3, the signals for both CO 2  and CO^ increased by a 

factor of 20. In spite of this the ratio of CO^ jCO^ remained almost constant 

throughout the laser power range. Compared to the Q =  1/2 component of 

the 6 /  states, the ratio of CO^ JCO^ for the other states showed a bit more 

dependence on the laser pulse power, but nevertheless it still was ver\' little. 

However, the ratio varied quite a lot with the laser frequency. In the following 

discussion I will first discuss how the ratio of CO'^/CO^ changes with respect 

to frequency and then wül discuss the laser power dependence of it.

5,3.1 Frequency dependency of the ratio CO^ICO2

As discussed earlier, by observing the spectra, there definitely was a difference 

in the dissociating ratios of the two spin-orbit components in the n f  Rydberg 

series. Our earlier theoiy about a singlet dissociative state being coupled to 

these states as the reason for it does not agree with .Johnson and Dobber and 

their coworkers' more recent experiments. Also, if this theoiy were true, we 

would expect the f2 =  1/2 state to dissociate more for all the n f  states. Com

paring the ratios of CO^/CO.^, we found that this definitely was not the case. 

According to our calculations of areas under each peak, as discussed earher. 

the 4f and of Rydberg states produced higher CO^/CO-J ratios for the Q =  

1/2 component than for the 0  =  3/2. This is reversed for the 6f and the 7f
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S t a t e s  (See t a b l e  5.1. 5.2 aud 5.3).

WTien we compared Dobber et al. "s [7] PES spectra \ia  5f. 6f and Tf resonance 

levels we found a remarkable correlation between our CO^ jC O ^  ratios and the 

states which produced a higher degree of symmetrical \ibrational levels in the 

PES spectra. The states which produced more symmetrical vibrational levels 

had a higher ratio of which indicate a higher dissociation rate.

In Dobber et al.’s study PES spectra via the 5f state produced symmetric 

vibrational levels up to v=9 for the =  1/2 state and only up to v=3 for the 

0  =  3 /2  state. Similarly in our spectra we got a higher ratio of C O ^ /C O 2  

for the n  =  1 /2  state than for the fi =  3 /2  state. The highest and the lowest 

amount of sjmmetric vibrational stretch was observed via the D =  3 /2  and the 

D =  1/2" components of the 6f state respectively. Vibrational levels up to v=16 

were observed for the D =  3/2 component and s im ilarly the most dissociation 

was observed for this level, whereas the PES spectra via Q =  1/2 component 

only produced v=0 and 1 of the symmetric stretch mode. This state had 

the lowest value of CO^ [CO^ ratio in our study. For the Tf Rydberg state we 

found the fi =  3 /2  component to dissociate more than the =  1/2 component. 

Likewise in the PES spectra. f> =  3/2 produced symmetric vibrational levels 

up to 9 and 0  =  1/2 only up to 4. Dobber concluded that the symmetric 

yibrational levels seen were due autoionization from the Rydberg state leading 

to the A ÎIu ionic state. Since this state has a considerably large C -0  bond 

length (1.2274 Â) than the ground ionic state (1.1769 Â). [8] this seems very
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conceivable. Whatever the case, from the above discussion it is clear that 

the symmetric yibrational excitation in the CO 2  ion increases the fraction of 

dissociation.

In addition to these symmetric vibrational levels Dobber et al. also observed 

bending and asymmetric vibrations for all the states to a yarying degree. For 

the 5 /  state for both the spin orbit components, the bending vibration, f/g. was 

observed u p  to 2 but for Q. =  3 /2 .1/3= 1 was missing. Asymmetric vibration, f/3. 

was observed from 1 to 3 for both the components of these states. PES spectra 

via the 6 /  state showed only 1/2 =  1 for the V. =  3/2 component and />'2 = 1  and 

2  for the Q =  1/2 component. This was reversed for the 1/3 vibration, where for 

Q =  3/2. 3̂=  1 and 2 were observed and 1/3 = 1  was observed for Q =  1/2. In 

the 7 /  spectra the bending and asymmetric vibrations were observed up to 2 

for both the components except for 0  =  3 /2  where the bending vibration was 

observed up to 5.

Bobber's group explained that the odd levels of the bending and asymmetric 

yibrational levels are forbidden for even photon transitions. The bending mode 

was due to coupling between the X Êf̂  ground ionic state and the B 

ionic state and the Rydberg states leading to it yia the t/g bending yibratlon 

[9. 10. 11. 12]. Bobber’s explanation for the asymmetric vibrational levels seen 

is the coupling between the X ground ionic state and the A ÎIu and its 

Rydberg series via the asymmetric vibration.
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5.3.2 Laser Power Dependency of the ratio CO^/CO^

The laser pulse power dependence of REMPI is another aspect which will give 

more insight into the mechanisms of ionization and dissociation. From the 

prenons experiments by .Johnson and co-workers and Dobber et al. it was 

established that autoionization dominates direct ionization for CO 2  \ ia  the n /  

series and also that the CO^ ions are produced by dissociation of CO 2  ions 

[6. 7]. In this case, once the resonance intermediate level is reached by a 3- 

photon transition one more photon is absorbed to excite the autoionizing level 

(see figure 5.13). At this point CO 2  molecule will autoionize into the various 

vibrational levels of the groimd ionic level. Even though the energy' of 5-photons 

is sufficient to reach the CO^  (.4^11) +  O (^P) dissociation continuum directly 

from the groimd state of C O 2 , once it goes through autoionization and the 

photoelectron carries away kinetic energy, it requires 2 photons to reach this 

state even from the highest observed vibrational level of the ionic groimd state. 

X, of CO2 , (see figure 5.18).

Considering that production of C O f ions requires 4 photons opposed to 6 

photons needed for the production of ions, we were surprised to see such 

little laser power dependence in the CO^ICO 2  ratio in our study. For the 

Q =  1/2 component of the 6 /  state this ratio is alm o st constant throughout 

the laser pulse power range in omr experiment. Considering this lack of laser 

power dependence in the ratio CO^ ICO 2 we concluded that the 2-photon 

transition from ground ionic state, X(^IIg) to the C 0^(.4% )4-0(^P) continuum
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is saturated for the laser piiLse energy range in oiir experiment. This is not 

surprising: as discussed in section 5.2. we found that the 3-photon resonance 

transition too is partially saturated.

WTien saturation is considered there is an important difference between a 

■'closed” two level system and an “open” two level system. A “closed” two 

level system refers to a system in which the total population of both states is 

constant, whereas in an “‘open” two level system these states can be populated 

or depopulated due to decay and excitation to and from other states. .A,t 

very high laser power one can neglect spontaneous emission and consider only 

stimulated emission and absorption. Consider the two level "closed” system 

in figure 5.19(a). If and N-i are the population densities of the lower (1) 

and the upper (2) levels respectively, the rate equations for the non degenerate 

levels 1 and 2 can be given by: 

dAi
dt

and

dN2

— —N ipB i2 -¥■ N^2P^I ^2^21 (5.1)

dt

Here p is the laser power density. A21 is the Einstein’s coefficient for spontaneous 

emission and B 12 and B21 are the Einstein’s coefficients for stimulated emission 

from level 1 to 2 and 2 to 1 respectively, since

B i2 =  I <  1|D|2 > (5.3)

and
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Figure ô.l9; (a) "Closed’' two level system, where N  =  iVi +  .Vo is fixed, (b) "Open" two 

level system where level 2 gets dissociated.
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521 =  I <  2|D|1 >" (5.4)

B \i =  B2\ (5.5)

For verj' high, laser power A21 term can be neglected. Therefore, for complete

saturation the equations 5.1 and 5.2 become

diVi
dt

and

dN2

=  (iV2 -  Ni)pB\2 (5.6)

=  (M  -  •iV2)p5i2 (5.7)dt

Under stationar\’ conditions dN t/d i =  0 ( i= l  or 2). Hence, from equations 

(5 .6 ) and (5.7) N\ =  N2  =  N /2  where N = N\_ Therefore, under complete 

saturation the system will leave each level with 50% of the population.

In an open system where the molecules may decay due to other mechanisms, 

like dissociation, the system will not have a constant population. Consider a 

two "open” level system as shown in figiure 5.19 where the upper level decays. 

This system is analogous to our system for CO 2  after it reaches the ground 

ionic state. For example level 1 in this system could be our ground ionic state 

of CO 2  and level 2, the state which is reached after the two photon transition 

from the groimd ionic state from which the ions dissociate. In a sv-stem like this 

the population will be constantly decreasing. Therefore at absolute saturation, 

the lower level will have a population between 0 to 50%, depending on how fast 

the upper level decays. If depopulation of the upper level immediatly follows 

the transition to the upper state, there will be no stimulated or spontaneous
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emissioa to the lower le\-el.

If there Is no satiiratioa, increasing laser power would increase dissociation 

and therefore increase the ratio of CO^ ICO^- For an example from oiu- ex

periment, if at 2.3 mJ pulse energy* 85% of CO^ ions are dissociated, then at

7.3 mJ there should be only one in 10“* CO^ ions rem a in in g. As in our ex

periment. for the ratio CO^ jCO^  to remain constant throughout this range 

the transition should be completely saturated. What is surprising is that even 

under saturation conditions we see a significant amount of COj" ions. This 

indicates that either the dissociative state has a finite lifetime or a fraction of 

the molecules in the ground ionic state is transparent to the laser light. The 

later reason is unlikely since we see a ratio close to 6 to 1 for all the states uith 

little symmetric vibrational excitation but varying degrees of bending and an

tisymmetric \ibrational excitation. For example, if the asymmetric vibration is 

transparent to the laser, the states which show a lot of asymmetric vibrational 

activity should dissociate less, giving a CO ^[CO ^  ratio of less than 6. Since, 

this was not the case in our experiment, it is imlikely that the laser is trans

parent to some of the molecules. Therefore, this is not a reasonable argiunent 

for observing such a large fraction of undissociated CO^ ions.

From the above discussion it seems likely that the dissociation of the upper 

level is not immediate and that it is sufficiently long lived to allow stimu

lated emission to the ground ionic level. Since a significant fraction, 18%. 

of molecules remain undissociated, the lifetime of the excited state should be
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comparable to the pulse length. A rough estimate of the lifetime of the excited 

state can be calculated by using the CO^ICO^  ratio after the laser pulse.

For our open two level s\*stem the equations can be written as

dN^
=  (A2 -  N i)p B n  (5.8)

=  (Ai — N2 )pB \ 2  — o:iV2 and (5.9)

=  aA*2 (5.10)

where A3 is the dissociation rate and a  is a decay parameter, which is 1  w*here

r is the lifetime of the state.

From equations (5.8) and (5.9)

+  A'2) 
dt

at satiuation

=  —QiV2 (5.11)

A'
N, =  /Vz =  - .

Therefore, equation (5.11) becomes:

dN  N
dt ~  2 “

f  dN  f  a
J ~N ~  J  ~ 2

dt

Cc
In A' =  ——t +  const.

=> N  =  A e ~  (5.12)

where A is an arbitrarv- constant.

At t =  0. A’ =  Ao total number of molecules => A =  Ao
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Equation 5.12 =>

-V =  -V oexp(-af/2) and /  =  e x p (-a f/2 )

where /  =  the fraction of molecules remaining after a laser pulse of length 

t. Therefore, the fraction dissociated at the end of the pulse is

fdis =  1 -  exp-(^) (5.13)

as a  =  p. where r  is the lifetime of the upper state.

If. after the laser pulse, half of the remaining molecules are left in the upper 

state and if we assume that they aU dissociate before they fluoresce to the lower 

state, than the total fraction of the molecides that dissociate, is

fdis =  (1 -exp"(2^)) 4- ^exp"(5^) (5.14)

(5.15)

If we define CO'*'/CO2 =  T

C0 + r
-  c o t  +  CO* ~  T + f  '

From equation (1.14) and (1.15)=>

21n(l-HT)/2

For a three-photon transition, the diuration of sat mat ion can be estimated 

as 8 nsec/v/6 ~  3 nsec for a 8 nsec pulse. If we assume the two photon 

transition occms during half of this time. fi can be estimated to be 1.5 nsec.
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For \ibrationally cold molecules CO^jCO^  ratio. F ~  6 and the lifetime works 

out to he ~  600 psec. For vibrationally excited molecules F ~  20 which >ields 

a lifetime of 300 psec. However, this is a very crude estimate of t;he lifetime.

Starting from vibrationless level of the groimd ionic state of CO-i. a two 

photon transition can just about reach the 4- Oi^P) dissociative

level [14]. Out of the A. B and C excited ionic states the C ionic state correlates 

adiabatically with this dissociation limit. The C ionic state is an allowed two 

photon transition from the groimd ionic states. Therefore, it is ver>’ likely that 

the CO 2  ions absorb two photons to reach this state and get predissociated. In 

the wavelength range we have used in our experiment the two photon transition 

puts the molecule 0.4 to 0.7 eV above this dissociation limit. This makes us 

believe that there is a potential barrier that is higher than 0.7 eV above the 

dissociation limit (see figure 5.22) which causes predissociation. This is not 

unusual as according to Herzberg [14] it is very common to have a potential 

barrier separating the bound state and the dissociating limit.

In our experiment, due to autoionization higher vibrational levels in the 

ground ionic state are reached at the 4 photon energy. Due to this, molecules 

left in these levels will be able to reach above the potential barrier in the C 

state via the two photon transition. This will make these levels dissociate fast 

compared to the ones below the potential barrier. The ones that do not reach 

the potential barrier will have to overcome this barrier to dissociate. Therefore, 

these ions have enough time to undergo stimulated emission and deexcite into
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Figure 5.20: Suggested cun.-e of the predissociated state. Not to scale.
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f.he ground ionic state. We believe that this is why we see more dissociation 

for the states that undergo autoionization at the 4 photon energy. Two other 

facts support this model. First, is that dissociation increases with the principle 

quantum number in the n f  series, which means that dissociation increases 

with energy. This makes sense as higher energies put the molecules in higher 

ribrational states and therefore, above the potential barrier or closer to the top 

of the barrier where they may timnel through faster. The second is that Dohher 

et al.’s CO'*'/CO2  ratio for picosecond and nanosecond lasers work out to be

0.7 and 5.6. Oiu estimate for the lifetime of the state. 600 psec, is very long 

compared to their 3 psec laser width. For a pulse this short the system can be 

treated as a “closed” two level system. For complete saturation a C O ^ jCO^ 

ratio of 1 is ideal. Therefore a ratio of 0.7 observed agree ver\' well with this 

model. The ratio of 5.6 observed with the nanosecond laser agrees remarkably 

well with our ratio of 6. This further agrees with our model that a finite lifetime 

is the reason for the significant amount of undissociated CO^-
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Chapter 6

Conclusion

The molenile CO2 has been studied extensively by numerous scientist for at 

least the past sixty years. However, the assignment of its spectra and the disso

ciation and ionization dynamics of this molecule are still imder a lot of contro

versy. Nevertheless, we believe that the spectra of n f  Rydberg series has 

been well established by single-photon absorption studies by Cossart-Magos [1] 

and (3+1) REMPI studies by Johnson's and Bobber's groups [2. 3, 4. -5. 6. 7] 

and the present study. Two components due to spin-orbit splitting of ~  160 

cm~^ were observ êd for all the n f  states in all the above studies. Sharp rota

tional features were also observed in the n f  rotational contow in these studies. 

This lead to the belief that compared to the other allowed Rydberg series in 

single and three photon spectra, np, the n f  series is much less pertmbed by 

other dissociative states. Johnson and his coworkers did a theoretical study 

based on the assumption that the singlef--triplet splitting is zero, which is \-alid 

for a molecule whose Rydberg electron is ver\' detached from the rest of the
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molecule. They were able t.o produce a ver\' close rotor,ional fit imder this as

sumption. which led them to believe that the Rydberg electron is independent 

of the rest of the molecule. Another interesting observation in REMPI spectra 

was that the CO^ jC O \  ratio increased with increasing n. principal quantum 

number, which meant that dissociation increases with increasing n. The expla

nation for this stems from the dissociation and ionization mechanisms of the 

CO2 which will be siunmarized below.

Unlike the spectra of the n /  series, a lot more work is needed to establish 

the dissociation and ionization mechanisms of CO2 via these states. At first, 

.lohnson et al. suggested that dissociation occurs while the molecules being 

ionized by a dissociative state coupled to the n /  states. In oiu: early studies, 

we associated this state to a singlet states by comparing dissociation rates of 

the two spin-orbit components of the 4 /  and 5 /  series. This model was fmrther 

used to explain another interesting phenomena obsen,ed by Johnson and his 

co-workers: vibrational progressions in the ground ionic state. X  ^11,. These 

progressions were highly unlikely according to the Franck-Coudon principle. 

Nevertheless, in the above model. Franck-Condon factors are ch an ged , and 

therefore these progressions can be explained. However this explanation of 

a dissociative state coupled to the n /  states was proven unlikely by another 

study by .Johnson’s group and two more studies by Dobber s group. Our 

but.her studies of the 6 /  and the 7 /  series also disproved this model.

Johnson and Bobber’s groups did REMPI-PES studies and estabUshed that
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the dissociation and the observed vibrational progressions are not due to any 

physical d\*namics at the three photon n f  Rydberg level but are due to some 

phenomenon at higher energy. They explained that the reason for the vibra

tional progressions is autoionization of the Rydberg states leading to excited 

ionic states at the fom photon energy. However, because of the lack of a.svTn- 

metric stretching mode in their PES spectra. Dobber et al. suggested that 

this is not the reason for dissociation. They speculated that dissociation takes 

place after ionization after another two-photon transition from the niunerous 

vibrational levels of the groimd ionic state. What was puzzling about their ex

planation is that their observation of a lower dissociation rate for a picosecond 

laser than for a nanosecond laser.

In the present study we observed a dramatic change of the dissociation rate 

with frequency. It was clear that the dissociation rate increased with increasing 

frequency, in other words with increasing principle quantum number rt in the 

n f  series. Also, we observed a clear difference in rates for the two spin-orbit 

components of each n f  state. This difference did not depend simply on the 

identitj' of the intermediate state, in some states the Q = 1/2  component dis

sociated more while in the others Q = 3 /2  dissociated more. We found that 

these rates stayed remarkably constant for different powers of the laser even 

though the production of CO^ ions required more photons than CO 2  ions. 

From this observation we came to a conclusion that the two photon transition 

which we think is. X C^SÎ", leading to dissociation of the ion was
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saturated. When comparing with Dohher et al.’s PES spectra, a nice correla

tion between their observed \ibrational progressions and our dissociation rates 

were noticed. The states and the components that showed a lot of synmietric 

vibrational levels in PES spectra, showed more dissociation in oiir spectra. If 

the two photon transition. X -*—>■ which led to dissociation of C O 2

ions was saturated we expected all the CO 2 ions to be dissociated. Therefore, 

it was a surprise to see a significant amount of undissociated CO2  ions present 

in our spectra. These two observations led us to believe that a large fraction 

of the CO^  ions are made by predissociation rather than direct dissociation. 

We believe that after reaching the vmious vibrational levels of the groimd ionic 

state. C O 2  ions undergo a two-photon dipole allowed transition to the C 

excited ionic state which in turn gets predissociated. We also believe that the 

C ^Eg state has a potential barrier to the order of an electron volt above the 

dissociation limit. This excites the molecules that are left in the higher \ i -  

brational levels (due to autoionization) above this potential barrier where they 

undergo prompt dissociation. Whereas, the ions left in the lower vibrational 

levels (mainly due to direct excitation from the n f  states) reach below this po

tential barrier and tunnel through to become dissociated. Since the tunneling 

process takes time, this wül lead to a certain lifetime of this state. We esti

mated the mean lifetime of this state to be about 600 psec by using the ratio 

of CO'^ /C O 2 from our spectra.

This model explains two other phenomena observed in REMPI spectra. First
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is the observation of increased dissociation with increasing principle quantum 

number in the n f  Rydberg states. This makes sense, since increasing the 

frequency leads to higher excited vibrational levels which ultimately put the 

ions above the potential barrier in the C excited ionic state, leading to prompt 

dissociation. The second is the lower dissociation rate observed in Dobber and 

co-workers spectra for the picosecond laser compared to the nanosecond laser. 

For a 3 psec laser, the estimated lifetime of 600 psec for this state is long: 

therefore, the ion will not have much time to dissociate. But. a nano second 

pulsed laser will have enough time to dissociate a molecule which has a lifetime 

of 600 psec and will lead to higher dissociating rate.

This method of saturation spectroscopy can be used in future experiments 

to find lifetimes of exited states. In the past, lifetime studies have always 

required picosecond lasers or femtosecond lasers which are more expensive than 

nanosecond lasers. So this technique of measiuing lifetimes will be an important 

addition to these studies.
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A ppendix A

Calculation of uncertainites in signal area

In our calculations of CO^fCO^ ratios, we used three computer programs: 

Gnuplot to plot data. Microsoft EXCEL to calculate the areas, and cmnulative 

imcertainties and Graphical Analysis for Windows for error estimates. Each 

spectnim consisted of about 2000 data points. We first plotted this data using 

Gnuplot. To calculate the areas of signal in each peak, we first had to determine 

a baseline. This was done using Microsoft EXCEL to calculate the average 

intensity in a flat region on either side of the peaks in oiu: spectra. The sum 

of signal in these regions was obtained for several such areas in each spectrum, 

if possible, and the average baseline per channel was calculated. The area of 

actual signal imder each peak was then calculated in Microsoft. EXCEL, using 

the equation

Area =  E.x’f^^^{Intensity -  Baseline) x Stepsize

where Xsim and Aa/qx are the wavelengths at which a given peak begins and 

ends.
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To estimate imcertainties in baseline and signal, we first used Gmphiral 

Analysis fo r  Windows. From this program, we found the typical standard 

de\iation for the baseline signal by taking small regions of the flat areas of 

the spectnim and fitting a line to these region. In the areas where there were 

peaks, we chose a small region of the spectnim and fitted a straight, sloped line 

to obtain the standard deviation of the shot-to-shot, signal variation. This was 

done for several regions of each spectra. These errors were typically about 6% 

of the peak height (before baseline substraction was taken into accoimt).

For low signal strengths, however, signal areas were ver\' sensitive to the 

assignment of the baseline. To estimate the imcertainty due to baseline sub

traction. we used EXCEL to vmy the baseline and determine the resulting 

uncertainty in signal area. Having foimd the typical imcertainty in signal and 

the tvpical uncertainty in baseline, we can propagate these percentage errors 

to find the total imcertainty according to the formula:

8{CO ^/CO ^) ( 6 ( 0 0 * ) ^  I ( 6 {C 0 Î ) \
V(CO+)j

1/2

{C O ^ IC O t)

The final imcertainties used in the graphs in figure 5.17 are given in Table 1.
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5f laser Energy (mJ) co/co2; 1/Z Error 1/2 co/co2; 3/2error 3/2
2.25 5.3 2.9 4.2 2.8

3.5 4.7 1.1 3.1 0.8
4 5.4 1.1 3.6 0.8
4 8.0 2.3 5.5 1.6

4.75 7.8 1.4 4.3 0.8
5 10.2 2.4 7.0 1.4

5.5 9.5 1.7 4.8 0.8
6 15.9 3.7 6.4 1.2
7 14.7 2.7 8.8 1,4
8 13.2 2.4 6.1 1.0

6f laser Energy (mJ) co/co2:1/2 error 1/2 C0/C02: 3/2 error 3/2
2.25 1.2 0.3 4.0 0.9

3 4.7 1.2 12.0 2.8
3 4.8 25: 11.3 . 4.5
4 6.9: 1.2 17.4; 3.1
4 6.2 1.5 17.2: 4.0
5: 6.4; 1.2: 15.5 2.9

5.25 6.2 1.1 17.4 3.2
5.5 6.0 1.0 16.8; 2.7
6.5' 6.1. 0.9 19.0, 2.4

6.75 7.1 1.2: 19.4 3.6
6.75 5.5 0.9 16.8: 3.3
7.25: 7.9; 1.31 17.5; 2.9

7f laser Energy (mJ) ,co/co2; 1/2 error 1/2 C0/CO2: 3/2 error 3/2
2.25 1.2, 0.3; 4.0 0.9

3; 4.7 1.2: 12.0: 2.8
3; 4.8: 2.5 11.3, 4.5
4, 6.9 1.2; 17.4; 3.1
4 6.2, 1.5: 17.2 4.0
5: 6.4; 1.2: 15.5: 2.9

5.25 6.2 1.1, 17.4 3.2
5.5 6.0 1.0 16.8 2.7
6.5 6.1 0.9 19.0 2.4

6.75 7.1 1.2, 19.4 3.6
6.75 5.5 0.9; 16.8 3.3
7.25 7.9 1.3 17.5 2.9

Table A. I: Errors in CO+/CO+ ratio for fî =  1/2 and 3/2 limits of Ô/, 6 /  and 7/.
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Appendix B

Dependence of signal on laser power density

In REMPI experiments the signal intensité' depends on the power density at the 

spot where the REMPI processes ocenr. In onr study we used a power meter 

(Scientech. model number 361) to measure the laser power in Watts. This 

meter measured the a\'erage power over several laser shots. The laser operated 

at lOHz and we calculated the average energv" per pulse by dividing the power 

meter reading by 10.

To estimate the power densitv- after focusing the laser we assumed the laser's 

radial intensity distribution has a Gaussian profile. Under this assumption the 

laser power densit}' at the focal point will be proportional to the laser pulse 

energ}'. as measured by the power meter. For a Gaussian beam focused by a 

lens uith focal length /  and the waist size at the lens. the spot size in the 

beam waist, u'o. is. given, in the approximation /  ^  u's. by:

/AU'o =
-It's

Here. A is the wavelength of the laser. Om: laser spot size at the lens was
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about 1 mm' .̂ and the resulting waist size at the focus would be about 1.8 x 

lO”'̂  cm. The resulting power density would be about 1.3 x 10̂  ̂Wfcm^. By 

contrast, the work of .lohnson and coworkers was performed at a power density' 

of 1.3 X 10̂  ̂Wjcrri^ and the work of Dobber et al. with a power density of

1.3 X 10̂ ^

We believe our laser beam is reasonably Gaussian because of the reasons 

given below.

1. The dye laser was longitudinally piunped. therefore the dye beam and the 

pump beam combined lengthwise almost parallel to each other in the am

plifiers (see figure 4.2). The resulting dye beam was spatially homogeneous 

and circular. In contrast, a transversely pumped amplifier, where the two 

beams cross perpendicular to each other, the dye beam was pumped harder 

on one side. This led to a laser that was spatially inhomogeneous.

2. In our study, each log(laser power) vs. log(ion intensity) curve fit a straight 

line very well as shown in figure 5.7. The calculated \-alues for the slopes. 

n, were between 2 to 3 for CO 2  ions and between 2.5 to 3.5 for CO^  ions. 

These values were sim ilar to n =  2 for CO 2 ions and n =  4 for CO'*" ions 

in .Johnson and coworkers’ studies.

3. Even though oiu: calculated power density at the focal spot was the lowest 

out of the three studies compared, our REMPI signal leN'els were ver\' 

good. High signal levels require high laser power densities. This indicates 

that our laser was focused to a very small spot. Since Gaussian beam
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focuses to the tightest waist size which leads to the highest power deasit}'. 

this indicates that our laser is reasonably Gaussian.

Oiu: spectra were veiy reproducible as in our power dependence study the 

calculated CO^ jCO^  ratios for the same laser energ}' were within the 

error bars (see figure 5.17). For an example, some spectra of the 5 /  state 

were taken four months apart. Dining this period, many adjustments were 

made to the dye laser components. This leads us to believe that the beam 

quality of our laser remained imchanged in our study.
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