
HIGH RYDBERG STATES AND IONIZATION 

POTENTIAL OF CARBON 

by 

PATRICK TODD GLYNN, B.S. 

A THESIS 

IN 

PHYSICS 

Submitted to the Graduate Facul ty 
of Texas Tech University in 

Par t ia l Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

Approved 

May, 1997 



/ 

f h ACKNOWLEDGEMENTS 

»/ 4^5 At this point, I would like to thank all the people who made this project 

r . ^ possible. Foremost is Wally (Dr. Glab), without whose patience and 

experience, this project would have stalled very early on. Additionally, there 

were Drs. Tom Gibson and Gerald Bottrell, my other committee members for 

their helpful input. Then, there are my partners in crime: Mike Cox, Wendy 

Greig, Lee Burnside, and Dave Lamp, all of whom reminded me that there 

was, indeed, a light at the end of the tunnel. Finally is my mother, who always 

told me that I could anything I wanted to if I worked hard enough. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT v 

UST OF TABLES vi 

USTOFHGURES vii 

CHAPTER 

L INTRODUCTION 1 

n. THEORETICAL UNDERPINNINGS 6 

Rydberg Series and the LP 7 

lODT 11 

MODT 12 

Open versus Closed Channels 14 

Channel AmpHtudes/OsciUator Strengths 16 

Coupling Schema 20 

III.THE EXPERIMENTAL METHOD 28 

1 + 1'VUV Excitation of Carbon 28 

The Lasers 31 

TheVUV 37 

The Chamber/Ablation System 42 

Timing Matters 48 

iii 



The Collection of the Data 50 

Data Calibration 51 

IV.ANALYSIS/RESULTS 58 

The Determination of the IP 58 

The Other Transitions 64 

The 1 - 1 Transition 66 

The 0 - 1 Transition 70 

V. CONCLUSION 76 

REFERENCES 77 

APPENDIX 79 

IV 



ABSTRACT 

The ionization potential (IP) as well as the coupling and interactions 

occurring between the states converging to each of the spin-orbit split states 

of the ground state of the ion core are analyzed using resonance enhanced 

multiphoton ionization (REMPI) spectroscopy. Although this is not the first time 

that the IP for carbon has been measured, the measurement was made to an 

as yet unseen level of accuracy. Additionally, this is the first time that the 

interseries interactions have been analyzed for the 2pnp states of carbon. 

This was accomplished by first exciting from the 2s^2p^ P̂j (1 = 0, 1,2) ground 

state up to the 2p3s P̂j (1 = 0, 1,2) intermediate state with a vacuum 

ultraviolet (VUV) photon. This enabled a second transition up to the Rydberg 

states for the respective transitions. The Rydberg states were scanned from a 

principal quantum number of about 30 to well beyond the ionization limit. 

From the analysis of these states, the ionization limit for the series converging 

to the P̂i/2 state of the excited core is determined to an accuracy of ±0.05 

cm'^ Additionally, the series interactions occurring within the Rydberg series 

excited from the 2p3s ^Pj and 2p3s P̂Q states were analyzed to yield quantum 

defects, interaction matrix elements, and relative dipole matrix elements for 

comparison to theoretical calculations. 
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CHAPTER I 

INTRODUCTION 

Resonance ionization spectroscopy (RIS) begins with one or more 

resonant transitions of a ground state electron in an atom to a higher lying, 

discrete state. Once the initial transition to the higher discrete state is 

accomplished, the atom/molecule may then be ionized through the use of 

collisions with other particles, other wavelengths of photons, or the 

appropriate electric fields. This technique was developed in the 1970's by two 

independent groups. One of the groups, located at the Institute of 

Spectroscopy of the U.S.S.R. Academy of Sciences, used atomic/molecular 

beams, ^ while the other, located at Oak Ridge National Laboratory, used the 

interactions between fast particles and gases to accomplish the desired 

transitions.^ It should also be noted that the Oak Ridge group demonstrated 

that lasers could be used to effect these transitions.^ Currently, this is one of 

the most popular method of resonantly exciting transitions for further study. 

The scheme used for this experiment, resonance enhanced multi-photon 

ionization (REMPI) spectroscopy, falls into this category. Here, the initial 

resonant transition is induced by the use of the appropriate wavelength 

photon. Once the intermediate state is reached, the final transition before 

ionization is accomplished with a second photon. At this stage, the 



application of an electric field ionizes the atoms prior to mass 

separation/detection by time of flight mass spectrometry (TOFMS). 

The use of REMPI in this case has many advantages. The wavelengths 

which are used for this particular form of spectroscopy may be attained 

relatively easily with currently available or easily constructed equipment. The 

high selectivity which allows the isotopic detection of most species of atoms. 

Additionally, the sensitivity of the method is such that single atoms may be 

detected with relative ease. Also, states inaccessible directly from the ground 

state due to parity considerations may be excited with this scheme. Finally, 

when combined with an appropriately aligned laser arrangement, the 

resolution may be quite high, with line widths of 0.03 cm"̂  or less. 

REMPI can provide highly sensitive, selective, and precise measurements, 

to access intermediate transitions. However, in some atoms it is necessary to 

use very short wavelengths. The energy of some of these transitions lies in the 

vacuum ultraviolet (VUV) or even higher. And, although it is possible to use 

multiphoton transitions to accomplish the population of the desired states, the 

efficiencies associated with this approach is quite low. A much more efficient 

method of populating these states is to use vacuum ultraviolet to strongly 

drive an allowed transition from the ground state to an intermediate state. 

VUV encompasses the spectral range extending from about 200 nm down to 

the soft X-ray region. The most effective method for producing high peak 



power pulses of VUV light is to use sum- or difference- four wave mixing with 

intermediate resonance in rare gases. According to Hager and Wallace,'' by 

using fixed gases, the power-conversion efficiency realized may be as high as 

4x10"̂  for X = 162.6 nm. However, VUV is somewhat more difficult to handle 

than visible or UV light, requiring a gas cell to be attached to the main 

apparatus. Additionally, VUV occurs at such short wavelengths that it is 

necessary to generate and propagate it wholly in vacuum, as total absorption 

in air occurs in microns. Additionally, only a few crystalline materials are 

transparent to VUV Hght. Consequently, expensive crystal optics are 

necessary so that the VUV is not absorbed by the windows in the gas cell. 

Once the desired intermediate states are appropriately populated, the 

final states are attained with more reasonable wavelengths. The final states in 

this experiment were those with relatively high principal quantum numbers 

(n). These Rydberg states, depending upon the reference used, begin at 

about n = 15 and continue up to the continuum. At this high value for n, the 

electron is near the ionization limit (IP), and is thus weakly bound and easily 

ionized. This allows a precise determination of the IP for the atom, an 

important property to know when dealing with the kinetics of chemical 

reactions and tests of structure calculations. 

To analyze these Rydberg states, it is usually necessary to use various 

numerical models, as the resulting spectra are often quite complicated for all 



but the simplest atoms. These complicated spectra often result from 

interactions occurring between different Rydberg series converging to the 

same (or closely spaced) IP. The different series arise as a result of different 

excited states of the core of the atom. In many cases, it may happen that in 

the process of exciting intermediate transitions for study, multiple core 

excitations can occur. These different excited states of the core together with 

the states of the highly excited electron are termed channels, and can lead to 

quite complicated spectra, depending upon interchannel interactions which 

may occur. To handle these cases, multichannel quantum defect theory 

(MODT) may be employed with quite good results. MQDT treats these 

interactions simultaneously, and is flexible enough to treat as many 

interactions as are occurring. Additionally, by using MQDT to analyze the 

spectra, information may be acquired for the comparison of the actual 

spectra to that determined through ab initio calculations. Finally, atomic 

structure calculations may be verified by the use of MQDT models. 

The decision to use carbon for this experiment was based upon several 

factors. First, it is one of the most prevalent atoms, yet from the information 

located prior to this undertaking, its Rydberg structure had yet to be analyzed 

in any detail. Additionally, its high Rydberg states had not yet been observed 

spectroscopically. The main reason for this was the difficulty in obtaining 

carbon in a gaseous form. The most recent reference located was from the 



1970's, and quoted a value for the I,p with an error of ±0.1 cm"^ We felt that, 

with the technology available in the lab, this value could be measured with 

much higher precision. Also, carbon presents a spectrum which is not trivial, 

but at the same time is not so complicated as to be unamenable to MQDT 

modeling. Plus, the transitions studied herein have yet to be modeled with 

MODT.^ One could also imagine more practical applications of this sensitive 

and selective approach to the detection of carbon. For example, most of the 

silicon produced for semiconductor applications is manufactured using the 

Czochralski (CZ) technique. And, since graphite is one of the least expensive, 

relatively inert substances which can withstand the high temperatures 

necessary to melt silicon, it is used as a vessel to contain the molten silicon. 

Consequently, it is found throughout the CZ process as a contaminant. Thus, 

the accurate characterization of carbon coupled with the sensitivity of REMPI 

could have a potential impact on the semiconductor industry in terms of 

determining the amount of carbon in the boule. 



CHAPTER n 

THEORETICAL UNDERPINNINGS 

Besides the observation of the Rydberg series for various transtions in 

carbon, there was the desire to calculate various other parameters 

associated with the highly excited states of the 2s^2pnp configurations in 

carbon. Among the other values sought was the ionization potential (IP), 

quantum defect, channel amplitudes, as well as various other interaction 

parameters for the 2s^3s P̂2 - 2p2p^ ^^2 transition. lohansson^ measured the 

values for the IP and the quantum defect for the D̂g series converging to the 

P̂g/s state of the core to be 90883.84 cm"̂  and 0.676, respectively. However, he 

only used the first ten or so Rydberg states to arrive at these values. It was 

hoped that by going to higher Rydberg states, more accurate values could be 

realized. An additional goal was to observe and analyze the coupling which 

occurred between the states converging to each of the spin-orbit split states 

of the ground state of the ion core, for excitation from the J = 1 and 1 = 0 

initial states of the 2p3s configuration accessed through the 2s^3s ^Pj - 2p2p^ 

2Pi (1 - 1) and 2s23s^Po - 2p2p2 ^Pj ( 0 - 1 ) transitions from the ground state 

of the neutral atom. Among the parameters sought here were the quantum 

defects, relative oscillator strengths, and coupling strengths. To extract these 

values from the data, it was necessary to use various numerical methods 



currently available. This necessity derives from the fact that the many electron 

problem is impossible to solve analytically, in particular for highly excited 

states. Except in rare circumstances (i.e. hydrogen), one must turn to 

approximations to model excited state interactions, and then fit them to 

experimental data. Hereunder are described the models used for this 

experiment, the pertinant formulae, and the method used to fit the model to 

the experimental data. 

Rydberg Series and the IP 

For an electron bound to an bare nucleus of atomic number Z, the 

potential seen by this electron is given by:^ 

... . . KUm' Ze' 
V{r}=I, + 

" 2Mr' ' 

where 

lip = the ionization potential, or the point at which the electron is considered 

free, 

1 = the orbital angular momentum quantum number, 

|i = the reduced mass of the system, 

r = the radial position of the electron with respect to the core, 

e = the electronic charge. 



t) = dirac's constant, and 

Z = the atomic number of the nucleus. 

In this case, the eigenenergy solutions to the radial Schrodinger equation are 

of the form:^ 

E -I - ^ 
n ip 2 

n 

with E^ = the energy associated with a particular n, 

91 = the Rydberg constant (109732.30 cm'^ for carbon), 

n = 1+1, 1+2, .... 

This works fairly well for hydrogen and those instances where the electron is 

bound to a nucleus which posesses no core electrons. However, in those 

cases where the core is comprised of the nucleus and Z - 1 core electrons, 

the potential, and thus the solution has to be modified. The modification to the 

potential function which the excited electron experiences consists of the 

addition of a second, short range potential (Vsr(r))to account for the deviation 

from a pure Coulomb field due to the core electrons. 

For this work, we were concerned more with the effects of the potential 

rather than with the exact form, which is difficult, at best, to quantify. 

Asymptotically, the short range potential behaves thusly^: 
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V (r)=0. 
p - » 0 0 ST 

This potential has the effect of shifting the long range phase of the electron 

wave function by an amount proportional to 6(E),^ where E is the energy of 

the electron (see below). 

Once this potential modification has been made, the general solutions to 

the Schrodinger equation are as above with n replaced by n*, the effective 

quantum number. This n* represents the corrections to the energy 

eigenvalues which occur as a result of the addition of Vsr(r). Quantitatively,® 

n =n-LL 
n 

where n is as above, and [1̂  is the quantum defect. The resulting energies 

represent a Rydberg series of energies. Since the quantum defect depends 

on V3r(r), it has a very weak energy dependence for large n (i.e. highly excited 

states far from the core). Additionally, as n-oo, \i^ converges to a finite value.® 

For a single, non-interacting electron, the calculations may be broken up 

into two different energy regions, that below the IP, and that above. Below the 

IP, all the states of the electron are bound by the potential function. It is here 

that the aforementioned eigenenergies are applicable. With some 



rearrangement, we may arrive at a value for the the effective quantum 

number as a function of energy: 10 

n = 
\ 

m 

I -E 

For later convenience, we replace n* with v(E), where v(E) is called the 

continuous effective quantum number. With some re-arrangement,'° 

\jiE)=n-v{E)=n-

N 

di 

I -E 
ip 

We now have an equation relating the continuous quantum defect to the 

continuous effective quantum number to the Î p, and the energy. Squaring 

both sides and re-arranging yields: 

E=I -
ip 

91 

in - \iiE)y 

This formula is the well known Rydberg formula for a single excited electron. 

It is this formula that was used for the determination of the I,p and quantum 

defect for the D̂o series excited via the 2 - 2 VUV transition. 

10 



IQDT 

Above the I,p, at large r, M^^T) shifts the phase of the wave function by an 

amount proportional to 6(E). Below the Î p, V3r(r) leads to the quantum defect 

function, n(E). At the continuum threshold, this phase shift must match up to 

|i(E) for the appropriately normalized Schrodinger equation. Quantitatively, 

this relationship is given by Seaton's theorem: ̂ ^ 

l i ^ ,„ „ 1 lim ^ , ^ 
^ \x =|j(E=7)=- 6{E). 

This simply states that, at the ionization limit, E=Ijp, the wave function below 

matches up with the wave function above. At the other boundary, where r - ô , 

the requirements on the wave function are such that it must go over to an out 

going wave with phase shift 6. This not only effects the energies of the bound 

states, but also the phase shifts above the ionization limit. As a result of this 

requirement on the asymptotic behavior of \jj, the solutions to the radial 

Schrodinger equation are linear combinations of Whittaker functions.'^ Once 

these solutions are had, the application of the boundary conditions determine 

the final form of the equation governing both bound and continuum states in 

the channel: ̂ ^ 

tan[7r(^+v)]=0. 

11 



This is the equation of the one dimensional quantum defect theory. Here, î 

and V will take on different representations depending upon the location of 

the energy with respect to the Î p. Below the Î p, where the states are bound, [x 

and V represent the quantum defect and effective quantum number, 

respectively. Above the L, both represent the phase shift due to Vsr(r) '"": 

[iiE)=-6{E).andv{E) = --6{E). 
71 71 

Above the Î p, the wave function is shifted by a constant factor of 7i in the 

asymptotic region, which corresponds to a change of one in |i and v below 

the I,p. 

In cases where there exists one highly excited electron orbiting an 

otherwise unexcitable core, this form may be used with quite high accuracy. 

Here, the potential felt by the excited electron may be adequately modelled 

with a single, average potential due to the core itself. However, in cases 

where excitations of the core are allowed, this theory must be extended to 

account for these core excitations. 

MODT 

In those cases where excitations of the core states do take place, it is 

often the case that coupling occurs between excited electron states 

12 



associated with different core states. In these cases, there is a different ij; 

associated with each state (channel), and, the single channel quantum defect 

theory must be extended to include these additional channels. This is done by 

extending the formula 

tan[7i(|i+v)]=0 

to^^ 

det|tan[7i(v (E) + \i{E))]6 HI -6 )R \ =0, 
i i i.j i.j i.j 

where i and j range from 1 to the total number of channels being analyzed. 

Additionally, v^{E) and |ii(E) represent the effective quantum defect and the 

effective quantum numbers for the respective channels, and R, represents the 

reaction matrix elements. In effect, this reaction matrix determines the 

strengths of the couplings which occur between the channels. The above 

equation may be used with an arbitrary number of core states. 

With the pertinent forms for Vj(E) and |i,(E), this equation may be solved for 

most of the values sought by fitting the resulting plots of the solution to the 

experimental data (see below). This equation is solved differently for each 

region of the energy spectrum. In the case of carbon, there are two IP, 

corresponding to two spin-orbit spHt states of the 2s^2p ground state of C^. 

The first (̂ Pi/s) occurs at ^90820.42 cm'^ and the second CP^/i^^i 90883.84 cm"'. 

13 



The difference wiH depend upon whether the excited state eventually 

converges to the ^Pi2 or ^Ps; final state of the core. The fit to the data was 

treated according to whether the energy (E) was above or below L. Beiow L, i: 

was necessary to solve for the roots of the determinant, which determines 

Vj(E). In the region between the IP, it was necessary to solve the equations for 

the phase shift at each energy. To do this required coding the pertinent 

formulae into a program and then solving for the desired values. 

Open Versus Closed Channels 

When we speak of open and closed channels, we refer to the energy 

relative to the ionization limits. A channel is considered open if the state 

energy is above the ionization Hmit for that channel, and closed otherwise. 

This differentiation of channel types determined how the Rydberg series were 

treated numerically. When the scan energy was below the first ionization limit 

(E < Ii < I2), all channels are considered closed. In this case. 

y^.iE) = 

\ 

ffi 

I-E 

and 

^.(£:)=n-v,(E). 

14 



Here, the effective quantum numbers for the respective channels may be 

solved for using the MQDT formula above by the appropriate initial guess for 

the quantum defects (see below). In the case where L < E < I2, since the 

energy is above the first ionization limit, any channels whose excited states 

converge to the first Îp are considered open, while those channels converging 

to the second Îp are still closed. For this case, the pertinent formula is: 

v, = --6{E) 

for the open channels, and those for the other channels are as above. 

Coupling between the closed channels and the open channels may mix the 

open and closed channels, producing autoionizing resonances. Also, coupling 

between closed channels can produce series perturbations which may alter 

the regular progression of the Rydberg series energies. The assignment of 

the channel numbers here is arbitrary. For convenience in coding the 

formulae, the open channel was labeled number 1, and the closed channels 2 

and 3 (when necessary). Although there are quantum defects and effective 

quantum numbers for the closed channels, there is only the quantum defect 

and the previously described phase shift in the open ones. For two channels, 

this is given by solving the MQDT equation for this phase shift:'^ 

15 



R ' 
12 

6, = 7i|i (E) - arctan[ ] 
^ ^ tan[7i(v2 + \i^)] 

at all energies between the ionization limits. For three channels (one open), 

the form of the phase shift is given by:'^ 

0 = 7r|i (E) - arctanL J, 

For the two channel case, near a resonance, the denominator of the 

argument of the arctangent tends to zero, and the phase shift undergoes a 

jump up by a factor of TI . The region over which this jump occurs is related to 

the width of the associated resonance. 

Channel Amplitudes/Oscillator Strenaths 

In addition to the values for the relative peak locations, IP, quantum 

defects and effective quantum numbers, the relative oscillator strengths could 

be extracted from the data. This was necessary as, although the solutions to 

the MQDT equation fit to the observed energies provided accurate estimates 

to the above parameters, the oscillator strength corresponding to each 

coupled channel does not enter directly into the MQDT formula. For the 

oscillator strengths in each channel, yet another formula needed to be fit to 

16 



the data. For closed channels, the form of the oscillator strength is given by:" 

f ~ I S ZCOS[7I(LI, + V )]v ^d I . 

Here, Ẑ  is the channel amplitude for each channel wave function: 

il; = S Zcos[7r(v + LI)]IJ; 
i i i i 

with i|Ji as the channel wave functions. Additionally, dj represents the channel 

dipole matrix elements which serve to couple the initial to the final states of 

the transition, and the final form of v̂  will again depend on where E is in 

relation to Ij and I2. 

The channel amplitudes represent the amplitude of the channel wave 

functions in the total ijj, and may be determined at each energy from v,(E) 

and |ii(E) as well as normalization. For the case of two bound states (E < Ij < 

I2), Zi may be calculated from:'^ 

Z^ sin[7i(v2+|i2)] 

^2 ^i2^os[Tu(v^ + n̂ )] 

while for the case of three closed channels, the equations of interest are 

given by '̂  

17 



sin[7r(v^ + ̂ p]Z^ + R^^cos[Tii\^+\i^)]Z^ + R^^cos[n{\^^\i^)]Z^ = 0 

R^jzos[n{\^ + \i^)]Z^ + sm[n{\^ + [i^)]Z^ ^ •̂ 23*̂ °̂ '-̂ ^̂ 3"̂ 3̂ -'̂ 3 " ̂  

E^2Cos[7r(v^ + |i^)]Zj +R^^cos[n{\^ + \i^)]Z^ + sin[7i(v^-M.2)]Z2 = 0. 

These equations arise from the requirement that the full wavefunction vanish 

as r - oo. In all cases, energy normalization requires that 

Sv^Z^ = 1, 
i i 

where t h e v̂  come from the roots of the determinant. 

In the two channel case, when Ij < E < I2 ^̂ , channel 1 is open and 

-Z sin(6-7rLi) + Z i? cos[7i(v + L I ) ] = 0 
1 n 2 12 2 rz 

and 

-Z^R^j20s{6-n\i^) +Z2sin[7r(v2 + M'2)] =0 

will need to be solved for the phase shift after which the values for Z, may be 

calculated. For the three channel case, the equations are given by'^ 

18 



-sin[(6 -7ru)]Z, ^E^ cos[7i(v +u )]Z^ - E , cos[7i(v^-u )]Z =0 
1 M 1 12 2 "̂ 2 2 13 J 3 3 

R^^cos[{6^-TZ[i^)]Z^ + sin[7i(v2+M.2)]Z2 ^ ^23'^^^^'^^^3^^3^'^^3 " ^ 

R^^cos[{6^-n\i^)]Z^ +R^^cos[n{v^ + \i^)]Z^ + sin[7i(v^-M.^)]Z2 = 0. 

Again, these equations are a result of the requirement that the wavefunctions 

of the closed channels vanish as r ^ 0°. Note that, in this case, Z, = 1, as the 

outgoing flux is normalized to unity. At this point, in the open channel 

problem, once the channel amplitudes are calculated, it is a simple matter to 

get the photoionization cross section: ̂ '̂̂ ^ 

o = 47r a 
2 t? dl 

2[idE 

where 

df 2LI ,2 
— =—0) SZcos[7i(v + u)]d . 
dE "h ' i i i 

This quantity is directly related to the probability that an electron will be 

photoionized. The rate of photoionization is then 

R = of 

where f is the photon flux in photons/cm^-s. 
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Coupling Schema 

As is often the case in spectroscopy, a general feature of atomic and 

molecular spectra is that the angular momentum coupling scheme most 

appropriate to a given state may depend upon such factors as the degree of 

spin-orbit coupHng as well as the principal quantum number of the state. 

Although the specifics of each coupling scheme are beyond the scope of this 

work, a certain amount of information is helpful for the prediction and 

interpretation of the spectra. In those cases where the electrostatic potential 

is the dominant influence on coupling, ̂ ^ the LS coupling scheme provides the 

most accurate description of the coupling which occurs between the angular 

momenta of the electrons. In this case, the orbital angular momenta of all of 

the electrons is first coupled to yield a total orbital angular momentum for the 

electrons. Then, the individual spins are added to arrive at a value for the 

total spin for the electrons. The resulting L and S vector are coupled by the 

spin-orbit interaction in the form:̂ ^ 

e 1 dV A A 
H = LS 

- 2 m ' c ' ^ ' ^ 

where e = the electronic charge, 

m = the electron rest mass, 

c = the speed of light. 

20 



r = the radial distance from the origin, and 

V = the atomic potential. 

Existing tables of Hne strengths vcdid for L • S coupling will give an idea of 

the relative line strengths of the observed transitions between different states 

within a pair of multiplets. For example, in the case of the 2p- - 2p3s 'P- (J = 

0, 1, 2 ) transitions, the line strengths are predicted to be 100, 20, and 26.7 for 

the 2 ^ 2, 1 ^ 1 and 0 ^ 1 transitions, respectively..° Thus, if the strongest line 

(the 2 - 2) is normalized to one, then the other Hne strengths will then be 0.20, 

and 0.27 in comparison. To determine which initial states will yield which final 

states, it is necessary to step through the coupling in the proper order. The 

general form for the LS coupling is 

\U{L)S^s{S)I> 

where L. = the total orbital angular momentum of the core, 

1 = the orbital angular momentum of the excited electron, 

L = Li + 1, 

Si = the total spin angular momentum of the core, 

s = the spin angular momentum of the excited electron, 

S = Si + s, and 

I = L + S. 

Here, Li + 1 couple to yield L and Si + s couple to yield S which then couples 

21 



to L yielding J. In this experiment, the ground state is ^R with I = 0, 1, 2. The 

values for Li, 1, Si, and s for the 2s^2pnp configurations are then: 

Li = I 

1 = 1 , 

Si = 1/2, and 

s = 1/2. 

Since |Li + 1| < L < |Li - 1 | , the possible values for L are 2, 1, and 0. And, 

since |Si + s | i S ^ | S i - s | , the possible final values for S are 1 and 0. The 

resulting values for I are listed in Table 2.1 along with the corresponding 

term. It should be noted that there is only one 1 = 3 series, while the other ] 

values have multiple terms (and thus multiple, interacting Rydberg series). 

Also, since the total angular momentum of the core is not a good quantum 

number in this case, the LS states cannot be directly associated with a 

particular core state (and thus a particular ionization limit). 

For the highly excited states observed in this experiment, the electrostatic 

interaction contribution was overshadowed by that of the spin-orbit coupling 

between the core electrons and the excited electron. This is due to the fact 

that AE for the ion core spin-orbit states is much greater than the energy 

difference of the adjacent Rydberg states. Because the excited electron is far 

from the core, the assumptions of LS coupling are no longer valid. ̂ ^ In this 

case, the H coupling scheme more accurately describes the angular 
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Table 2.1. The series which a re possible with the LS coupling s cheme for the 
2s^2pnp initial configuration. 
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ŝ, 
'D^ 

'P, 

'S„ 

23 



momentum coupling. In this scheme, the orbital angular momenta of the core 

electrons is first summed with the spin to give a total core angular 

momentum. Then, the spin of all of the electrons are summed to give a total 

spin for the atom. At this point, the total core angular momentum is coupled 

to the total spin to give an intermediate quantity which must then be coupled 

to the orbital angular momentum of the excited electron to give the final value 

for the coupling. The general form for this coupling scheme is given by '̂ 

\L^S^mK)sJ> 

with Lj = the orbital angular momentum of the core, 

Sj = the spin angular momentum for the system, 

j = the total core angular momentum, 

1 = the orbital angular momentum of the excited electron, 

K = Ij + l | . . | j - l | , 

s = the spin of the excited electron, and 

J = the total angular momentum of the system. 

For this experiment, with the transitions under consideration. 

Si 

Li 

j = 

= % 

= 1, 

3 / 1/ 
'2' '2' 

1 = 1, 
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K = Ij + l | . . | j - l | , 

s = 72/ and 

J = 3, 2, 1, 0. 

The various combinations for this coupling scheme are listed in Table 2.2. 

Although the total core angular momentum for the LS case is not a good 

quantum number, the same is not true for the jt coupHng scheme. Thus, a 

particular series may be unambiguously associated with a particular core 

state. Thus, from Table 2.2, we see that ^D^ (I = 3) series converges to the 

upper ionization Hmit (̂ P3/2). The 1 = 2 states have have one series going to 

the lower Hmit (̂ Pi 2) and two to the upper. The I = 1 states have two series 

going to each Hmit, and the 1 = 0 states have one series converging to each 

Hmit. The selection rule governing perturbations requires that AI = 0. Thus it 

is possible to determine which series wiH couple together in this case. 

Although the two different coupHng schemes represent two physicaUy 

different regimen, it is possible to make a transformation between LS and jt 

coupling. This is accompHshed through the use of the appropriate 6j 

symbols.^^ First, the transformation matrix elements for a given I are found, 

which yields a matrix U^^sji Then, the diagonal matrix of LS coupled state 

energies <H^^ \̂j> is transformed into the jl coupled energy matrix: 

<H'> = U'<H^>U' + e 
i; '; core 
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where z^^^^ is the diagonal matrix of the core state energies. The diagonal 

matrix elements of <H^^^\,> may also be used to determine the jt coupled 

series quantum defects in terms of the LS coupled 6 's, while the off diagonal 

elements wiU yield predictions for the interseries couplings. If the dipole 

matrix elements (dj) for the LS excitations are known, the corresponding jl 

coupled values may be determined. Thus it is possible to determine aU 

relevent values of interest even in the absence of readily available tables for 

the jt coupling scheme. 

26 



Table 2.2. Series which are possible with the jl coupHng scheme. 
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CHAPTER m 

THE EXPEmMENTAL METHOD 

The purpose of this experiment was to observe and analyze the Rydberg 

states of the carbon atom to high values of n (50 - 90 + ), determine the 

ionization potential (IP) to an as yet unseen level of accuracy, demonstrate 

the use of vacuum uHra-violet (VUV) and ultra-violet (UV) Hght to detect the 

higher lying, singly excited Rydberg series of the carbon atoms in a highly 

sensitive, stepwise manner, as weU as study series interactions occurring 

between the Rydberg series of interest. To accompHsh this, various 

preexisting techniques needed to be coalesced. Herein is discussed the 

generation of the vacuum ultra-violet Hght (VUV), as weU as the other 

necessary frequencies. Additionally, the vacuum and ablation assemblies, 

data coHection system, and the data analysis method are discussed. 

1 +1 ' VUV Excitation of Carbon 

The excitation scheme used for this experiment was resonance enhanced 

multi-photon ionization (REMPI). In this method, two dissimilar photons (1 + 10 

are used to excite the relevant states. The first photon lies in the VUV region 

of the spectrum, and is responsible for causing an electron in the ground 

state of carbon (2p^ ^Pj, 1=0, 1, 2) to under go a resonant transition to an 
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intermediate state (2p3s ^Pj, 1=0, 1, 2) within the Hmitations set forth by the 

selection rules (AJ = 0,±1, but not 0 - 0). Then, the second photon induces a 

transition to the Rydberg state of interest in which the 3s electron of the 

intermediate state is excited to a high np state (Fig. 3.1). Bergstrom indicates 

that the lifetime of the intermediate state is on the order of 33 ns;^ 

consequently, the timing of the laser pulses was important if the desired 

states are to be observed (see below). Although it is possible to utiHze other 

multiphoton resonance schemes (i.e. 2+1 ' or 3+10 to excite an intermediate 

transition (thereby using other, easier to produce wavelengths), the decision 

to use 1 + r REMPI was based upon the desired level of sensitivity and 

selectivity. A further restriction comes from the necessity of using an odd 

number of photons, since only an odd number of photons can enable the 

transition from the p-state to the s-state. In the other excitation schemes, the 

wavelengths necessary to induce the first transition are easier to attain 

without the use of VUV Hght (which is difficuH to make). However, the ease 

with which the necessary wavelengths could be made was outweighed by the 

lower efficiency derived from having to use two or more photons to 

accompHsh the same effect. Because of this reduced efficiency, very intense 

laser pulses are needed. This increase in the necessary intensity causes, 

among other things, an increase in the background signal due to the 

photodissociation and photoionization of omnipresent impurities in the 
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327.9 - 329.5 nm. 

I 
2p3s P 

165.7 nm. 

2p/P, 

Figure 3.1 - The REMPI scheme as used to excite the initial states of the 
carbon atoms up to the final states in the 2 - 2 transition. 
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chamber, AC Stark shifts, and broadening of the transitions. Most importantly, 

this causes the intermediate to be photoionized before it can be further 

excited up to the Rydberg series of interest. AH of these make sensitive and 

highly precise spectroscopy difficuH at best. 

The Lasers 

To observe the states of interest, it was necessary to generate several 

different wavelengths of broadly tunable Hght. This was accomplished by 

using a combination of dye osciHators/amplifiers, the appropriate laser dyes, 

necessary optics, and the output from a Nd^^:YAG laser (Continuum model 

NY-61). The fundamental frequency from the YAG (1064 nm.) was first 

frequency doubled by a KDP (Potassium Dihydrogen Phosphate) crystal to 

generate 532 nm light; then, it was frequency tripled in KD*P (deuterated 

KDP) to yield 355 nm. light. At the repetition rates used (10 Hz), the 532 and 

355 nm. beams had intensities of —120 mj, and —80 mj, respectively. As the 

Hght exits the YAG, it was picked off by partially reflecting mirrors so that it 

can be used to drive the three dye lasers needed for the experiment. In 

general, a dye laser consists of an oscillator as weH as one or more 

amplifiers. The osciHator serves as the first stage, and is responsible for 

generating the tunable Hght over the working range of the dye. The 

amplifier(s) serve to boost the energy output from the oscillator, as weH as 

correct any beam distortions which may occur (see below). 
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Two of the oscillators consisted of two gratings (grazing incidence, and 

Littrow), an intracavity lens, the dye ceH, and the curved output coupler (fig. 

3.2). Wavelength tuning was accompHshed by adjusting the angle of the 

Littrow grating with respect to the other grating. At this stage, the output Hght 

had a very narrow bandwidth (—0.03 cm" )̂, but relatively little power (—10 

|ij/pulse). Although narrow bandwidth is certainly desirable when high 

precision spectroscopy is being performed, it is not always necessary. In the 

case of the VUV generation, the last photon required for the four wave mixing 

(see below) did not need to be of very narrow bandwidth. Consequently, the 

third oscillator used lacked the intracavity lens, and used a feedback mirror 

rather than a Littrow grating. As a resuH, the bandwidth of this osciHator was 

—0.1 cm'^ and the power output —10 |iI/pulse. Because Rydberg series occur 

at different energies, and with line widths in our apparatus measured in 

tenths of wavenumbers (cm" )̂, a computer controHed, motorized micrometer 

was added to the oscillator of the laser being scanned. This micrometer 

(Oriel) aUowed very smaH changes (—0.015 cm'Vstep) in the laser wavelength 

to be made in a highly precise manner, as described below. 

At this stage, the collimated beam from an oscillator was passed through 

a series of amplifiers to increase the power output from the system. The 

amplifiers consisted mainly of a dye ceH and a cyHndrical lens or a 
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mirror and a lens, depending on whether or not the ampHfier is transversely 

or longitudinally pumped. The transversely pumped amplifier was the first in 

the series of amplifiers used in the chain. The 532 or 355 nm. Hght from the 

YAG was again picked off by a partially reflecting mirror, and directed 

through a cylindrical lens. This lens serves to focus the beam to a Hne on the 

dye ceU so that the pumped region of the dye geometrically matches the 

beam to be amplified. Then, the colHmated output from the osciHator was 

passed through the dye ceH at 90° with respect to the pumping beam. This 

resuHs in an increase in the power output by as much as two orders of 

magnitude over the original osciHator output. By adjusting the concentration 

of the dye in the solution passing through the ceH, the power output can be 

maximized. However, some beam distortion occurs as a result of the pump 

beam absorption by the dye as it traverses the cell. Consequently, a 

longitudinally pumped dye ceH is utiHzed to correct for this beam aberration 

as weH as increase the amount of energy delivered to the target. In the 

longitudinally pumped beam, rather than have the pump beam strike the dye 

ceH at 90° with respect to the incident beam, it is reflected off of a mirror to 

strike a dye ceH at a smaHer incident angle. This pump beam is directed 

through the dye ceU in such a way that the beam spot Hes on top of the beam 

to be amplified. This serves two purposes: it corrects the distorted beam 

shape by presenting an area of uniformly excited dye molecules which is 
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comparable to the beam to be amplified, as weH as minimizing the damage 

done to the ceH and dye molecules (which in the case of the photochemically 

unstable DCM dye was of major concern). In both the longitudinally and 

transversely pumped amplifiers, the ceHs are angled with respect to the 

beams to be amplified so that optical feedback from the ceH windows was 

prevented. At this stage, the beam may be passed through a beta barium 

borate (BBO) or KDP crystal, H necessary, to double its frequency. As noted 

above, the dye laser for the last stage of the four wove mixing in xenon was 

of a simpler design. Consequently, rather than a series of amplifiers being 

necessary (to ensure the optimum beam shape, etc.), a single, transversely 

pumped amplifier was sufficient. Finally, to ensure uniform intensity in the 

probe laser Hght, it was necessary to use an autotracker. The autotracker 

monitors the uniformity of the laser Hght after it passes through the doubling 

crystal. As the laser was scanned, the changing wavelength required that the 

angle of the doubling crystal be aHered sHghtly with respect to the incoming 

beam. By picking off a portion of the beam and directing it onto a split 

photodiode, the autotracker detects places of higher intensity in the beam 

spot. H then aHers the angle of the crystal so that the uniformity is restored. 

The optical arrangement is depicted in Figure 3.3. 

The dyes used in the oscHlator/ampHfier combinations varied depending 

upon the particular appHcation. For the frequencies necessary for 
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VUV generation, two different dyes were used. For the initial transition in the 

four-wave mixing (see below), Coumarin 500 was used. This dye provided the 

initial 512.6 nm. Hght at a power of about 7 ml when properly tuned. The Hght 

was then frequency doubled to 256.3 nm. at a power of about 0.5 mJ before 

being sent on to the xenon ceH. The beam which provided the final, tunable 

transition in the VUV was generated using Rhodamine 590. This dye provided 

wavelengths in the 550 - 565 nm. range, at power outputs of 3ml. The dye for 

the probe laser was DCM, and provided tunable Hght in the 655.7 - 658.3 nm. 

wavelength range at a power output of 10 ml. This was then frequency 

doubled to yield 327.9 - 329.2 nm. light at ~1 ml. 

TheVUV 

The intermediate transitions which were used in this experiment were the 

2 - 2, 1 - 1, and 0 - 1 . The 2 - 2 transition occurs at 165.700 nm., the 1 - 1 at 

165.735 nm., and the 0 - 1 at 165.787 nm. Because of their locations, VUV light 

is required to drive these transitions by single photon absorption. ' VUV 

encompasses the range of the spectrum from —180 nm. to the soft X-ray 

region. This is strongly absorbed by oxygen in air. For example, at 160 nm, 

fuU absorption occurs within microns. Thus, VUV must be generated and 

propagated wholly in vacuum. Additionally, the generated VUV must combine 

high intensity and tunability (as the density of ablated carbon is low) with a 
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narrow bandwidth (for selective and efficient excitation of the desired 

intermediate transitions). The means to produce signiHcant pulse energies at 

VUV frequencies has been discussed elsewhere;^ in this case, the idea 

behind the VUV generation is four wave difference frequency mixing in xenon 

(Xe). Here, low pressure Xe (—18 torr) is confined within a ceH with a quartz 

entry window, and a MgFg window at the egress (Fig. 3.4). The MgFj window 

is necessary to allow the generated light to exit the ceH, as ordinary glass is 

opaque to these wavelengths, and quartz is qmte lossy. The input light is 

produced as follows: a beam from a dye laser (Aj = 512 nm.) which has been 

frequency doubled in a BBO crystal to 256 nm. is focused into the ceH with a 

lens. Then, a second, tunable laser beam with A2 = 561.7 - 562.7 nm. is 

overlapped with the first to produce VUV Hght. This VUV Hght has a 

wavelength which corresponds to the difference between the wavelengths of 

the input beams (Ayuv = 2Ai - X^. Two photons from the first beam [IX^) are 

resonant with the 5p^6p[5/2l2 level in xenon at 78120 cm"̂  (Fig. 3.5). Then, a 

third photon (A2) combines with the first two to generate the desired 

wavelength by means of the difference frequency mixing. The use of two 

photon resonance is necessary to produce the maximum intensity possible 

through enhancement of the third order non-linear susceptibility (X'̂ 0. In the 

absence of saturation, the output intensity is proportional to Iĵ  I2, where Ij is 

the intensity of the first beam (A = Aj), and I2 is the intensity of the second {X 
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= ^2). Thus, the beams were focused to increase the intensity to the point that 

enhancement of X̂^̂  could occur. This also ensures that phase matching of 

the input beams and the generated VUV Hght occurs. 

In ordinary optical processes, the susceptibiHty of the transmitting medium 

behaves in a linear fashion. By using high enough input intensities (by 

focusing the beam), a relative increase in the contribution by X̂ '̂ may be had. 

This increase in the contribution of X*̂ ' allows processes which would not 

otherwise occur to happen. Here, the contribution of X'"̂^ was necessary for 

the four wave mixing to occur. Additionally, it was necessary to ensure that 

the beams were appropriately phase matched. Otherwise, the final intensity 

of the VUV would have been reduced to the point of being unable to effect the 

necessary intermediate transition. The intensity of the output Hght in four wave 

mixing is proportional to '^'^ 

sine ( ), 

where L is the distance from the point of wave vector coupling, and Ak is the 

wave vector mismatch, given by 

Ak=2k +Jc-Jc . 
1 2 4 
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This wave vector mismatch is primarHy a function of the pressure within the 

gas ceH; consequently, by adjusting the gas pressure untH this mismatch is 

minimized, maximum intensity may be had. Conversely, by adjusting the 

pressure untH the maximum intensity occurs, the mismatch is minimized, the 

phase matching is assured. This method for VUV generation results in 

relatively efficient Hght generation (—10̂ ^ photons/pulse), and preserves the 

tunability and narrow bandwidth of the Hght which is generated. 

The Chamber/Ablation System 

In this experiment, the vacuum system was of considerable importance 

in the reduction of the background noise. The low sample density resulted in 

a signal which was due to only hundreds of carbon ions (C^) per laser pulse, 

which could easily have been lost in the background due to pump oHs, water 

residues as weH as many other contaminants. Consequently, it was necessary 

to reduce this background as much as possible to achieve the highest 

possible signal to noise ratio. For the first part of the experiment, the vacuum 

system consisted of a roughing pump which initially reduced the pressure to 

— 10'̂  torr, and a diffusion pump/cold trap arrangement which further reduced 

the pressure to 10'̂ -10"̂  torr with the addition of liquid nitrogen. This pump 

arrangement was then connected to the vacuum chamber itseH which 

contained the channeltron (used for ion detection and signal amplification), 
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ion coHection, time of flight mass spectrometer, and ablation equipment (Fig. 

3.6). After initially collecting data on aU of the transitions of interest, it was 

discovered that the scan rate of the probe laser was not as constant as 

required. As a resuH, the calibration of the data (see below) against the 

iodine atlas ^̂  proved difficult at best. 

Since it became necessary to re-assemble the system for another data 

set, some improvements were made to the system. These aHerations 

consisted of the replacement of the diffusion pump with a turbo-molecular 

pump (Varian model V-60), the addition of a Fizeau etalon to monitor the scan 

rate of the probe laser, and an oscilloscope to monitor the encoder output 

from the motor drive so that the scan rate could be further 

momtored/adjusted for uniformity. By adding the turbo-molecular pump to the 

system, the pressure could be maintained at the necessary level without the 

need for Hquid nitrogen. Although the etalon is generally used to monitor the 

bandwidth of the laser, H may be used to monitor the movement of 

interference fringes which, ideally, wiH occur at a constant rate as the laser 

was scanned. The Fizeau etalon works on interferometric principles. Two 90% 

reflecting mirrors are placed in holders such that the faces are near parallel. 

The smaH deviation from paraHel causes smaH changes in the path length for 

the reflected Hght rays. Assuming collimated light, this smaH change in the 

path length over the faces of the mirrors causes aHernating constructive and 
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destructive interference, or fringes, to appear. Since muHiple reflections are 

occurring, the fringes which do occur tend to be very sharp. Assuming the 

apparatus is aHgned properly, the width of the fringes wiH be determined by 

the finesse of the instrument ^̂ : 

= 71 

\ 

R 

(1 -Rf 

With a reflectance (R) of 90%, the value of ^ i s on the order of 29.8 for the 

ideal case of an infinite bandwidth laser and perfect aHgnment. For actual 

appHcations, the resulting fringe width is usually larger. 

At this point, a portion of the probe beam was picked off from the main 

one, passed through a telescope to collimate the incoming beam, and finally 

into the etalon. As the laser was scanned over the appropriate wavelength 

range, the fringes moved at a rate proportional to the scan rate of the laser. 

After passing through the etalon, the output was coHected by a photodiode 

whose signal was in turn read by the computer. By adjusting the current gain 

going to the dye laser scanning motor, a very uniform scan rate was assured. 

The remainder of the chamber subsystem consists of the ablation, and ion 

collection/detection subsystems. The ablation subsystem consisted of a 

carbon rod mounted on a rotating post, connected to an external motor 

through an obscenely expensive vacuum rotary motion feedthrough. As the 
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level of ablation products tended to drop as the carbon was ablated off of the 

rod, the rotation of the carbon rod was necessary to ensure a constant, 

uniform level of ablation products during the scan. The carbon rod was 

ablated by means of 20 mJ, 5 ns. duration pulses from a mini-YAG laser, also 

from Continuum (MiniLite), operating at its fundamental wavelength (1064 

nm.). By using the appropriate optics to deflect and focus the mini-YAG 

beam, the ablation of carbon could be further controlled. Not only was the 

rotation of the carbon rod important for a uniform signal, the placement of the 

mini-YAG beam needed to be adjusted to help reduce the ion background 

due to the ablation. This background was different from that in the vacuum 

chamber because it depended upon where the mini-Yag beam was focused 

on the rod. This location dependance in the background was mainly due to 

the uniformity (or lack thereof) of the surface that the incoming photons 

struck. As the experiment was run over a period of time, the beam tended to 

strike areas of the rod where ablation had already been occurring for quite 

some time; consequently, the level of ablation products and the background 

signal tended to change. To remedy this, the beam needed to be moved to a 

different spot on the rod. Once the atomic carbon was ablated from the 

surface of the rod and excited by the incoming photons, the Rydberg atoms 

needed to be ionized, and the resuHing ions need to be coHected and mass 

analyzed. To do this, a plate was placed parallel to the incident laser beam 
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above the ingress to the flight tube. By changing the voHage on the plate 

(only the plate itseH was held above ground) synchronously with the laser 

pulses, aU ion species are collected. The voHage on the plate needed to 

pulsed so that the field was zero when the laser was triggered. This was 

necessary to avoid Stark shifts and spHtting of the Rydberg states. 

AdditionaUy, this field pulse has the effect of accelerating the ions into the 

flight tube towards the channeHron. Since the Hghter ions are accelerated to 

a higher velocity than are the heavier ions, the desired signal may be 

separated from the undesirable components based upon arrival time at the 

channeHron. FinaUy, and most importantly, the pulsed potential also field 

ionizes aU Rydberg states with E > Ê  = 8.89x10"^ a.u., where 

E = the energy of the particles, 

Ec = the energy above which the Rydberg states are ionized. 

This was determined by calculating the electric field between the plates, and 

then determining the energy from the appropriate formula:^^ 

2n*^ 

with n* = the effective quantum number, 

Ec = the critical energy, and 

F = the field (5.14x10^ V/cm = 1 a.u.). 
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From this, it was determined that, at an electric field value of 173.0 V/cm, Ê  

was about -80 crn\ which corresponds to an effective quantum number of 

about 37. Thus, below -80 cm\ the Rydberg series are not field ionized and 

wiH not be seen. Upon coHection of the ions by the field pulse, they were then 

detected, amplified, and passed on to the data acquisition subsystem. This 

was accompHshed by the channeHron. The channeHron serves to collect the 

separated ions and ampHfy the resulting signal. The channeHron is basically 

an electron muHipHer. When a charged particle encounters the side waH of 

the channeltron, H generates secondary emission of multiple electrons. Then, 

as the secondary electrons encounter the side waHs, they generate tertiary 

electrons, and so on. EventuaUy, the cascade can increase the number of 

electrons (and thus the signal) by as much as^^ 10 .̂ By the appHcation of the 

appropriate bias, these electrons are collected, and positive ions are 

rejected. The output from the channeHron was then ampHHed and fed into the 

data coHection sub-system for further analysis. 

Timina Matters 

Because of aH processes running concurrently in the system (i.e., the main 

YAG, the VUV generation, ablation, etc.), the timing of aH of these processes 

was critical if the experiment was to work. For this experiment, the general 

flow is depicted in Figure 3.7. It begins with the firing of the mini-YAG, 
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which ablates some carbon off of the surface of the rod. As the plume of 

ablation products comes off of the rod, the main YAG was triggered after a 

smtable delay. This delay was governed by the temperature of the plume of 

ablation products. Dreyfus et al.̂ ^ estimated that the average temperature of 

carbon ablated off of a soHd source is about 4000 ± 500 K. The resuHing 

plume temperature translated into a delay time of about 125 jis. being 

necessary. This value was consistent with the flight time noted for the 

maximum carbon signal. The main YAG resulted in the generation of the VUV 

and UV photons. 100 ns. after the laser excitation, the field pulse was 

triggered to field ionize the Rydberg atoms, collect the ions, and accelerate 

them towards the channeHron. Lastly, the ions arrive at the channeltron, were 

detected, amplified, and sent on to the data collection system (see below). 

The CoHection of the Data 

The data collection system consisted of a personal computer (P.O. 

hereafter), the digital to analog/analog to digital conversion (DAC) card, and 

the sample and hold box. The output from the channeHron was first fed into 

the sample and hold box. Here, the circuitry samples the incoming data from 

aH sources (channeHron, photodiodes, etc.), and holds it (after a gate pulse) 

pending the read by the DAC card. This was necessary because there were 

up to three different sources of data at any one time (carbon, iodine, etalon, 
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etc.). Additionally, the rate at which the computer can read the data is on the 

order of —100 [is per read., with four channels to read. Since the pulses only 

lasted 0.1-10 |is, the data needed to be stored pending reading. After 

having passed through the sample and hold system, the data was then fed 

into the DAC card, where conversion between the analog output from the 

other devices was converted into the binary code that the computer can 

handle. A driver routine, written in Fortran, controls the whole data conversion 

process, as weH as the stepping of the motor to scan at a constant rate over 

the desired range of the UV. 

Data Calibration 

Once the data has been collected by the PC, H was then transferred to a 

second computer for analysis/calibration. In general, the calibration 

procedure consisted of using a standard to determine the energy locations of 

the Rydberg states. This is necessary because the monochromator can only 

determine the wavelength to within a few wavenumbers. The monochromator 

is essentially a box which contains a high quality diffraction grating (1200 

grooves/mm in this case), a mechanism for rotating the grating, and a scale 

by which to translate the grating angle into a wavelength reading. This aHows 

a coarse determination of the scan range. The accuracy wiU depend upon 

such factors as the order of diffraction, the grating constant, the 
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monochromaticity of the incident laser Hght, as weH as the calibration 

standard. The grating is rotated untH such time that a maxima in intensity at 

a predetermined location (usually occupied by a photodiode) occurs. At this 

point, assuming a properly caHbrated instrument, the value on the readout 

corresponds to the input wavelength, within —2 cm"^ 

As the Rydberg series approach the ionization Hmit, there may be as 

many as 10 Hnes per wcrvenumber. Consequently, an iodine ceH was used to 

generate a standard with which to determine the location of the Rydberg 

states to within —0.04 cm'^ I2 has a dense spectrum whose lines are known to 

a precision^"^ of —0.003 cm"^ By simuHaneously capturing an iodine spectrum 

with the Rydberg series, the locations of the iodine peaks would give the 

locations of the Rydberg states, within the Hmit of uncertainty. In the first 

portion of the experiment, a warm iodine spectrum was obtained concurrently 

with the Rydberg states. The warming of the iodine ceH (to approximately 

100°C) ensured I2 fluorescence intensities large enough to be detected with 

the photodiode. However, H was discovered that, not only was the scan rate of 

the laser suspect, but also the relative intensities of the iodine peaks. Since 

there were discrepancies in intensHies and scan rates, a second data set was 

acquired. The second data set was taken with a room temperature iodine cell 

in an effort to resolve some of the intensity discrepancies seem earlier. By 

adding a low-pass fiHer, the scattered Hght was reduced to the point that a 
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serviceable signal was acquired. Also, the iodine ceH/photodiode array was 

place in a darkened environment in an effort to reduce the background signal 

due to ambient scattered laser Hght. Finally, to provide another landmark for 

calibration, a hydrogen discharge was assembled to provide one very well 

known reference point, the Balmer alpha hydrogen line at 15233.20 cm''. H 

was thought that these aHerations and added information would allow 

accurate determination of the locations of the Rydberg states. This was not to 

be, due to the compHcated nature of the spectrum of iodine. Additionally, the 

addition of the low-pass fiHers which were necessary for the reduction of 

scattered Hght into the photodiode tended to skew the intensHies of the iodine 

Hnes present. Finally, it was also discovered that the region of the iodine 

spectrum covered in the scans was qmte unremarkable, providing very few 

landmarks to assist in the calibration process. At this point, little more could 

be done to make the calibration of the data easier. Consequently, only time, 

patience, and the experience of Dr. Glab could effect an accurate calibration 

of the data. The method used was to start with a known location (the Balmer 

alpha Hne), and then begin searching in the immediate vicinity for an iodine 

Hne. By restricting the search to a couple of wavenumbers on either side, an 

iodine line matching one in the atlas could usually be found. Here, a match 

was considered to be a Hne in the atlas which was within a few hundredths of 

a wcrvenumber of that on the scan. Then, the procedure was repeated until a 
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few matching Hnes were found. At this point, the wcrvenumber locations of the 

lines were entered into a spreadsheet (Kaleidagraph by Synergy Software) 

along with the associated channel numbers. The channel numbers are 

regular, equally spaced marks representing the places in the scan that the 

laser wavelength was changed by a smaH amount. Then, a plot of channel 

numbers vs. wavenumbers was generated, and a Hnear or Hnear plus 

quadratic fH was made to the data. At this stage, an idea of goodness of fit 

(and thus accuracy of calibration) could be gained in one of three ways. If the 

Hnes connecting the points did not deviate significantly from a straight Hne, it 

was considered a good fit. AddHionally, the equation for the line was applied 

to the data in the spreadsheet, and the residuals calculated. The residuals 

constHute the difference between the atlas location of the points and that 

projected by the regression formula. If the residuals, for a range of about a 

wcrvenumber were < —0.05 cm'\ the fit to the data was considered sound. 

Finally, by measuring the distance between the mirrors on the etalon, the 

free spectral range could be determined. From this, the physical distance 

between fringes could be determined. Since the fringes moved at a constant 

rate, the locations of the peaks on the scan provided a measure of the slope 

of the caHbration Hne for comparison to that determined from the iodine 

calibration. If the two slopes matched up weH, the calibration was considered 

sound. At this point, the formula for the line was appHed to the data to correct 
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the locations of the peaks, and the process was repeated. This approach 

works weH, and can give accurate determinations of peak location. However, 

in the case of iodine, H was quite easy to misinterpret the location of the line. 

The misinterpretation of the location of a Hne is ordinarHy not a problem, as 

one skewed point out of twenty or so wiH not significantly affect the final 

caHbration. However, in this case, with the complicated spectrum of iodine, 

this misinterpretation of the line location often had far reaching 

consequences. When a misinterpreted line was not discovered, the resuHing 

shift in the slope of the Hne was such that the next Hne was often 

misidentified, and so on. Eventually, the sHuation arose that the Hne fit to the 

data was quite straight, with smaH residuals, but gave quHe erroneous results 

when the calibration was tested. This test came in the form of a plot of n* 

versus energy. For the 2 - 2 transHion, the line through the points may be 

extrapolated out to the ionization limH, which is^ 30490.70 cm"' from the 2p3s 

P̂o state, and 0.676 for 6 (= n-n*). By fHting the data to the formula. 

3i 
E=I -ip , *Y 

{n-n ) 

a good estimate of the quaHty of the caHbration could be had. If the value for 

the ionization limit varied by more than 0.20 cm'', the calibration was 

considered suspect. Additionally, the value for n* was calculated 
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simuHaneously. This value was compared to the best current estimate, taken 

from lohansson,^ and ordinarily should not vary by much more than 0.01. At 

this point, the assumptions of the iodine locations were reevaluated, and any 

necessary changes made. Once the caHbration was accompHshed for the 2 -

2 transition, the resulting iodine spectrum was then used to assist in the 

calibration of the other transitions. 

The raw data is shown in Figure 3.8. Here, the x-axis represents the 

channel number, which is simply the unit interval representing the change of 

the wavelength of the probe laser. The y-axis is intensity in arbitrary units. At 

the top of the scan are the etalon fringes used to monitor the scan rate, next 

comes the carbon data, and finally the iodine spectrum, which is inverted with 

respect to the rest of the data. 
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CHAPTER IV 

ANALYSIS/RESULTS 

The experimental procedures described in the previous chapters aHowed 

the study of the Rydberg series excHable from each of the 2p3s P̂j states. The 

calculations which were then performed depended upon the particular 

intermediate state under scrutiny. For the 2p3s I' = 1 and T = 0 states, the 

interactions which occurred between the excited electron and the core were 

such that an accurate determination of the Îp would have been difficult under 

the best of circumstances. Because of the channel interactions, two I,pS would 

have to have been determined simultaneously. Thus, for the determination of 

the Ijp, the D̂g series excHed from the T = 2 state was chosen. It had the 

advantage that H was a single channel problem, with no known perturbing 

states to interfere with the calculations. Additionally, of the transHions studied, 

the 2 - 2 transition was the strongest^^ (Fig. 4.1). For the quantum defect 

theory analysis, the other two transHions were used. They had the advantage 

that channel interactions were occurring, but that these interactions were not 

compHcated or of great number. 

The Determination of the IP 

As mentioned earHer, the series excHed from the I' = 2 state provided the 

best choice for the determination of the Î p. The Rydberg series for this 
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transition was known to terminate on the ^P^^ state of the core.° The most 

recent data located indicates that the series limH for this case occurs at ° 

90820.42 cm''. The estimated error given for this value was ±0.1 cm''. It was 

felt that with the resolution which was avaHable with the experimental setup, 

the value for the Îp for this series could be determined to an estimated 

accuracy of ±0.05 cm"', or potentially better. 

Once the data was calibrated with the iodine spectrum, the locations of 

the peaks were entered into a spreadsheet. To this was added an estimate 

for the principal quantum numbers corresponding to each energy value. At 

this point, the data was plotted, and a fH was performed to the Rydberg 

formula: 

E-I - ^ 
ip , x2 

(n - fi) 

By the input of initial guesses for Îp and p,, the fH performed wiH yield an 

extrapolation for both values out to the ionization limit ( n = 0°). In addHion to 

the value for the Î p, this fit provided a check for the vaHdity of the fit itself. The 

fH was performed with two separate initial conditions: first with a fixed value 

for |i (Fig. 4.2), and then letting |i vary. (Fig 4.3). The fixed value for î was 

chosen to be 0.676, and came from a determination performed by lohansson.^ 

By fixing the value for |i, and determining the Î p, a particular value for the Ip 

was determined. Then, the Ht was repeated with |i as a variable. The fit was 
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pronounced sound H the value for the IP with the variable \i did not vary by 

more than ±0.01 from that determined using a fixed value for |i. As a further 

check on the fH, the value for [i determined as a parameter should not 

disagree with the accepted value by too much. In this case, the value was 

determined to be 0.672, which is quHe close to the previously pubHshed value. 

Once the data had been fH, and the Ht veriHed, the Hnal value for the Îp for 

this series limH was determined to be 90820.26 ±0.05 cm''. This value for the 

IP is in marginal agreement with that determined by lohansson.^ His results 

indicated a value for the second IP of 90820.42 ±0.1 cm''. Although there was 

a discrepancy of 0.16 cm'', H was feH that the value determined in this 

experiment is the more accurate of the two due to the high precision which 

was avaHable. Once the value for the first IP was known, it was possible to 

determine the second IP (^Ps^) from the value for the interval between the two 

IP. The value for the C^ P̂i/2 - %/2 interval is known^^ to be 63.42 cm''. This 

indicates that the value for the second IP is then 90883.68 ±0.05 cm''. The 

error estimate of ±0.05 derives from two main sources, systematic and 

experimental. Most of the systematic error comes from the difficulty in 

determining the exact center of the peaks. This then causes smaH deviations 

in the Hnear fH performed for veriHcation of the caHbration. These smaH 

deviations were usually manifested in the residuals calculated by taking the 

value for the iodine peak location as given in the atlas and subtracting the 

calculated value from the Hnear Ht. These residuals were, on average, within 
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±0.03 cm''. The experimental contribution comes from the apparatus used to 

coHect the data. The finHeness of the laser bandwidth, smaH variations in the 

pulse to pulse power, and other limitations lead to an upper limit on the 

accuracy attainable. At the other extreme, the relatively high accuracy and 

consistency of the apparatus did result in an accuracy of at least ±0.05 c m ' 

in the determination of the IP. Finally, it should be noted that the energies 

determined after the calibration represent the energy above that of the 

intermediate state. Thus, to determine the IP, the energy locations of the 

rydberg states had to be added to the energy of the intermediate state. These 

energies are tabulated, and known to an accuracy of̂  ±0.003 cm''. 

The Other Transitions 

The remairdng transitions under scrutiny ( the 2p3s I' = 0, 1 initial states) 

were analyzed using the formulae of the MQDT as described in the theory 

section. The calibration of the remaining spectra was easier than that for the 

r = 2 initial state, as the Îp was not sought. Consequently, the requirements 

on the calibration were much less stringent. However, the procedure for Htting 

the calibrated data proved to be somewhat more cHfHcult. Since there were 

multiple interacting channels, more parameters needed to be fit 

simuHaneously. AddHionally, the channel interactions themselves needed to 

be determined. 
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Once the data had been calibrated, H was initially scaled so that the first 

I,p (corrected to reflect the updated value) occurred at 0 cm''. This scaHng 

was accompHshed by first adding to the energy the value for the states in 

question, 60352.63 cm'' for the 2p3s ^Pj state and 60333.43 for the 2p3s P̂Q 

state. At this point, the energies on the scans represented the energy above 

the intermediate states under scrutiny. Then, the value for the corrected IP 

was subtracted. The resuH was a scan whose origin was the Hrst IP. When 

the baseline for the scan had been estabHshed, the fH was accomplished by 

simulating the resuHing spectrum using the appropriate MQDT formulae in 

the region of interest. Once the MQDT calculations had been accompHshed, 

the resulting values for the |ij, d̂ , and R ĵ aHowed the determination of 

oscillator strengths, photoionization cross sections, and phase shiHs (where 

appropriate). 

The starting point for the fH was the imtial guess for the |i, . These initial 

guesses were determined from the single channel quantum defect formulae: 

tan[7i(v + |j)] = 0 

and 

V = 
91 

\ ip 
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That the tangent function is zero impHes that fi + v e Z. Thus, by picking a 

peak which is as far as possible from any others (to minimize the error due to 

coupling), an estimate for v may be determined. Then, by subtracting v from 

the smallest integer greater than v, an estimate for |i may be had. 

Once the initial guesses for [x and v had been determined, the next step 

was to temporarily fix the values for dj and R̂ j at the appropriate estimates. 

This was necessary so that the roots of the MQDT equation could be seen 

weH enough to then adjust the values for |i and v. The initial values settled 

on were 1.0, 1.0, and -0.001 for dj, d2, and R ĵ. H is desirable to have the 

interchannel coupHng (Rjj) represented by a smaH value initially so that the 

locations of the roots can be easily adjusted. The values for d, were initially 

chosen so that the differences between the peak heights (oscillator strengths) 

was noticeable between the channels. 

WHh the imtial values for the parameters chosen, the d̂  and R,j were held 

fixed and [ij and |i2 were varied in 0.001 increments untH such time that the 

peaks in the calculated spectrum matched those in the actual spectrum to 

within 0.12 - 0.15 cm''. When this was accompHshed, the values for d,were 

varied untH the relative oscHlator strengths matched up weH. Finally, the 

value(s) for Rj were varied untH the finer points of the spectrum matched up. 

These points include the relative peak to peak oscillator strengths as weU as 

the oscillator strengths of closely interacting peaks. 
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In the region between the IP, where one channel is open and the other 

closed, V2 stiH represented the effective quantum number, but Vj goes over to 

a phase shiH. 

The 1 *- 1 Transition 

Observed transition rates^° for the 2p3s ^Pi - 2p4p % transitions indicate 

that the 3s ^Pj - np I = 0 transitions wiH be the most probable outcome of 

further excHation of the 3s ^Pj state. For the 2pnp 1 = 0 states, one series (j = 

1/2, K = 1/2) converges to the lower Hmit and one series (j = 3/2, K = 3/2) 

converges to the upper. Thus if we neglect transitions to I = 1 and 1 = 2 

(which are aUowed, but relatively weak) we are presented with a simple two 

channel problem. Indeed, looking at the actual data for this transHion (Fig. 

4.4), one may see that H looks remarkably similar to a two channel problem. 

Thus, for the 1 ^ 1 transHion, the assumption was made that there were two 

channels, the first going to the lower ionization limH, and the second to the 

upper. Once this assumption was made, the fH to the data proceeded 

reasonably smoothly. The values from the Ht were: 

|ii = 0.75, 

|j,2 = 0.65, 

dl = 6.0, 

d2 = 3.0, 

R12 = O.l. 
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For the open channel fH, the assumption was again made that there were 

only two channels, for the same reasons above. The resuHs for this fH are 

shown in Figure 4.5. 

The values for this Ht were found to be: 

^1 = 0.77, 

1̂2 = 0.67, 

dl = 0.6, 

d2 = 0.3, 

Ri2 = o-i-

A coupling matrix element (R12) equal to or greater than about 1 would 

indicate strong interseries coupling. For this fH, the value is relatively smaU, 

indicating that the interseries coupling is weak. As the magnitude of R12 

derives from the level of spin-orbH coupHng occurring within the atom, a weak 

value for R12 impHes that the spin-orbH contribution to the coupling is smaH. 

This is consistent with observations made on Hght atoms such as carbon. The 

relative dipole matrix elements and |i's may be combined with the LS-/7 

transformation to yield the, corresponding LS-coupled quantities for 

comparison when they become available. 

The 0 - I TransHion 

For this transition, the fH proceeded in an analogous manner. Also, 

preliminary calculations suggested that there were actually four channels, 
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two going to the upper Îp and two to the lower one. However, the reaction 

matrix elements and osciHator strengths were such that one of the channels 

going to the lower HmH contributed negHgibly to the overall behavior of the 

transitions. Thus, this fH was reduced to a three channel fH in both regions of 

interest. For the region between the ionization limHs, the resuHs (Fig. 4.6) were 

found to be: 

fXi = 0.77, 

|i2 = 0.69, 

|i3 = 0.75, 

dl = 1.56, 

d2 = 3.12, 

dg = 1.92, 

Ri2 = 0.3, 

Ri3 = 0.2, 

R23 = 0.0. 

Here, the value for R23 was assumed to be zero, as interseries coupHng 

may ordy occur between different j values. We see again that the interaction 

matrix elements are quHe smaH, which is consistent with the fact that carbon 

is a Hght atom. For the three closed channel case, matters were somewhat 

more problematic. In this case, the conclusion was reached late in this 

project that getting physically meaningful resuHs from this scan (Fig. 4.7) was, 

at best, a non-trivial exercise. However, since the values for the Ht with aH 
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channels closed should be close to those with one open channel, 

comparisons may stiH be made between the observed and the calculated 

spectrum. As may be seen from the Hgure, most of the gross features are 

present. The locations of the peaks seem to be in rough agreement with that 

in the data. This would imply that the quantum defects are roughly correct, 

and would then need to be adjusted in smaH increments untH such time that 

the peak locations were within about 0.15 cm'' from those in the data. The 

relative dipole matrix elements for the two series converging to the second IP 

seem to be approximately correct, aHhough that for the Hrst channel appears 

to need to be increased qmte a bH. This may stem from the fact that there 

are actually four channels present, even though the model contains only 

three. The channel which was neglected was one of those converging to the 

first IP, and was determined to interact very Httle with the other series (R12 < < 

1). It may happen that the resuHs seen are due to the relative dipole matrix 

element of the neglected channel coupled with the interaction matrix element 

of the included channel. Also, H should be noted that the intensHies are 

skewed towards the beginning of the scan. This was attributed to saturation 

on the part of the equipment, and these intensHies are thus not representative 

of the actual intensities. 

After the values for the respective series were determined, the resulting 

Hne plots needed to be aHered to reflect the Lorentzian Hne shape which is 

characteristic of the emitted Hght. Although H was possible to go through the 
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process involved to perform a linear convolution to achieve this Hne shape, H 

was decided that it would be a more accurate representation of the physical 

process to simply add a Lorentzian of the appropriate shape to each point in 

the scan. This was done differently depending upon whether there was an 

open channel, or aH channels were closed. For the case where aU channels 

were closed, the roots of the determinant yielded the locations in energy at 

which to place the Lorentzians, and the corresponding osciHator strengths 

yielded the heights for the lines. For the case where one channel is open, it 

was necessary to place a Lorentzian of the appropriate height at every point 

along the range of interest. 
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CHAPTER V 

CONCLUSION 

In this experiment, atomic carbon was excited up to its high Rydberg 

series and analyzed. This represents the Hrst time that the high Rydberg 

states of this element have been studied in any great detaH. Additionally, we 

have developed and demonstrated an efHcient, sensHive, and selective 

method for 1 + 1' VUV and UV REMPI spectroscopy of carbon. We have also 

demonstrated that, aHhough carbon occurs naturally in soHd form, by using 

laser ablation, H is possible to generate gas phase carbon in signiHcant 

enough quantities to perform REMPI spectroscopy. Consequently, by using an 

ablated source, H should then be possible to acquire high quaHty REMPI 

spectra of even more refractory element atoms and molecules. 

The sensitivity and selectivity of the laser ablation REMPI scheme 

aHowed the refinement of the value for the IP for carbon which is three times 

more precise than was previously known. Finally, the MQDT analysis which 

was performed yielded values for quantum defects, relative dipole matrix 

elements, and interaction matrix elements which may be compared to 

theoretical values determined from ab initio calculations. 
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APPENDIX 

COMPUTER CODE 
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2closed.c: MQDT analysis of the two channel problem, both closed. 

r variables - z_l = the channel amplHude for channel 1 
z_2 = the channel amplHude for channel 2 
nu_one = the effective quantum number for channel 1 
nu_two = the effective quantum number for channel 2 
mu_one = the quantum defect for channel 1 
mu_two = the quantum defect for channel 2 
d_one = the dipole matrix element for channel 1 
d_two = the dipole matrix element for channel 2 
i_l = the ip for channel 1 
i_2 = the ip for channel 2 
r_12 = the reactance matrix element for channels 1 and 2 
function = the function value at a particular energy 
f_plus_d = the value of the function at the new energy 
temp = a temporary holding place 

temp_l = yet another temporary holding place 
counter = a variable of counting 
e_start = the energy at which the search starts 
e_end = the energy at which the search ends 
osc_strength = the oscillator strength 

s_l = sin( nu_l + mu_l ) 
s_2 = sin( nu_2 + mu_2 ) 
c_l = cos( nu_l + mu_l ) 
c_2 = cos( nu_2 + mu_2 ) 
cont = a dummy variable 

V 

/* include the math.h header file defining the fobs, cos, sin functions */ 
#include < math.h > 
#include < stdio.h > 
#define d l.Oe-4 
#define RYDBERG 109732.0 
#define i_l 0.0 
#define i_2 63.42 
#define e_start -80.0 
#define e_end -10.0 

/* the main program, where the dirty work is done */ 
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mainO 
{ 

/* declare the file pointer and the variables to be used */ 
HLE *out_fHe; 

double z_l = 0.0 , z_2 = 0.0 , 
nu_l = 0.0 , nu_2 = 0.0 , 
c_l = 0.0 , c_2 = 0.0 , 
s_l = 0.0 , s_2 = 0.0 , 
mu_2 = 0.0 , mu_l = 0.0 , 
d_l = 0.0 , d_2 = 0.0, 
function = 0.0 , f_plus_d = 0.0 , 
r_12 = 0.0 , osc_strength = 0.0 , 
energy = 0.0 , spacom = 0.0 , 
temp = 0.0 , temp_l = 0.0 , 
spam[2][100]; 

int cont = 1 , pid = 0 , status = 0 , count = 0 , i = 0; 

/* begin looping untH the user kicks us out */ 
while( cont = = 1 ) 

{ 

/* reset the variables */ 
count = 0; 

/* get the initial parameters from the user */ 

(void)printf("\nEnter mu_l:"); 
(void)scanf("%lf",&mu_l); 
(void)printf("\nEnter mu_2:"); 
(void)scanf("%lf",&mu_2); 
(void)printf("\nEnter r_12:"); 
(void)scanf("%lf",8a-_12); 
(void)printf("\nEnter d_l:"); 
(void)scanf("%lf",&d_l); 
(void)printf("\nEnter d_2:"); 
(void)scanf("%lf",&d_2); 

/* open the logfHe for the data */ 
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outjile = fopenC'logfHe.txt'VV); 

/* begin the search for the interval containing the root Hrst to the 
* R then to the L of the initial guess 
V 

energy = e_start; 
while ( ( energy < e_end ) ) 

{ 
nu_l = sqrt( RYDBERG / ( i_l - energy ) ); 
nu_2 = sqrt( RYDBERG / ( i_2 - energy ) ); 
c_l = cos( M_PI * ( nu_l + mu_l ) ); 
c_2 = cos( M_PI * ( nu_2 + mu_2 ) ); 
s_l = sin( M_PI * ( nu_l + mu_l ) ); 
s_2 = sin( M_PI * ( nu_2 -f mu_2 ) ); 
function = s_l * s_2 - r_12 * r_12 * c_l * c_2; 

nu_l = sqrt( RYDBERG / ( i_l - ( energy + d ) ) ); 
nu_2 = sqrt( RYDBERG / ( i_2 - ( energy + d ) ) ); 
c_l = cos( M_PI * ( nu_l + mu_l ) ); 
c_2 = cos( M_PI * ( nu_2 + mu_2 ) ); 
s_l = sin( M_PI * ( nu_l + mu_l ) ); 
s_2 = sin( M_PI * ( nu_2 + mu_2 ) ); 
f_plus_d = s_l * s_2 - r_12 * r_12 * c_l * c_2; 

/* if y * X < 0 then we have a root = > calculate the necessary parameters */ 
H( (function * f_plus_d) < 0.0 ) 

{ 
temp = -1.0 * s_l / ( r_12 * c_2 ); 
temp_l = pow( nu_l , 3.0 ) + pow( temp , 2.0 ) * 

pow( nu_2 , 3.0 ); 
z_l = sqrt( 1.0 / temp_l ); 
z_2 = temp * z_l; 

/* now, calculate the osciHator strength as a function of 2*mu*omega/h_bar */ 
temp = z_l * c_l * d_l / sqrt( pow( nu_l , 3.0 ) ) + 

z_2 * c_2 * d_2 / sqrt( pow( nu_2 , 3.0 ) ); 
osc_strength = pow( temp , 2.0 ); 
osc_strength *= 3.57el0; 
spam [0] [count] = energy; 
spam[l] [count] = osc_strength; 
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count + + ; 
} /* end H 7 

energy + = d; 
} /* end while V 

energy = e_start; 
whHe( ( energy < e_end ) ) 

{ 
spacom = 0.0; 
for( i = 0 ; i < count ; i++ ) 

{ 
H( ( fabs( energy - spam[0][i] ) < 10.0 ) ) 

spacom + = 0.05 * spam[l][i] / ( 4 * pow( ( energy -
spam[0][i] ) , 2.0 ) + 0.05); 

} /* end for */ 
fprintf( outJHe , "%lf\t%lf\n" , energy , ( spacom + 2640.0) ); 
energy + = l.Oe-3; 

} /* end whHe V 
(void)fclose(out_file); 

/* fork a process to plot the data */ 
H ( ( pid = forkO ) < 0 ) 

{ 
perrorC'fork"); 
exit(l); 

} 
else if ( pid = = 0 ) 

{ 
(void)execlp("xmgr"," -noask -autoscale xy -source 

disk",".Aogfile.txt",NULL); 
} 

while( waH( &status ) != pid ); 
/* do nothing */ 

} /* end while cont. */ 

/* exit normally (hopefully) */ 
(void)exit(O); 

} 
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• * • ilr * 

* open: MQDT code for the two channel problem 1 open and 1 closed 

/* variables - tolerance = the tolerable slop in the answer 
* z_l = the channel amplHude for channel 1 
* z_2 = the channel amplHude for channel 2 
* nu_one = the eHective quantum number for channel 1 

nu_two = the effective quantum number for channel 2 
* mu_one = the quantum defect for channel 1 
* mu_two = the quantum defect for channel 2 

r_12 = the reactance matrix element for channels 1 and 2 
* d_one = the dipole matrix element for channel 1 
* d_two = the dipole matrix element for channel 2 
* i_I — the ip for channel 1 

i_2 = the ip for channel 2 
function = the function value at a particular energy 

* f_plus_d = the value of the function at the new energy 
* temp = a temporary holding place for the last energy 
* last = the last value for the energy 
* counter = a variable of counting 
* flags = another variable of counting 
* e_start = the energy at which the search starts 

e_end = the energy at which the search ends 
* osc_strength = the oscillator strength 

delta = the phase shift in channel 1 
* sigma = the photoionization cross section 
* 

V 
/* include the math.h header fHe defining the fobs, cos, sin functions */ 
#include < math.h > 
#include < stdio.h > 
#define tolerance l.Oe-15 
#define RYDBERG 109732.0 
#define i_l 0.0 
#define i_2 63.42 
#def ined l.Oe-3 
#define e_start -22.5 
#define e_end 2.5 

/* the main program, where the dirty work is done */ 
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mainO 
{ 

/* declare the file pointer and the variables to be used */ 

HLE *out_fHe; 

double z_l = 0.0 , z_2 = 0.0 , 
nu_l = 0.0 , nu_2 = 0.0 , 
mu_l = 0.0 , mu_2 = 0.0 , 
r_12 = 0.0 , temp_2 = 0.0 , 
s_l = 0.0 , c_l = 0.0 , 
s_2 = 0.0 , c_2 = 0.0 , 
temp_l = 0.0 , energy = 0.0 , 
osc_strength = 0.0 , delta = 0.0 , 
sigma = 0.0 , baseline = 0.0 , 
d_l = 0.0 , d_2 = 0.0 , 
spam[2] [27000] , spacom = 0.0 , 
temp = 0.0; 

int pid = 0 , status = 0 , 
test_l = 0 , test_2 = 0 , 
count = 0 , i = 0; 

/* clear the screen and greet the user */ 
(void)system("clear"); 
(void)printf("\nWelcome to the MQDT hour."); 

/* begin looping untH the user kicks us out */ 
while(l) 

{ 

/* get the initial parameters from the user */ 

(void)printf("\nEnter mu_l:"); 
(void)scanf("%lf",&mu_l); 
(void)printf("\nEnter mu_2:"); 
(void)scanf("%H",8anu_2); 
(void)printf("\nEnter d_l:"); 
(void)scanf("%lf",&d_l); 
(void)printf("\nEnter d 2:"); 
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(void)scanf("%lf",&d_2); 
(void)printf("\nEnter r_12:"); 
(void)scanf("%H",8a-_12); 

/* open the logfile for the data */ 
outJHe = fopenC'logfHe.txt'VV); 

/* begin the search for the interval containing the root Hrst to the 
R then to the L of the initial guess 

V 
energy = e_start; 
while ( energy < e_end ) 

{ 
nu_2 = sqrt( RYDBERG / ( ( i_2 - energy ) ) ); 
temp = -pow(r_12 , 2.0) / tan(M_PI * (nu_2 + mu_2)); 
deHa = atan(temp) + M_PI * mu_l; 

/* now, calculate the oscillator strength as a function of 2*mu*omega/h_bar V 

s_2 = sin( M_PI * ( nu_2 + mu_2 ) ); 
c_2 = cos( M_PI * ( nu_2 + mu_2 ) ); 
s_l = sin(M_PI * mu_l - deHa); 
c_l = cos(M_PI * mu_l - deHa); 

z_l = 1.0; 
z_2 = sin( deHa - M_PI * mu_l ) / ( r_12 * c_2); 
temp = z_l * c_l * d_l + z_2 * c_2 * d_2; 
spam [0] [count] = energy; 

spam[l] [count] =pow (temp , 2.0); 
energy + = d; 
count-l-+; 

} 

energy = e_start; 
whHe(energy < e_end) 

{ 
spacom = 0.0; 
for(i = 0 ; i < count ; i++) 

{ 
if((fabs(energy-spam[0][i]) < 0.2)) 

spacom + = 0.05 * spam[l][i] / 
(4. * pow((energy-spam[0][i]),2.0) +0.05); 
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} 
fprintf(out_file,"%lf\t%e\n",energy,spacom+2420.); 
energy +=0.1; 

} 

(void)fclose(out_fHe); 

/* fork a process to plot the data */ 
H ( ( pid = forkO ) < 0 ) 

{ 
perrorC'fork"); 
exit(l); 

} 
else if ( pid = = 0 ) 

{ 
(void)execlp("xmgr"," -noask -autoscale xy -source 

disk",".AogfHe.txt",NULL); 
} 

while( wait( &status ) != pid ); 
/* do nothing */ 

} 

/* exit normally (hopefully) */ 

(void)exit(O); 
} 
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3qdt.c - three channel mqdt model for three closed channels assuming no 
interaction between channels 2 and 3 

/* variables - tolerance = the tolerable slop in the answer 
z_l = the channel amplHude for cahnnel 1 
z_2 = the channel ampHtude for channel 2 
nu_one = the effective quantum number for channel 1 
nu_two = the effective quantum number for channel 2 
mu_one = the quantum defect for channel 1 
mu_two = the quantum defect for channel 2 
r_12 = the reactance matrix element for channels 1 and 2 
d_one = the dipole matrix element for channel 1 
d_two = the dipole matrix element for channel 2 
i_l = the ip for channel 1 
i_2 = the ip for channel 2 
function = the function value at a particular energy 
f_plus_d = the value of the function at the new energy 
temp = a temporary holding place for the last energy 
last = the last value for the energy 
counter = a variable of counting 
flags = another variable of counting 
e_start = the energy at which the search starts 
e_end = the energy at which the search ends 
osc_strength = the osciHator strength 

* s_l = sin( nu_l + mu_l ) 
s_2 = " ( nu_2 + mu_2 ) 

* c_l = cos 
* c_2 = cos 
* 

V 
/* include the math.h header file defining the fobs, cos, sin functions */ 
#include < math.h > 
#include < stdio.h > 
#define tolerance l.Oe-15 
#define RYDBERG 109732.0 
#define i_l 0.0 
#define i_2 63.42 
#define e_start -75.0 
#define e end 0.0 
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/* the main program, where the dirty work is done */ 

mainO 

/* declare the fHe pointer and the variables to be used */ 

HLE * outJHe; 

double function = 0.0 , temp = 0.0 , 
z_l = 0.0 , z_2 = 0.0 , 
nu_l = 0.0 , nu_2 = 0.0 , 
last = 0.0 , c_l = 0.0 , 
c_2 = 0.0 , d = l.Oe-4 , 
energy = 0.0 , f_plus_d = 0.0 , 
osc_strength = 0.0 , mu_2 = 0.0 , 
s_l = 0.0 , s_2 = 0.0 , 
mu_l = 0.0 , r_12 = 0.0 , 
temp_l = 0.0 , spacom = 0.0 , 
spam[2] [200000] , z_3 = 0.0 , 
r_13 = 0.0 , r_23 = 0.0 , 
s_3 = 0.0 , c_3 = 0.0 , 
temp_2 = 0.0 , temp_3 = 0.0 , 
temp_4 = 0.0 , temp_5 = 0.0 , 
d_3 = 0.0 , mu_3 = 0.0 , 
nu_3 = 0.0 , d_l = 0.0 , 
d_2 = 0.0; 

int choice = 0 , cont = 1 , 
iteration = 0 , pid = 0 , 
status = 0 , flag = 0, 
count = 0 , i = 0 , 
j = 0: 

/* begin looping untH the user kicks us out */ 
while( cont = = 1 ) 

{ 

/* reset the variables */ 
Heration = 0; 
count = 0; 
flag = 0; 

89 



/* get the initial parameters from the user */ 

(void)printf("\nEnter mu_l:") 
(void)scanf("%lf",8anu_l); 
(void)printf("\nEnter mu_2:") 
(void)scanf("%lf",8anu_2); 
(void)printf("\nEnter mu_3:") 
(void)scanf("%lf",&mu_3); 
(void)printf("\nEnter r_12:"); 
(void)scanf("%lf",8a-_12); 
(void)printf("\nEnter r_13:"); 
(void)scanf("%lf",8a-_13); 
(void)printf("\nEnter d_l:"); 
(void)scanf("%lf",&d_l); 
(void)printf("\nEnter d_2:"); 
(void)scanfC'%H",&d_2); 
(void)printf("\nEnter d_3:"); 
(void)scanf("%lf",&d 3); 

/* open the logfHe for the data */ 

outJHe = fopen("logfHe.txt","w"); 

/* begin the search for the interval containing the root first to the 
* R then to the L of the initial guess 
7 

energy = e_start; 
whHe( ( energy < e_end ) ) 

{ 

nu_l = sqrt( RYDBERG / ( i_l - energy ) ) 
nu_2 = sqrt( RYDBERG / ( i_2 - energy ) ) 
nu_3 = sqrt( RYDBERG / ( i_2 - energy ) ) 
c 1 = cos( M PI * ( nu 1 + mu 1 ) ) 
c_2 = cos( M_PI 
c_3 = cos( M_PI 
s_l = sin( M_PI ' 
s_2 = sin( M_PI ' 
s 3 = sin( M PI ' 

' ( nu_2 + mu_2 ) ) 
' ( nu_3 + mu_3 ) ) 
( nu_l + mu_l ) ) 
( nu_2 + mu_2 ) ) 
( nu 3 + mu 3 ) ) 
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function = s_l * s_2 * s_3 - pow(r_12 , 2.0) * s_3 
c_l * c_2 - pow(r_13 , 2.0) * s_2 * c_l * c_3; 

nu_l = sqrt( RYDBERG / ( i_l - energy + d ) ); 
nu_2 = sqrt( RYDBERG / ( i_2 - energy + d ) ); 
nu_3 = sqrt( RYDBERG / ( i_2 - energy + d ) ); 
c_l = cos( M_PI * ( nu_l + mu_l ) ); 
c_2 = cos( M_PI * ( nu_2 + mu_2 ) ); 
c_3 = cos( M_PI * ( nu_3 + mu_3 ) ); 
s_l = sin( M_PI * ( nu_l + mu_l ) ); 
s_2 = sin( M_PI * ( nu_2 + mu_2 ) ); 
s_3 = sin( M_PI * ( nu_3 + mu_3 ) ); 
f_plus_d = s_l * s_2 * s_3 - pow(r_12 , 2.0) * s_3 

c_l * c_2 - pow(r_13 , 2.0) * s_2 * c_l * c_3; 

/* if y * X < 0 then we have a root = > calculate the necessary parameters */ 
H( (function * f_plus_d) < 0.0 ) 

{ 

temp_l = -1.0 * r_12 * c_l / s_2; 
temp_2 = -1.0 * r_13 * c_l / s_3; 
temp_3 = pow(nu_l , 3.0) + pow(temp_l , 2.0) 

pow(nu_2 , 3.0) + pow(temp_2 , 2.0) * pow(nu_3 , 3.0); 
z_l = sqrt( 1.0 / temp_3); 
z_2 = temp_l * z_l; 
z_3 = temp_2 * z_l; 

/* now, calculate the oscillator strength as a function of 2*mu*omega/h_bar */ 
temp = z_l * c_l * d_l / sqrt(pow(nu_l , 3.0)) + 

z_2 * c_2 * d_2 / sqrt(pow(nu_2 , 3.0)) + 
z_3 * c_3 * d_3 / sqrt(pow(nu_3 , 3.0)); 

osc_strength = pow( temp , 2.0 ); 
osc strength *= 9.89e9; 

spam [0] [count] = energy; 
spam[l] [count] = osc_strength; 

count++; 
} 
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energy + = d; 
} 

/* convolve H with a lorentzian */ 

energy = e_start; 
whHe( ( energy < e_end ) ) 

{ 
spacom = 0.0; 
for( i = 0 ; i < count ; i++ ) 

{ 
iii ( fabs( energy - spam[0][i] ) < 10.0 ) ) 

spacom + = 0.05 * spam[l][i] / ( 4.0 * pow( ( energy 
spam[0][i] ) , 2.0 ) + 0.05); 

} 
fprintf( outJHe , "%H\t%e\n" , energy , spacom + 780. ); 
energy + = l.Oe-3; 

} 
(void)fclose(outJHe); 

/* fork a process to plot the data */ 
H ( ( pid = forkO ) < 0 ) 

{ 
perrorC'fork"); 
exit(l); 

} 
else H ( pid = = 0 ) 

{ 
(void)execlp("xmgr"," -noask -autoscale xy 

-source disk",".Aogfile.txt",NULL); 
} 

while( waH( &status ) != pid ); 
/* do nothing */ 

} 
/* exit normaHy (hopefuHy) */ 

(void)exit(O); 

} 
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* 3open.c: MQDT code for the three channel problem 1 open and 2 closed 
* 

/* variables - tolerance = the tolerable slop in the answer 
* z_l = the channel amplHude for channel 1 
* z_2 = the channel amplHude for channel 2 
* nu_one = the effective quantum number for channel 1 
* nu jwo = the effective quantum number for channel 2 
* mu_one = the quantum defect for channel 1 
* mujwo = the quantum defect for channel 2 
* r_12 = the reactance matrix element for channels 1 and 2 

d_one = the dipole matrix element for channel 1 
d j w o = the dipole matrix element for channel 2 

* i_I — 'the ip for channel 1 
* i_2 = the ip for channel 2 
* function = the function value at a particular energy 
* f_plus_d = the value of the function at the new energy 
* temp = a temporary holding place for the last energy 
* last = the last value for the energy 
* counter = a variable of counting 
* flags = another variable of counting 

e_start = the energy at which the search starts 
e_end = the energy at which the search ends 

* osc_strength = the oscillator strength 
* deHa = the phase shift in channel 1 
* sigma = the photoionization cross section 
* 

7 
/* include the math.h header file defining the fobs, cos, sin functions 7 
#include < math.h > 
#include < stdio.h > 
#define tolerance l.Oe-15 
#define RYDBERG 109732.0 
#define i_l 0.0 
#deHne i_2 63.42 
#define i_3 63.42 
#define d 5.5e-2 
#define e_start -20.0 
# define e end 11.0 
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/* the main program, where the dirty work is done */ 

mainO 
{ 

/* declare the fHe pointer and the variables to be used */ 

RLE * outJHe; 

double z_l = 0.0 , z_2 = 0.0 , z_3 = 0.0 , 
deHa = 0.0 , nu_2 = 0.0 , nu_3 = 0.0 , 
mu_l = 0.0 , mu_2 = 0.0 , mu_3 = 0.0 , 
d_l = 0.0 , d_2 = 0.0 , d_3 = 0.0 , 
r_12 = 0.0 , r_13 = 0.0 , r_23 = 0.0 , 
s_2 = 0.0 , c_2 = 0.0 , 
s_3 = 0.0 , c_3 = 0.0 , 
energy = 0.0 , osc_strength = 0.0 , 
temp_l = 0.0 , temp_2 = 0.0 , 
temp_3 = 0.0 , temp_4 = 0.0 , 
temp_5 = 0.0 , temp_6 = 0.0 , 
temp_7 = 0.0 , temp_8 = 0.0 , 
spacom = 0.0 , spud = 0.0 , 
spam [2] [25000]; 

int pid = 0 , status = 0 , count = 0 , i = 0; 

/* clear the screen and greet the user */ 
(void)system("clear"); 
(void)printf("\nWelcome to the MQDT hour."); 

/* begin looping untH the user kicks us out */ 
while( d > = 0.0 ) 

{ 

/* get the irutial parameters from the user */ 

(void)printf("\nEnter mu_I:") 
(void) scanf ("%H", &mu_ 1); 
(void)printf("\nEnter mu_2:") 
(void)scanf("%lf",&mu_2); 
(void)printf("\nEnter mu 3:") 
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(void)scanf("%lf",&mu_3); 
(void)printf("\nEnter d_l:"); 
(void)scanf("%lf",&d_l); 
(void)printf("\nEnter d_2:"); 
(void)scanf("%H",&d_2); 
(void)printf("\nEnter d_3:"); 
(void)scanf("%H",&d_3); 
(void)printf("\nEnter r_12:"); 
(void)scanf("%lf",8a-_12); 
(void)printf("\nEnter r_13:"); 
(void)scanf("%lf",8a-_13); 
(void)printf("\nEnter r_23:"); 
(void)scanf("%lf",8a_23); 

/* open the logfHe for the data */ 
outjile = fopen("logfHe.txt","w"); 

/* begin the search for the interval containing the root Hrst to the 
* R then to the L of the irutial guess 
7 

energy = e_start; 
whHe( energy < e_end ) 

{ 
nu_2 = sqrt( RYDBERG / ( ( i_2 - energy ) ) ); 
nu_3 = sqrt( RYDBERG / ( ( i_3 - energy ) ) ); 
c_2 = cos( M_PI * ( nu_2 + mu_2 ) ); 
c_3 = cos( M_PI * ( nu_3 + mu_3 ) ); 
s_2 = sin( M_PI * ( nu_2 + mu_2 ) ); 
s_3 = sin( M_PI * ( nu_3 + mu_3 ) ); 
temp_l = r_12 * r_12 * s_3 / c_3; 
temp_2 = r_13 * r_13 * s_2 / c_2; 
temp_3 = 2.0 * r_12 * r_13 * r_23; 
temp_4 = (s_2 / c_2) * (s_3 / c_3) - r_23 * r_23; 

deHa = mu_l + atan((temp_l + temp_2 - temp_3) / 
temp_4) / M_PI; 

/* now, calculate the oscillator strength as a function of 2*mu*omega/h_bar */ 
z_l = 1.0; 
z_2 = -r_12 * cos( M_PI * (deHa - mu_l)) / s_2; 
z 3 = -r 13 * cos( M PI * (delta - mu 1)) / s 3; 
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temp_l = r_12 - r_13 * r_23 * (c_3 / s_3); 
temp_2 = r_13 - r_12 * r_23 * (c_2 / s_2); 
temp_3 = r_12 * r_12 * c_2 / s_2 + r_13 * r_13 * c_3 / s_3; 
temp_4 = -2.0 * r_12 * r_13 * r_23 * (c_2 / s_2) * c_3 / s_3; 
temp_5 = 1.0 - r_23 * r_23 * (c_2 / s_2) * c_3 / s_3; 
temp_6 = d_l - temp_l * (c_2 / s_2) * d_2 / temp_5 -

temp_2 * (c_3 / s_3) * d_3 / temp_5; 
temp_7 = (temp_3 + temp_4) / temp_5; 
spam [0] [count] = energy; 

spam[l] [count] = pow(temp_6 , 2.0) / ( 1.0 + 
pow(temp_7 , 2.0) ); 

energy + = d; 
count++; 

} 

/* convolve with a lorentzian */ 

energy = e_start; 
while(energy < e_end) 

{ 
spacom = 0.0; 
for(i = 0 ; i < count ; i++) 

{ 
H((fabs(energy-spam[0][i]) < 25.0)) 

spacom + = 0.01 * spam[l][i] / 
(4. * pow((energy-spam[0][i]),2.0) + 0.01); 

} 
fprintf(outJile,"%lf\t%e\n",energy,spacom + 360. + 1.5 * spud); 
energy +=d ; 
spud +=d; 

} 

(void)fclose(outjile); 

/* fork a process to plot the data */ 
H ( ( pid = forkO ) < 0 ) 

{ 
perrorC'fork"); 
exit(l); 

} 
else H ( pid = = 0 ) 
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{ 
(void)execlp("xmgr"," -noask -autoscale xy -source 

disk",".Aogfile.txt",NULL); 
} 

while( waH( &status ) != pid ); 
/* do nothing */ 

} 

/* exit normally (hopefully) */ 

(void)exit(O); 
} 
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