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The existence of singly, doubly, and triply charged diatomic molecular ions (B^+, 

SiF9+, A109+, and Al|+ for q = 1-3) was observed by using an Accelerator Mass Spec-

trometry (AMS) technique. The mean lifetimes of 3 MeV boron diatomic molecular 

ions were measured to be t(10B2+) = 200.1±8.5 /J,S, r(10B11B2+) = 72.4±2.4 FXs, and 

r(10B2+) = 4.5±0.1 fxs. No isotopic effects on the mean lifetimes of boron diatomic 

molecules were observed for charge state 3+. Also, the mean lifetime of SiF3+ was 

measured to be r(28Si19F3+) = 21.4±0.7 jus. Ab initio molecular orbital calculations 

of the potential energy curves of the ground and low-lying excited electronic states of 

B3+ and SiF3+ ions have been performed using the QCISD(T) method. The ground 

states of B3+ and SiF3+ were found to be unbound, leading to the conclusion that 

these ions exist in metastable states. Some electronic states were found to be weakly 

bound (0.2-5.0 eV dissociation energy). Collision-induced interaction cross sections 

were measured for the diatomic boron molecular ions incident on a nitrogen gas tar-

get by using a differentially pumped gas cell. The dissociation cross sections of B|+ , 

q = 1-3, were measured to be on the order of 10-15 cm2 in the energy range 1-7 MeV. 

The dissociation cross section was found to decrease with increasing ion charge state, 

and with increasing collision energy. The single-electron-loss cross section of B2+ was 

measured to be on the order of 10~16 cm2, and the double-electron-loss cross section 

of B^4" was measured to be on the order of 10"19 cm2 for 3 MeV. The single-electron-

capture cross section of B2+ was measured to be on the order of 10-20 cm2. The 

cross sections were also measured for 3 MeV B|+ ions incident on an argon gas target 

to investigate target dependences. The result shows that in general the measured 

cross sections per nucleon are larger for the argon gas target. Finally, the dissociation 

cross sections of diatomic boron molecular ions, when colliding with a nitrogen target, 

were measured as a function of energy. The dissociation cross sections were found to 

decrease with both increasing charge state and increasing collision energy. 
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CHAPTER 1 

INTRODUCTION 

Since quantum mechanics was invented as the culmination of the effort to under-

stand atomic and radiation phenomena, it has been applied to a vast number of 

areas: nuclear physics, solid state physics, statistical mechanics, chemical reactions, 

particle physics, etc. New developments in the formal theory and the evolution of 

sophisticated computing facilities during the past 30-40 years have led to innumer-

able and important contributions to the basic understanding of molecular structure. 

Many studies have been done for diatomic molecules due to their relatively simple 

structure. However, most of these studies are limited to neutral diatomic molecules 

because of the availability of experimental data [1,2]. 

Knowledge of the existence of small stable or metastable multiply charged molec-

ular ions is of interest for several reasons. Experimental data of this nature can 

be compared with the results and predictions of molecular orbital calculations, and 

hence, offer a means of evaluating the accuracy and validity of the underlying theory. 

The relative simplicity of such small systems makes them well-suited for such studies. 

Another strong motivation for ascertaining the existence of such ions comes from the 

field of accelerator mass spectrometry (AMS), where an awareness of potential molec-

ular interferences at particular masses and charge states can be crucial in selecting 

operating parameters and producing unambiguous results [3]. 

The advantage of AMS is that it is generally considered to provide purely atomic 

signals, entirely free from the molecular interferences that limit the usefulness of 



secondary ion mass spectrometry (SIMS). Pure atomic ion beams are achieved by 

sputtering secondary ions from a sample, accelerating them to MeV energies, and 

then removing enough electrons from the accelerated species so that any molecules 

subsequently dissociate via Coulomb repulsion and are not transmitted through the 

rest of the spectrometer. It has generally been considered sufficient to transmit par-

ticles with charge state q > 2 to eliminate all potential molecular interferences [4]. 

There are, however, several molecules that are known to be at least metastable at 

charge state q = 3+. The smallest of these so far reported is a triply charged diatomic 

boron molecule B̂ "1" [3]. The existence of the highly charged (q > 2) molecules can 

be predicted through theoretical study for experimental confirmation. In. addition 

to the existence of a molecular ion, Weathers et al. [3] measured the intensities of 

10B l lB9+ for q = 1-3 as a function of N2 gas pressure in the accelerator terminal 

stripper canal of an AMS system. Measurements of some physical quantities such 

as mean lifetimes and cross sections for those molecular ions will provide precious 

information in understanding the ion formation and dissociation. 

The use of small tandem and single-ended electrostatic accelerators in molecular 

physics studies has increased in importance in recent years because these machines 

provide variable-energy fast molecular ion beams. At the same time, the use of 

tandem accelerators for AMS has allowed detection of isotope ratios as low as 10~15 

[5]. Accurate isotope ratio measurements impose strict conditions such as having 

the incident negative ion beam currents controlled in magnitude, position, and phase 

space in an effort to obtain flat-topped transmission throughout the measurement 

period. Critical equipment requirements include highly regulated power supplies. 

High stability in the accelerator terminal voltage and high intensity of the ion source 



are also necessary. In addition, many of the experiments in molecular physics with 

accelerators, such as measurements of attenuation or rates of species formation as 

a function of gas or solid target thickness, also require stringent conditions on the 

beam. Hence, AMS facilities constitute a versatile tool in the study of several atomic 

and molecular phenomena [6]. 

The present study is limited to diatomic molecules—both homo nuclear (e.g., B2, 

C2, etc.) and hetero nuclear (e.g., SiF, AlO, etc.). To understand the experimental 

measurements or the calculations, the boron diatomic molecule (B2) will be used as 

an example. The silicon fluoride molecule (SiF) will also be used as needed through 

out the discussion. 

Ab initio molecular orbital computations were carried out with the GAUSSIAN92 

[7] program on a Sun SPARCstation 10. The program is commercially available [7, 8], 

and the details of the underlying theory are discussed in various quantum chemistry 

books [9, 10, 11, 12, 13, 14, 15, 16]. 

From this study, the existence of triply ionized molecules for B2, AlO, and SiF 

were experimentally observed and theoretically confirmed. However, contrary to the 

ab initio study, C|+ was not observed. For the studied diatomic molecular ions, the 

mean lifetimes were measured and are presented in Chapter 5. Also, the interacting 

cross sections and charge-changing cross sections were measured and are presented in 

Chapter 5. 

Discussed in this chapter are brief histories of molecular studies, accelerator mass 

spectrometry, and computational quantum chemistry. Molecular structures are dis-

cussed in Chapter 2. The theoretical background and procedure for the calculations 

are discussed in Chapter 3 and experimental methods are described in Chapter 4. 



The results and discussion are presented in Chapter 5 and Chapter 6, respectively. 

1.1 Molecular Studies 

The fundamental principles of quantum mechanics were proposed by Heisenberg [17] 

in 1925. The introduction of matrix algebra [18] led to rapid developments. Many 

applications of the theory were made, and in every case there were found in agree-

ment with the experiment. The wave equation was discovered by Schrodinger [19], 

who developed and applied his wave mechanics independently of the previous work. 

Schrodinger's methods are often considerably simpler than matrix methods of calcu-

lation, and since it has been shown [20, 21] that the wave mechanics and the matrix 

mechanics are mathematically identical, the wave equation is generally used as the 

starting point in the consideration of the properties of atomic systems, in particular of 

stationary states. In his review paper in 1928, Pauling [22] described the agreements 

between the calculations of the quantum mechanics and the experiments for H2 and 

H t . 

There are two principal quantum mechanical theories of molecular electronic struc-

ture. In valence-bond theory the starting point is the concept of the shared electron 

pair. In molecular orbital theory the concept of atomic orbital is extended to that 

of molecular orbital, which is a wavefunction that spreads over all the atoms in a 

molecule. 

The valence-bond theory of bonding describes each electron pair in a molecule by 

a wavefunction that allows each electron to be found on both atoms joined by the 

bond. In 1916, before quantum mechanics was established fully, Lewis identified the 

covalent bond as an electron pair shared between two neighboring atoms [23]. The 



simplest molecule with an electron pair bond is H2. 

Valence-bond theory focuses its attention on individual bonds in molecules. In an 

alternative approach, that of molecular orbital theory, it is accepted that electrons 

should not be regarded as belonging to particular bonds but should be treated as 

spreading throughout the entire molecule. This theory has been more fully developed 

than valence-bond theory and provides the language that is widely used in modern 

discussions of bonding in small inorganic molecules, rf-metal complexes, and solids. 

Heitler and London [24] showed that the Lewis electron-pair bond between two 

atoms involves essentially a pair of electrons and two eigenfunctions, one for each 

atom. The potential energy curves were plotted for the neutral H2 molecule as a 

function of bond distance. 

By applying the first-order perturbation theory of the quantum mechanics, Pauling 

clearly explained one-electron bond (Hj, [25]) and three-electron bond (He^, [26]) 

problems that could not be understood by the electron-pair bond theory. For the 

H2 , where the two nuclei are identical, there does exist a resonance energy leading to 

molecule formation. 

It is interesting that even noble gases (e.g., He, Ne, Ar, etc.) form molecules in 

their ionic states. Since Pauling [26] studied the normal state of the helium molecular 

ions HeJ and Hejj"1", many attempts were made to accurately calculate the energy levels 

and bond distances for all available electronic states. The doubly ionized diatomic 

helium ions were first observed by Guilhaus et al. [27] using a double-focusing mass 

spectrometer. With the advent of modern technology, those calculations that Pauling 

and other physicists and chemists have done can be accomplished faster and more 

accurately by using computers. 
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As mentioned earlier, it is quite natural that the study of molecular formation 

begins with diatomic molecules with their simple structure. Many study results on 

small clusters are also reported [28]. 

Among the cations of diatomic molecules, monocations AB+ constitute the most 

extensively studied and best understood group [16]. The potential curves of AB+ are 

usually bound, so that these species can be studied by optical spectroscopy. Also, 

the ionization energy AB -» AB+ lies below 20 eV. These factors have obviously 

contributed to the wealth of experimental data on AB+ ions. 

The picture changes dramatically for multiply ionized AB9+ (q > 2). Most po-

tential curves are repulsive, and only a few states (called metastable or quasi-bound) 

exhibit local energy minima, which are generally above the energy associated with 

positively charged fragments. These metastable states can be depopulated by non-

radiative transitions (i.e., tunneling through the potential barrier £>«,, predissociation 

resulting from bound-repulsive curve crossings, etc.) as well as by radiative transi-

tions (for metastable but electronically excited states). To allow mass-spectrometric 

measurement, however, metastable ions should have total lifetimes in the (xs range 

or longer [6]. This implies that De has to be substantial and, when applicable, the 

radiative emission probabilities must not be too large. On the other hand, the high 

ionization energies required for AB -» AB9+ (q> 2), usually well above 20 eV, make 

the study of these ions a topic beyond the capabilities of standard laboratories. The 

paucity of data for multiply ionized AB9+ is therefore understandable [29]. 

Fortunately, several experimental and theoretical studies on dications have re-

cently been published [30]. Because of their atypical potential curves, ab initio re-

sults are of great help in interpreting the experimental data. Doubly charged diatomic 



molecules such as M024" [31], CI2* [32], N02 + [33], and Of*" [34] were observed. Inter-

estingly, a simple dication such as B|+ [6] exhibits a dozen metastable states, despite 

having only four valence electrons (i.e., the other four electrons fill the core molecular 

orbitals o*cr%) [35]. 

In trications, however, the Coulomb repulsion (for the charge in excess at a fixed 

nuclear separation R) amounts to twice the value in dications. Thus, very few states 

(configurations) are able to overcome such repulsion to show metastability. 

Despite this, metastable S3+ [36], B|+ [3], and SF3+ [37] have been detected. 

Theoretical studies predict that a few other AB3+ should be metastable: CNe3+, CF3+ 

[38, 30], SiHe3+ [39] as well as AlHe3+, PHe3+ and OF3+ [40,41]. Experimental results 

are also available for polyatomics, such as aromatic hydrocarbons [42]; CS3+, CSe3+ 

[43, 36]; Ge3+ [44], and Au3+ [45]. Generally speaking, metastability is found more 

frequently among polyatomic trications due to a better charge derealization [42]. 

In all these studies, trications having several quasi-bound states have neither been 

discussed nor analyzed, probably because of the low expectancy for their existence. 

Molecular spectra have been widely used for investigating molecular structure. 

From the spectra the various discrete energy levels of a molecule can be derived di-

rectly. From these, again, one can obtain detailed information about the motion of 

the electrons (electronic structure) and the vibration and rotation of the nuclei in 

the molecule. The study of electronic motions has led to a theoretical understanding 

of chemical valence. From the vibrational frequencies, the forces between the atoms 

in the molecule, as well as the heats of dissociation of molecules, can be calculated 

with great accuracy. From the rotational frequencies, one obtains accurate informa-

tion about the geometrical arrangement of the nuclei in the molecule—in particular, 
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extremely accurate values of the internuclear distances. Therefore, it is quite natural 

that most of the molecular studies have been dominated by molecular spectroscopy. 

Petrmichl et al. [46] detected SiF+ by spectroscopic means and measured the 

equilibrium bond distance to be Rg = 1.526 A in 1988. They also performed an ab 

initio calculation that helped them to determine the search range of the microwave 

spectrum for locating the spectrum of SiF+. 

In addition to the spectroscopic molecular study, the use of accelerator mass spec-

trometry (AMS) has increased in importance in recent years because it has allowed 

detection of isotope ratios as low as 10-15 [47]. The observation of beams of several 

species of small doubly ionized molecules (10B11B2+, 10B2+, 11B12C2+, etc.) emerging 

from a tandem accelerator by Galindo-Uribarri et al. [6] was a great use of AMS for 

molecular physics studies. 

Morvay and Cornides [36] showed mass spectrometric evidence for the existence 

of two triatomic (CS^ and CSe|+) and one diatomic (S®"1") triply charged species in 

1984. They measured the relative abundances of the multiply charged CS2 and S2 

molecules. No other physical properties of those molecules were measured. 

Weathers et al. [3] began their search for the existence of highly charged molecular 

ions in 1991. They selected a boron diatomic molecule as their first choice. Since 

atomic boron has isotopes of mass 10 and 11, three diatomic molecules of masses 20, 

21, and 22 are possible. Only atomic neon has three stable isotopes of masses 20, 

21, and 22. However, since the electron affinity of atomic neon, which is an inert 

gas, is nearly zero, the negative ion of Ne cannot be produced and injected into the 

accelerator. Therefore there is no atomic interference for the boron diatomic molecule. 

Fig. 1.1 shows an energy spectrum of triply charged boron diatomic ions, representing 



the lowest mass diatomic molecular ion found in a 3+ charge state (from Weathers 

et al, 1991 [3]). 
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Figure 1.1 A dissociation spectrum of 6 MeV nB2+. The solid line shows a spectrum 
without the carbon foil, whereas the dotted line shows a spectrum with the carbon 
foil in place in order to break up the molecules (from Weathers et al., 1991). 

Weathers et al. [3] introduced semiempirical molecular orbital calculation results 

to explain the existence of Bij"1". This group also measured the dependence of the 

transmitted B|+ (for all three possible molecular masses 10B, 10BnB, and n B) in-

tensities for q = 1,2,3 on the thickness of the N2 stripper gas in the accelerator 

terminal. 

After the observation of triply charged boron diatomic ions, Anthony et al. [48] 

observed triply charged AlO as a by-product of impurity measurements of electronic 
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materials. Figure 1.2 shows the energy spectrum of A103+ from the source of negative 

ion by cesium sputtering (SNICS). The molecular ions were accelerated to 1.5 MV, 

charge exchanged to q = 3+, magnetically and electrostatically analyzed and counted 

with a surface barrier detector. In the present study, an ab initio calculation shows 

that the ground state (XS+) is weakly bound with dissociation energy 1.16 eV. 
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Figure 1.2 A dissociation spectrum of 6 MeV A103+. The solid line shows a spectrum 
without the carbon foil, whereas the dotted line shows a spectrum with the carbon 
foil. 

The solid line in Fig. 1.2 shows the original signal, while the dotted line shows 

the spectrum for ions which were passed through a ~ 40 ^tg/cm2 carbon foil before 

detection. The signal with the carbon foil appears lower in energy due to the energy 

loss in the foil, and the high-energy peak has disappeared. Although it could be 

explained that the high-energy peak of the original energy spectrum (solid line) is 
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due to elemental ions of mass 43 and energy 6 MeV, and the lower peaks are due to 

molecular fragments with similar kinematics, Anthony et al. excluded this possibility 

using the following arguments: 1) The only element with a stable isotope at mass 43 is 

Ca, but the count rates for mass 44 were substantially lower (~ 3x) than the signal 

of mass 43, while the known 44Ca/43Ca isotopic ratio is ~ 15.5. 2) After passage 

through the C foil the high-energy peak disappears, while the low-energy signals 

increase in intensity. The foil is expected to produce both energy loss and scattering 

of elemental particles, but not to dramatically change their relative intensity ratios. 

3) The mass (43) and charge state (3) do not have common divisors, so the other 

peaks in the spectra are not simple fragments at charge states of 2+ and 1+. Thus 

it was concluded that the signal was due to long-lived triply charged metastable AlO 

molecular ions. 

Nagesha et al. [37] studied the existence of SF9+ (q = 1-3) using ion translational 

energy spectrometry. The experiments involve measurement of ion excitation and 

dissociation spectra resulting from collisions of metastable SF9+ ions with He at a 

translational energy of 3q keV and 0° scattering angle. They measured the lifetimes 

of the doubly and the triply charged molecular ions which are metastable to be « 1 /is. 

They also performed ab initio calculations to show bound electronic states. 

The progress in computational quantum chemistry has provided an excellent 

tool to understand the electronic structure of diatomic molecules and polyatomic 

molecules. Theoretical studies can explain the existence of multiply charged molecu-

lar ions and even calculate the lifetimes of those ions. 

McLean and Liu [49, 50] have calculated dissociation energies for various diatomic 

molecules and molecular ions using single configuration self-consistent field (SCF) 
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calculations. But the studies were limited to neutral, single negative, and single 

positive charge states. 

Bruna and Wright have theoretically studied the electronic structure of the di-

atomic boron molecule [51, 52, 35, 53, 54] and the diatomic carbon molecule [55, 

56, 57] using multireference configuration interaction with single and double excita-

tion (MRD-CI) calculations. Recently, inspired by the successful detection of B ^ by 

Weathers et al. [3], Bruna and Wright [29] have extended ab initio studies on AI2, 

AlJ and All+ to include triply ionized Al®"*" (homologue of Bl"1") and concluded that 

three excited states of Al|+ are metastable. The present ab initio study shows that 

Bf+ has six bound excited states with the ground state unbound. 

Once a molecule is in metastable states, these states can be depopulated by non-

radiative transitions (i.e., tunneling through the potential barrier De, predissociation 

resulting from bound-repulsive curve crossings, etc.) as well as by radiative transitions 

(for metastable but electronically excited states) [29]. 

After the successful measurement of the mean lifetime of metastable Ar~ [58], 

Ben-Itzhak et al. directly determined the mean lifetime of NeAr2+ to be 275 ± 25 ns 

[59] and that of HeH2+ to be 4.9 ±0.4 ns [60]. Also, in their recent article, Gertner et 

al. [61] described several methods for measurements of mean lifetimes of long-lived 

molecular ions including NeAr2+. From their ab initio study, Bruna and Wright [29] 

calculated that two states of Al^+ have radiative lifetimes of 20-30 fis, which is long 

enough to be detected by AMS. In the present study, mean lifetimes of metastable 

molecular ions were measured for B2 and SiF. The experimental methods will be 

discussed in Chapter 4 and results in Chapter 5. 

The phenomenon of scattering provides another tool in the study of molecular 
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structure. Even though a scattering experiment may consist of measuring the trajec-

tories of individual particles, the result is expressed in terms of the differential cross 

section, which is determined from the number of particles scattered into a solid angle. 

This statistical measurement is quite useful in the sense that it provides information 

on the shape of the potential, the nature of the force, and so on. 

In the case of atomic ions, which remain stable even if fully stripped, there are 

many published cross section measurements. Many theories of electron capture and 

electron loss for atomic ions have also been proposed, with ever improving agreement 

with experimental data [62, 63, 64, 65, 66, 67, 68]. In contrast with this, however, 

molecular ions are typically very unstable [29]. Consequently, there are very few 

published cross section measurements for molecular ions, although some diatomic 

molecular ions have been observed in charge states as high as 3+, for example, B̂ "1" 

[3] and S|+ [36]. At present, there is no comprehensive theoretical model to calculate 

the molecular dissociation cross section at collision energies in the regime and few 

other experimental works are reported. An exception is, for example, the work of 

Ben-Itzhak et al. [59] who measured the cross section for NeAr2+ production from 

the charge stripping of a 900 keV NeAr+ beam in an Ar gas target to be (3±2) x 10-18 

cm2. Saunders [45] reported charge-exchange cross sections of multiply charged gold 

clusters using a mass spectrometer: <jc(Au3+ + Xe) = 0.85 x 10-14 cm2, CTc(Au4+ + 

Xe) = 3.27 x 10-14 cm2. Soejima et al. [69] measured cross sections for single and 

multiple electron capture in collisions of C4+ with H2, N2, and O2 in the low energy 

range (0.33-666 eV/u). Fisher et al. [70] measured cross sections as a function of 

kinetic energy for the interaction of SiF+ (x = 1-4) ions with Xe by using ion beam 

mass spectrometry. They found, for all four SiF+ systems, that the dominant reaction 
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channels are simple collision-induced dissociation where the lowest energy dissociation 

process is loss of an F atom, SiF+ + Xe -> S i F ^ + F + Xe. The dissociation cross 

section was measured to be on the order of 10~16 cm2 in the low energy range of 0-20 

eV. 

In the study described in this dissertation, the total collisional scattering cross 

sections including electron capture and electron loss were measured for B2 and SiF 

diatomic molecules. The cross sections were measured using a newly designed gas cell. 

The experimental methods will be discussed in Chapter 4 and results in Chapter 5. 

1.2 Accelerator Mass Spectrometry 

Accelerator mass spectrometry (AMS) is an analytic technique that relies on the pro-

duction and mass/charge analysis of low-concentration atomic ions without molecular 

interference using an accelerator and magnetic and electrostatic analyzers. The elim-

ination of competing molecular ions of similar mass from the sample by a tandem 

accelerator has fostered radioisotope dating by mass spectrometry [4]. The use of 

tandem accelerators for AMS has allowed the detection of isotope ratios as low as 

10"15 [47]. 

Secondary ion mass spectrometry (SIMS) is one of the most extensively used meth-

ods to detect impurities in materials in numerous areas of research and industrial ap-

plication. In many cases, the sensitivity of SIMS is severely limited by molecular and 

charge state interferences. If these problems have to be overcome with conventional 

mass spectrometers,their mass resolution has to be high enough to separate atomic 

ion peaks from molecular interference peaks. On the one hand this requires a substan-

tial technical effort and on the other hand the transmission of such a spectrometer is 
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often reduced. 

In 1977, Muller [2] suggested using a cyclotron to measured long-lived radionu-

clides because of its high mass resolution (Am/m < 3 X 10-4). Purser et al. [4] 

proposed to use accelerator mass spectrometry (AMS) for low level radioisotope de-

tection. This method is called "Accelerator SIMS" or "SuperSIMS" (SSIMS). Also 

in 1977, Nelson et al. [71] described the advantage of using a tandem Van de Graaff 

accelerator instead of a cyclotron for measuring the concentration of 14C atoms based 

on a number of technical arguments. The tandem accelerator has an external ion 

source easily adapted to quick sample changing. The ion source produces negative 

ions, and, since no stable or metastable negative nitrogen ions are known, the ac-

celerator automatically discriminates against 14N, the ion that would cause the most 

difficulty in the measurement of 14C. Furthermore, the tandem accelerator is capable 

of accelerating all three carbon isotopes (12C, 13C, and 14C) simultaneously. Given 

an appropriately designed analyzing magnet, these three isotopes may then be de-

tected simultaneously, and the radiocarbon date may be obtained from the 14C/12C 

or 14C/13C ratios. 

The IBMAL group at UNT has been involved in various AMS experiments [72, 

73, 48, 74, 75] and has successfully accomplished impurity measurements up to parts 

per billion (ppb) in electronic materials since the new ion source (CHIMERA) was 

installed in 1992 [76, 77, 78, 79]. Figure 1.3 shows a typical AMS particle scan of 

a dirty silicon sample for elements from Fe to Se. Isotopic identification and the 

predicted total concentration levels are given for each element. The horizontal line at 

0.2 Hz corresponds to the minimum detectable counting rate for the chosen counting 
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Figure 1.3 AMS particle scan of a silicon sample for elements from Fe to Se. Isotopic 
identification and the predicted total concentration level are given for each element. 
The horizontal line at 0.2 Hz corresponds to the minimum detectable counting rate 
for the chosen counting time per mass of 5 s. 

time per mass of 5 s (i.e., one count detected in 5 s) [76]. 

As was mentioned above the AMS facility at the University of North Texas has 

already been used partly for the molecular physics studies [48, 3, 80, 81]. In the 

present study, the AMS beamline was used for the measurement of cross sections and 

mean lifetimes of molecular species. The detail description of the AMS system will 

be discussed in Chapter 4. 
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1.3 Computational Studies 

Computational chemistry simulates chemical structures and. reactions numerically, 

based in full or in part on the fundamental laws of physics. It allows chemists to 

study chemical phenomena by running calculations on computers rather than by 

examining reactions and compounds experimentally. Some methods can be used to 

model not only stable molecules, but also short-lived, unstable intermediates and even 

transitions which are impossible to observe directly. 

There are two broad areas within computational chemistry devoted to the struc-

ture of molecules and their reactivity: molecular mechanics and electronic structure 

theory. They both perform the same basic types of calculations: First, each com-

putes the energy of a particular molecular structure (physical arrangement of atoms 

or nuclei and electrons). Properties related to the energy may also be predicted. Sec-

ond, each approach performs geometry optimizations, which locate the lowest-energy 

molecular structure in proximity to the specified starting structure. Geometry opti-

mizations depend primarily on the gradient of the total electronic state energy—the 

first derivative of the energy with respect to atomic positions. Third, both compute 

the vibrational frequencies of molecules resulting from interatomic motion within the 

molecule. Frequencies depend on the second derivative of the energy with respect to 

atomic structure, and frequency calculations may also predict other properties that 

depend on second derivatives. 

Molecular mechanics simulations use the laws of classical physics, i.e., treat mole-

cules as billiard balls connected by springs with some bending and stretching force 

constants and parameterize those constants to fit measured vibrational data, to pre-

dict structures and properties of molecules. Molecular mechanics calculations do not 
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explicitly treat the electrons in a molecular system. Instead, they perform compu-

tations based upon the interactions among nuclei. Electronic effects are implicitly 

included in the force fields via their parameterization. 

Electronic structure methods use the laws of quantum mechanics rather than 

classical physics as the basis for their computations. Quantum mechanics states that 

the energy and other related properties of a molecule may be obtained by solving the 

time-independent Schrodinger equation: 

m = EV. (1.1) 

For any but the smallest, totally symmetric systems, however, exact solutions to the 

Schrodinger equation are not practical. Electronic structure methods are character-

ized by their various mathematical approximations to its solution. There are two 

major classes of electronic structure methods: Semiempirical methods use parame-

ters derived from experimental data to simplify the computation [82]. They solve 

an approximate form of the Schrodinger equation that depends on having appro-

priate parameters available for the type of chemical system in question. Ab initio 

methods, literally means from the beginning, use no experimental parameters in their 

computations. Instead, their computations are bases solely on the laws of quantum 

mechanics—the first principles referred to in the name ab initio—and on the val-

ues of a small number of physical constants, i.e., the speed of light, the masses and 

charges of electrons and nuclei, and Planck's constant. 

Semiempirical and ab initio methods differ in the trade-off made between com-

putational cost and accuracy of result. Semiempirical calculations are relatively in-

expensive and provide reasonable qualitative descriptions of molecular systems and 

fairly accurate quantitative predictions of energies and structures for systems where 
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good parameter sets exist. In contrast, ab initio computations provide high quality 

quantitative predictions for a broad range of systems. They are not limited to any 

specific class of system. 

G A U S S I A N 9 2 offers both semiempirical and ab initio electronic structure methods. 

The ab initio methods in this program are also capable of handling any type of atom, 

including metals. G A U S S I A N 9 2 computes a variety of molecular properties in addition 

to the energies and structures, and can investigate molecules in their excited states 

and in solution. G A U S S I A N 9 2 was used for the current theoretical studies of diatomic 

molecules for the calculations of bond distances, ionization energies, and potential 

energy surfaces. Appendix A lists various physical constants and conversion factors 

used by G A U S S I A N 9 2 . 



CHAPTER 2 

MOLECULAR STRUCTURES 

In 1926 Schrodinger introduced wave mechanics; and within, two years Heitler and 

London had made the first excursion into molecular-structure calculation with its aid. 

Since then various theories have evolved based on quantum mechanics. 

In this chapter, molecular orbital theory for a one-electron diatomic molecule is 

discussed. The Schrodinger equation is solved for a one-electron molecular system to 

explain bonding and antibonding solutions. The molecular term symbols are discussed 

by using symmetry operators. The metastability of a molecular ion is also discussed. 

2.1 Diatomic Molecules 

Consider a diatomic molecule that has one electron placed in the space near two 

positive nuclei with charges +Z^e and +Z^e as in Fig. 2.1 [11]. 

(x,y,z) 

+ ZDf 

(0,0,-R/2) y ^ (0,0,R/2) 

Figure 2.1 Molecular coordinate system for a diatomic molecule. 

The time-independent Schrodinger equation can be solved while keeping the nuclei 

20 
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A and B fixed in space at a separation distance R. The Schrddinger equation for the 

electron can be written as follows 

Ui>i = Wifr, (2.1) 

where Wi is the eigenvalue and ifti is its corresponding eigenfunetion. The Hamiltonian 

for a diatomic one-electron system is given by 

n _ (JL + JL + i l " ) z ^ 
2m dy* dz2j Jx2+ y2 + (z + R/2)2 Jx2+ y2 + {z - R/2)2' 

(2.2) 

The solutions, ipi, are called the molecular orbitals for a diatomic molecule. 

If the electron is in the neighborhood of A, the atomic orbital XA will give a good 

description of its behavior. In the same way, the atomic orbital XB should describe 

the behavior of the electron in the neighborhood of B. A linear combination of XA 

and XB can be used as a trial wavefunction for the molecule AB. Thus, by using the 

variational principle, the trial wavefunction can be written as follows 

= ciXA + C2XB• (2.3) 

Such a molecular orbital is a so-called LCAO-MO (linear combination of atomic 

orbitals-molecular orbital). 

In computational calculations, a reasonably small basis set should be chosen to 

shorten calculational time and difficulty. Two types of atomic orbital basis sets are 

popularly used: Slater-type orbitals (STOs) and Gaussian-type orbitals (GTOs). 

Solution of the Schrodinger equation for hydrogen-like atoms suggests the use of 

atomic orbitals of the form 

Xnim = rn-le^rYlm(9,<f>). (2.4) 
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The radial variation consists of powers of r multiplied by an exponential function. 

This type of function is usually normalized and is then called a Slater-type orbital 

(STO). 

The Cartesian Gaussian orbitals of the form xlymzneari, first suggested by Boys 

[83], have also proved very useful in ab initio calculations of polyatomic molecules. 

The product of two GTOs is another GTO, so that many-center two-electron integrals 

reduce to much simpler forms [84, 85]. 

The wavefunction can be normalized as follows 

N2 J(CXXA + C2XB)(CIXA + C2XB) dr = 1 , ( 2 . 5 ) 

where dr is the differential 3-d volume element and the integral is over all space. 

Equation 2.5 can be written as 

(ci)2 J \XA\2 dr + (c2)
2 J \XB\2 dr + 2dc2 J XAXB dr = ~ . (2.6) 

Assuming that the atomic orbitals XA and XB are normalized, the normalization 

condition becomes 

(ci)2 + (ca)2 + 2cic2 J XAXB dr = (2.7) 

The defined integral / XAXBDR is called the overlap integral, SAB (S for short), 

between the two functions XA and XB- By substituting S for the overlap integral in 

Eq. (2.7), the above equation can be written as 

(ci)2 + (Olf + 2c,c2S = i j . (2.8) 

The normalized wavefunction is then 

lb = clXA + OlXB (2 Q) 

\/(ci)2 + (c2)2 + 2cic2S 
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The energy of this trial wavefunction is given by 

(W) = N2 J(CTXA + C2XB)11{CIXA + CIXB) dr 

4 J XAHXA dr + 4F XBUXB dr + 2cic2 J XAHXB dr 
ci + c2 + 2cic25 ' ' ' 

where / XBHXA dr = J XAHXB dr because H is a Hermitian operator. The definite 

integrals can be abbreviated as follows: 

HAA = J XA^XADR, (2.11) 

HBB = J XB^XBDR, (2.12) 

HAB .= Hba = J XA^IXBDR. (2.13) 

Such integrals are called matrix elements of the orbitals XA and XB-

Since a definite integral is a number, the energy expectation value (W) can be 

written as a function of the parameters c\ and C2, and indirectly as a function of the 

chosen atomic orbital exponents (A and (B , the variational parameters ( in Eq. (2.4), 

and the internuclear distance R: 

m n _ (cI)2HAA + {C2)2HBB + 2CiC2HAB ( t ) - .v 

^ 1 (ci)2 + (c2)2 + 2C1C2S 

The values of cx and C2 are calculated with a condition that will minimize the 

orbital energy (W) for given atomic orbitals and the constant R (i.e., for constant 

HAA, HBB, and HAB). The variational principle can be used to determine cx and c2 

by differentiating (W) with respect to these parameters. From Eq. (2.14), a relation 

is obtained 

(W)[(ci)2 + (c2)
2 + 2cic<iS\ = (CI)

2HAA + (c2 )2HBB + ̂ c^HAB, (2-15) 
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and by differentiation of Eq. (2.15) with respect to c\, the above equation becomes 

as follows 

[(ci)2 + (c2)
2 + 2 CIC2S] + <W)( 2A + 2C2S) = 2ClHAA + 2 c2HAB. (2.16) 

<JC\ 

Since the extremum value is found for d(JN) jdc\ = 0, an equation for determining 

the extremum values for W is found to be; 

ci (HAA - W ) + C2(HAB - WS) = 0. (2.17) 

The equation obtained from d{W)/dc2 = 0 can be written 

CI{HAB - WS) + (^{HBB - W) = 0. (2.18) 

These two simultaneous, homogeneous equations have solutions (not including the 

trivial solution, c\ = c2 = 0) given by the following determinant: 

HAA-W HAB - WS 
HBA-WS HBB-W 

= 0. (2.19) 

This determinantal equation gives the extremum energy W of the "best" linear 

combination of XA and XB for the system. Expanding the equation gives 

(HAA - W)(Hbb - W ) - (HAB - WS)2 = 0. (2.20) 

Since a second-order equation has two roots, the two values of W can be found by 

the solution of Eq. (2.20). 

For a homonuclear diatomic molecule, such as B2, HAA = HBB. Then 

HAA-W = ±(HAB-WS) (2.21) 

or 

w = Ha**"ab. (2.22) 
1 III <3 
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Since (SI is less than 1 (if the A and B nuclei are together, [5"| = 1; if they are 

infinitely separated, 5 = 0), two energies can be obtained, one that is lower than 

HAA = HBB and the other is higher. These are called, respectively, the bonding and 

the antibonding solutions, which are shown in diagram (a) of Fig. 2.2. It is customary 

to designate the bonding solution as WB and the antibonding solution as W*. The 

terms bonding and antibonding refer to the lowering or raising of the electronic energy 

when two atomic nuclei are brought together from infinity. 

W 

W 

haa / \ H AA 

\ W 

W 

H BB 

\ H AA 

(a) 

\ W X 

(b) 

Figure 2.2 Energies of the bonding and antibonding orbitals in the AB molecule, 
pictured for a fixed value of R. In diagram (a), for the case of HAA — HBB, the 
antibonding level is placed higher above HAA than the bonding level is placed below. 
In diagram (b), bonding and antibonding energy levels are shown for HBB >• HAA-

The sign of HAA is negative, as is required for an electron bound to a positive 

nucleus. Calculations show that HAB is also negative provided S is positive. Calling 

HAB/HAA = 7) the energy can be written as W = HAA[{ 1 ± t ) / (1 ± S)]. W < HAA 

(< 0) for (1 ± 7)/(l ± S) > 1 or ±7 > ±5*. In other words if 7 > S the combination 

XA + XB is bonding. This is always the case for diatomic molecules, but is not 

necessarily true for polyatomic molecules. Because of the denominator 1 — S in 
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the antibonding combination, the antibonding orbital is destabilized more than the 

bonding orbital is stabilized [see Fig 2.2]. 

Now for the general case given by Eq. (2.20): 

(HAA - W) (HBB - W ) - (HAB - WSF == 0. (2.23) 

With HAB numerically smaller than | HAA — HBB\, an approximate solution of the 

above equation can be obtained by setting W = HAA or HBB whenever the term does 

not become zero. Then 

(HAA-W)(HBB-HAA) » (HAB-HAAS)2, (2.24) 

(HAA-HBB){HBB-W) « (HAB-HBBS)\ (2.25) 

or 

W 

(HAB - SHAA? 
HAA 77 77 

HBB — HAA 

(.HAB-SHBB? 

(2.26) 

HBB + 
HBB — HAA 

where HAA and HBB are the energies of the atomic orbitals XA and XB, respectively, 

in the molecular skeleton. One solution will therefore give an orbital energy lower 

than HAA , whereas the other one will be higher in energy than HBB [see diagram 

(b) of Fig. 2.2]. Since HAB w SHBB? Eq. (2.26) implies that the bonding energy is 

proportional to S2(HAA — HBB)- T O have strong bonding, the overlap between the 

valence atomic orbitals in question must be large. 

The energy of the bonding (or antibonding) orbital is a function of R. Adding 

the nuclear repulsion term ZAZBG2/R to the electronic energy, WB can be minimized 

with respect to variations in R and values for the energies as; functions of R can be 
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obtained. Fig. 2.3 shows a low-lying bonding orbital Wb and an antibonding orbital 

W* for the singly ionized hydrogen diatomic molecular ion, which is the simplest 

single electron system. The bonding orbital Wb has an electronic state of £+ and an 

antibonding orbital W* has E+. 

0) © 

ca 
>* 

O) 
<d c 

LU 

Electronic States of Ho 

H(1 S)+p 

1 2 3 4 

Iriternuclear Distance (A) 

Figure 2.3 Lowest calculated energy levels for the H£ molecule as a function of R. 
The energy minimum in the £+ potential curve occurs at R = 1.05 A with De = 2.42 
eV. 

The prefix X in X denotes the ground state. The internuclear separation at 

the minimum of the curve is called the equilibrium bond, length Re and the depth of 

the minimum is called the bond dissociation energy De. Calculational results on the 

ground state of H2 give Re = 1.05 A and De = 2.42 eV; the experimental values 

are 1.06 A and 2.6 eV. When the molecule dissociates into a hydrogen atom and a 
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proton, or in other words when R -¥ oo, the potential energy is equivalent to the 

ground state (15) hydrogen energy, which is —0.5 hartree or —13.6 eV. The predicted 

value is slightly higher than the exact value, because the solution of any variational 

method gives an upper bound of the true value. 

Such curves are referred to as potential functions (or potential energy surfaces) 

for the molecule. Better numerical results can be obtained by minimizing W with 

respect to the atomic orbital exponents, (. 

In the first approximation to the electronic structures of molecules, all the elec-

trons the system possesses are placed in molecular orbitals, within the restrictions of 

the Pauli principle. Although such an electron configuration tells us which orbitals 

are occupied, and is useful in a qualitative sense, it does not provide information 

about the contributions to the energy from the omnipresent electron-electron repul-

sions. These interelectronic-repulsion effects can be incorporated only by the use of 

antisymmetric state wavefunctions [11]. Schematic molecular orbital diagrams for 

homonuclear diatomic molecules are shown in Fig. 2.4 [11]. Each circle contains two 

(spin-up and spin-down) electrons. 

2.2 Symmetry Operators and Term Symbols 

The atomic nuclei in a molecule are held together by the electrons. Just as for atoms, a 

molecule has different electronic states depending on the configuration of the electron 

orbitals. The energy differences between these states are of the same order as for 

atoms (1 to 20 electron volts). The electronic states are designated S, II, A, ••• 

states, similar to the S, P, D, • • • states of atoms. 

The classification of the electronic states came from spectroscopic observations. 
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Figure 2.4 Energy diagrams for homonuclear diatomic molecules. The energy level 
designations give the symmetries of the corresponding wavefunctions. The numbering 
begins at the lowest energy level and goes up; each symmetry species is numbered 
separately. Diagram (a) is for no 2s-2p mixing while (b) represents substantial 2s-2p 
mixing. 

Therefore, they are analogous to the classification of atomic energy states, which are, 

of course "pure" electronic states [1]. 

The motion of the electrons in an atom takes place in a spherically symmetrical 

field of force. As a consequence, the electronic orbital angular momentum L is a 

constant of the motion as long as the effect of electron spin is small or neglected. The 

component of the orbital angular momentum of the electrons in a diatomic molecule 

about the internuclear axis, which is denoted as Ml, is a constant of the motion, 
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where ML can take only the values 

ML = L,L-1,L-2,---,-L. (2.27) 

For a given value of L, the quantum number A = \ML\ can ta,ke the values 

A = 0,1,2, •••,£. (2.28) 

Thus in the molecule for each value of L there are L + 1 distinct states with different 

energies. According to the values of A = 0,1,2,3, • • •, the corresponding molecular 

state is designated a £, II, A, $, • • • state, analogous to the mode of designation for 

atoms. II, A, $, • • • states are doubly degenerate since Mi can have two values +A 

and —A; E states axe non-degenerate. 

An electronic term with a given A / 0 splits into multiplets of 2S +1 components. 

On the other hand, if A equals zero, there is no magnetic field in the direction of the 

internuclear axis (£ is not defined) and consequently no splitting occurs. £ states 

are single as long as the molecule does not rotate. Nevertheless 25 + 1 is called the 

multiplicity of a state, quite independent of whether or not A is greater than 0—that 

is, regardless of whether or not (without rotation) an actual splitting is present. 

For the classification of molecular electronic states, the symmetry properties of 

the electronic eigenfunctions are of great importance. In a diatomic molecule any 

plane through the internuclear axis is a plane of symmetry. Therefore the electronic 

eigenfunction of a non-degenerate state (E state) either remains unchanged or changes 

sign when reflected with respect to any plane passing through both nuclei. In the 

first case, the state is called a E+ state, and in the second case it is called a E~ state. 

If the two nuclei in the molecule have the same charge, the field in which the 

electrons move has, in addition to the symmetry axis, a center of symmetry, that is 
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to say, the field remains unaltered by a inversion of the nuclei about this center of 

symmetry (midpoint of the internuclear axis). As a consequence of this symmetry 

the electronic eigenfunctions remain either unchanged or only change in sign when 

inverted through the center. This property applies to degenerate as well as to non-

degenerate states; for the former, both components always ha,ve the same symmetry 

with respect to reflection at the center. The symmetry property even or odd is 

indicated by adding a subscript g or u, respectively, to the term symbol (from the 

German gerade and ungerade which mean even and odd, respectively). Thus for 

molecules with like nuclei there are II9, n u , • • • states. The electron spin has 

no influence on the symmetry property even-odd and therefore the components of a 

given multiplet term are either all even (g) or all odd (u). 

As an example, the term symbol of the ground state of can be determined 

as follows. Since the ion has a total of seven electrons, it can be either in doublet 

( 1 W U t ; 2 • | + 1 = 2), quartet ( t l t l t t t ; 2 • § + 1 = 4), etc. The ground state 

is found in the doublet state, 25 + 1 = 2, by comparing the lowest energies of each 

three multiplicities. For the doublet B|+ , the occupied orbital was determined as in 

Fig. 2.5. 

Since a single electron in a a orbital has zero orbital angular momentum and there 

is no orbital angular momentum from a closed shell, the total angular momentum of 

all the electrons around the axis is zero, thus denoted by E. Also, the overall parity 

of the term is added as a right subscript, and is calculated using 

9 x 9 — g u x u = g u x g = u. (2.29) 

Therefore, the term of the ground state is 2SU. 

Finally, the behavior of the molecular wavefunction under reflection in a plane 



32 

ALPHA ORBITALS 
OCCUPIED (SGG) (SGU) (SGG) (SGU) 
VIRTUAL (SGG) (PIU) (PIU) (PIG) (PIG) (SGG) (PIU) (PIU) 

(SGU) (SGG) (PIG) (PIG) (SGU) (SGU) (SGG) (PIU) 
(PIU) (PIG) (PIG) (SGG) (SGU) (DLTG) (DLTG) (SGU) 
(PIU) (PIU) (DLTU) (DLTU) (SGG) (PIG) (PIG) (SGU) 
(SGG) (SGU) 

BETA ORBITALS 
OCCUPIED (SGG) (SGU) (SGG) 
VIRTUAL (PIU) (PIU) (SGU) (SGG) (PIG) (PIG) (SGG) (PIU) 

(PIU) (SGU) (SGG) (PIG) (PIG) (SGU) (SGU) (SGG) 
(PIU) (PIU) (PIG) (PIG) (SGG) (SGU) (DLTG) (DLTG) 
(SGU) (PIU) (PIU) (DLTU) (DLTU) (SGG) (PIG) (PIG) 
(SGU) (SGG) (SGU) 

Figure 2.5 Occupied orbitals of the ground state of B ^ . 

containing the nuclei can be determined as follows: an electron in a does not change 

sign under reflection; an electron in pxn changes sign; an electron in pyir does not. 

Then the overall reflection symmetry is 

(closed shell) x (+) = (+) (2.30) 

and the full term symbol of the ground state of B-j"1" is 2£+. But, because the output 

from the GAUSSIAN92 calculation does not provide detailed information for the 7r 

electrons, whether they belong to px or py orbitals, the term symbol is not always 

clearly determined if a molecule has one or more unpaired 7r orbitals. 

2.3 Metastable Molecular Ions 

The total energy of the molecule (neglecting spin and magnetic interactions) consists 

of the potential and kinetic energies of the electrons and the potential and kinetic 

energies of the nuclei. If the electronic motions for fixed nuclei is considered, it is clear 

that the electronic energy (potential+kinetic energy) will depend on the internuclear 
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distance R. This dependence will be different for different electronic states. 

Because of the smallness of the mass of the electrons compared to that of the nuclei, 

the electrons move much more rapidly than the nuclei; therefore the electronic energy, 

when the nuclei are no longer fixed, takes up (or 'adopts') the value corresponding to 

the momentary positions of the nuclei. Thus in order to change the position of the 

nuclei, not only must work be done against the Coulomb repulsion of the nuclei, but 

also work must be supplied for the necessary change of electronic energy. In other 

words, the sum of electronic energy and Coulomb potential energy of the nuclei acts 

as the potential energy under whose influence the nuclei carry out their vibrations. 

Only if this potential energy, in its dependence on the internuclear distance, has a 

minimum is the electronic state in question a stable state of the molecule. If there is 

no minimum the electronic state is unstable, that is, the two atoms repel each other 

for any value of the internuclear distance. 

The curves representing the vibration of the effective potential energy of the nuclei 

(electronic energy+Coulomb potential energy of the nuclei) are usually referred to as 

potential curves. Each electronic state is characterized by a defined potential curve 

which may have a more or less deep minimum (curve of attraction, stable molecular 

state) or may have no minimum (curve of repulsion, unstable molecular state). 

Two low-lying potential curves of the doublet state H2 are shown in Fig. 2.3. The 

curve designated by 2E+ has no minimum; this electronic state is therefore unstable. 

Some highly charged molecular ions have been observed using AMS [3, 48], even 

though the ground states are not bound. This phenomenon can be explained using 

quantum mechanics [1]. If initially in an experiment there are N® atoms (or molecules) 

in the state n and if no new atoms in this state are produced, it follows immediately 
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from the definition of the transition probability that there will be an exponential 

decrease of the number of atoms in state n; thus 

Nn = jV»e-A"™\ (2.31) 

where Anm, the Einstein transition probability of spontaneous emission, is the fraction 

of atoms in the initial state n carrying out the transition to final state m per second. 

Here it has been assumed that the transition from n to m is the only transition possible 

in the state n. If several transitions are possible the above equation is replaced by 

Nn = N°e-&m
A»™)t. (2.32) 

After a time r = 1/Anm or 1/ ]Cm Anm, the number of atoms left in the state n is 

1/e of the initial number. This time is the mean lifetime of the state n. For allowed 

(electric dipole) transitions, r is of the order 10 -8 sec. If no allowed transitions can 

occur from the state n to any lower state, the mean life is much larger: of the order 

10~3 sec if magnetic dipole transitions are possible, and of the order 1 sec if only 

quadrupole transitions are possible. Such states are called metastable. 

Although the transition probabilities of each state could not be measured, the 

mean lifetimes of molecules were measured in this study. The experimental methods 

are discussed in Chapter 4 and the results are presented in Chapter 5. 



CHAPTER 3 

THEORETICAL CALCULATIONS 

In this chapter, a typical procedure for an ab initio study, which was used in the 

present work to understand molecular properties, is described. Since the GAUS-

SIAN program provides various options, each possible option was tested to find a 

suitable choice for each calculation. Molecular properties such as bond distances, 

electron affinities, and dissociation energies were calculated. In most cases, B2 and 

SiF molecules were used as examples to show the calculational technique. Some in-

put/output examples are presented in Appendix B. Extensive computational results 

are presented in Chapter 5. 

3.1 Ab Initio Calculations 

Ab initio literally means from the beginning: the Hamiltonian is precisely defined 

(usually as the self-consistent field Hamiltonian) and all matrix elements are calcu-

lated from first principles without using empirical data. Therefore, the term ab initio 

should imply a rigorous, nonparameterized molecular orbital treatment derived from 

first principles. This is not completely true. There are a number of simplifying as-

sumptions in ab initio theory, but the calculations are more complete than those 

of the semiempiricai methods. Like the semiempirical calculations, ab initio theory 

makes use of the Born-Oppenheimer approximation [86] that the nuclei remain fixed 

on the time scale of electron movement, that is, that the electronic wave function is 

unaffected by nuclear motion. 

35 
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The GAUSSIAN program employs Gaussian-type orbital (GTO) basis sets. These 

bases, in which each atomic orbital is made up of a number of Gaussian probability 

functions, have considerable advantage over other types of basis sets for the evaluation 

of one- and two-electron integrals. They are, for example, much faster computation-

ally than, for instance, equivalent Slater orbitals. Detailed basis set options and their 

effects are described in Appendix C. 

3.2 Self-Consistent Fields 

An exact solution to the time-independent Schrodinger equation is not possible for 

any but the most trivial molecular systems. However, a number of simplifying as-

sumptions and procedures do make an approximate solution possible for a large 

range of molecules [8]. The underlying method of the GAUSSIAN program in solving 

the Schrodinger equation is the Hartree-Fock theory which uses the self-consistent 

method. 

In order to treat atoms with many more than two electrons, an alternative to 

perturbation theory is needed, for the computations quickly become cumbersome. 

Moreover, first-order perturbation theory is not sufficiently accurate, even for helium 

[87]. The multielectron problem is to solve the time-independent Schrodinger equation 

W t = E ( 3 . 1 ) 

for the eigenfunctions and eigenvalues of the Hamiltonian 

N 

« = £ ft Ze21 
2m, 

V 
N N g2 

+ S E r - (3*2) 
t = l 

The reason that Eq. (3.2) is so difficult to solve is that the motions of all electrons 

are coupled by the terms e2/rtJ-. The problem can be simplified by an approximation 
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that each electron is moving independently of all other electrons. Each electron 

is described by a single-particle function, or orbital, which spans the atom. The 

approximate Hamiltonian under this orbital approximation ca,n be written as 

N 

nOA = YJ 
t=l 

ti 2 

-v? + V<(r() (3.3) 
2me 

where the potential energy of the ith electron VJ(r») does not explicitly depend on the 

coordinates of the other N — 1 electrons. The eigenvalue equation for HOA separates 

into a set of N equations of the form 

H2 

2 TO, 
•V/ + V5(ri) 'fPnim,i (^j) Enimti1pn.miti (rt), (3.4) 

where n,- denotes all spatial quantum numbers of the ith electron and mSi the spin 

quantum number (for all electron sf = i). 

There are two ways to think about multielectron atoms: the isolated electron 

approximation and the central field approximation. In the isolated electron approx-

imation, each electron moves in a potential due to the Coulomb interaction of the 

electron with the nucleus 

Vs(r() = V(r.-) = (3.5) 
' i 

and is completely oblivious to the presence of any other electrons in the system. In 

the central field approximation, the single-particle potential energy V^r,) for the ith 

electron is constructed as 

7>2 
V5M = — - • + V^(ri), (3.6) 

T | 

where Vjeff(r,) is an effective potential energy that somewhat incorporates the average 

effect of the motion of the other N — 1 electrons. In each case, the electrons are 



38 

assigned to orbitals (single-particle functions) that satisfy single-particle equations — 

for example, 
fi2 _ 1 

^ = Eeii}>ei. (3.7) 
R , - V j + t5(r() 

2me 

In the isolated electron approximation, the single-particle potential energy is sim-

ply the electron-nucleus interaction —Ze2/r,. However, the effect of the electron-

electron repulsion is too important to be neglected completely. This interaction term 

is included in an approximate fashion in the central field approximation as the form 

7p2 

— + V/(r(), (3.8) 
T i 

where V^(rt) is a spherically symmetric screening potential. This potential may be 

approximated by performing a spherical average of the potentials e2/ry over the 

motion of all electrons except the ith (i.e., for j = 1,2, . . . , JV; j ^ i). 

One systematic version of the central field approximation is the Hartree theory. 

The spins of the electrons are ignored except insofar as they influence the assignment 

of electrons to shells and subshells via the Pauli exclusion principle. Although not 

strictly correct, this approach will provide a rough idea of the energies of the atom. 

Thus the wave function for state 7 is written 

V*r = * 1 • i>(nlm,)N{rN), (3.9) 

where each orbital (r«) *s 311 eigenfunction of the single-particle Hamiltonian 

The wave function of Eq. (3.9) is an eigenfunction of the Hamiltonian 

N 

1=1 

n —2 Z<s'2 

v? - — - K(r<) 
2 me ' r, 

(3.11) 
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To solve for the orbital describing the motion of the ith electron, the screening 

potential V' should be obtained first. This screening potential will take into account 

the influence on the ith electron of all the other electrons j — 1,2,.. . , ; jr ^ i. In 

the Hartree method, the effective potential is written in the same form as the 

potential energy of interaction of a point charge —e at r, with N — 1 other charges, 

spatially distributed, each with density —epj{vj) and j = 1,2,..., N (J ^ i): 

N 2 

(3.12) 
}=1 J <ij 
(i*i) 

where r j is a dummy variable of integration. Therefore, the orbitals and hence the 

energies can be obtained by solving the Hartree equations which are given as follows: 

[ - I&V? - *£ + E j * | £ | <r') 

= (fi). * = 1,2 N. (3.13) 

Once these equations have been solved, the resulting orbitals can be substituted 

into the product for ip-y to give the approximate wave functions for the atom. The 

expectation value of % with respect to this wave function is the approximate energy of 

the atom. To solve the Hartree equation, the self-consistent field method is used. The 

method is essentially an iterative procedure in which a set of "reasonable" effective 

potential is initially guessed and then used to obtain a set of orbitals. These orbitals 

are next used to determine a "better" set of effective potentials and so on; the iteration 

stops at step M when the (M + l)st set of potentials does not differ significantly from 

the Mth set. 

Since the electron spin can affect both the orbital energies and the total energies 

of the atom, the Hartree theory is not strictly correct. The spin should be taken into 

account in any theory that is expected to give highly accurate results. The first (and 



40 

most obvious) step in the inclusion of spin into the theory is to replace the product 

function of Eq. (3.9) with a Slater determinant: 

^7 = l^ci (*i) ^ (r2) V><3 (Jfa) * * • (TN)I, (3.14) 

where each orbital is a product of a spatial part and a spin part. These func-

tions can be obtained by solving the single-particle equations like Eq. (3.7). The 

screening potential V/(r,) is affected by the exchange of two electron. It is expected 

that paired electrons will repel one another more strongly than unpaired electrons, 

since the spatial symmetry imposed by the Pauli principle prevents the latter from 

occupying the same point in space. Since this effect was not considered in the Hartree 

theory, the eigenvalues (energies) will lie too high. The Hartree-Fock theory prop-

erly accounts for spin-pairing and results in lower energies, in better agreement with 

measurements. The Hartree-Fock theory is implemented in GAUSSIAN in forming a 

Hamiltonian. 

3.3 Geometry Optimizations 

Geometry optimizations usually attempt to locate minima on the potential energy 

curve, or so-called potential energy surface (PES), thereby predicting equilibrium 

structures of molecular systems. Minima occur at equilibrium structures for the 

system, with different minima corresponding to different conformations or structural 

isomers in the case of single molecules, or reactant and product molecules in the 

case of multicomponent systems. A point that is a maximum in one direction and a 

minimum in the other (or in all others in the case of a larger dimensional potential 

surface) is called a saddle point. At both minima and saddle points, the first derivative 

of the energy, and hence its gradient, is zero. Since the gradient is the negative of the 
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force, the force is also zero at such a point. A point on the potential energy surface 

where the forces are zero is called a stationary point. All successful optimizations 

locate a stationary point, although not always the one that was intended. 

A geometry optimization begins at the molecular structure specified as its input, 

and steps along the potential energy surface. It computes the energy and the gradient 

at that point, and then determines how far and in which direction to make the next 

step. The gradient indicates the direction along the surface in which the energy 

decreases most rapidly from the current point as well as the steepness of the slope. 

Most optimization algorithms also estimate or compute the value of the second 

derivative of the energy with respect to the molecular coordinates, updating the 

matrix of the force constants (known as the Hessian). These force constants specify 

the curvature of the surface at that point, which provides additional information 

useful for determining the next step. 

Since the geometry optimization performs single energy calculations iteratively 

until the energy reaches its minimum, the CPU time grows quickly for higher level 

calculations. Table 3.1 compares CPU times [for Sun SPARCstation 10] and the equi-

librium energies for different levels of calculations. 
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Table 3.1 Comparison of runtime for the geometry optimization in units of 
hours:minutes:seconds [for Sun SPARCstation 10]. The equilibrium energies are listed 
in the parenthesis in units of hartree. 

HF MP4 QCISD(T) 
B2 0:6:8.3 (-48.9056) 1:0:48.8 (-49.0844) 3:40:28.7 (-49.0843) 
c2 0:6:16.4 (-75.3830) 9:30:0.0 (-75.7301) 
AlO 1:6:2.6 (-316.749) 5:30:2.4 (-316.979) 17:39:28.6 (-316.995) 
SiF 0:30:58.8 (-388.255) 4:37:45.3 (-388.533) 15:9:54.8 (-388.529) 

As the size of molecule grows, the CPU time increases quickly. But the calculated 

equilibrium energy is lowered towards the real value in return. The equilibrium bond 

distances are calculated differently. Since the relative values are meaningful in most 

of the calculations, the two different levels of calculations should not be mixed. 

3.4 Potential Energy Surfaces 

The way the energy of a molecular system varies with small changes in its structure 

is specified by its potential energy surface (PES). A potential energy surface is a 

mathematical relationship linking molecular structure and the resultant energy. For 

a diatomic molecule, it is a two-dimensional plot with the internuclear separation 

on the x-axis (the only mechanism by which the structure of such a molecule can 

vary), and the energy at that bond distance on the y-axis, producing a curve. As 

an example, Fig. 3.1 shows the potential energy surfaces of the ground state of the 

SiF molecule for different level calculations with the same basis set 3-21G. Except 

for the HF calculation, all other higher level of calculations predict similar minimum 

energies. In general, higher level of calculations predict lower minimum energies. The 

potential energy curve of the QCISD(T) calculation shows smoother slopes in the 
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internuclear distances around 2.5 A . 
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Figure 3.1 Potential energy surfaces of X 2SiF for different level calculations with 
the same basis set 3-21G. 

There is only one minimum on this potential curve. A minimum is the bottom of a 

valley on the potential curve. From such a point, motion in any direction — a physical 

metaphor corresponding to changing the structure slightly—leads to a higher energy. 

Minima occur at equilibrium structures for the system. If a state has a minimum it 

is called bound, whereas a state having no minimum is called not bound or unbound. 

A molecule which is in unbound state will eventually dissociate to atomic states. 

In this study, the energy calculation with a SCAN option was used to explore 

regions of potential energy curves. A SCAN calculation performs a series of single point 

energy calculations at various structures, thereby sampling points on the potential 

energy curve. 
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For the potential energy curve calculation, the CIS (configuration interaction with 

single excitation) and QCISD(T) (quadratic configuration interaction with single, 

double, and triples) methods were used. Only the CIS method has the option to 

calculate the potential energy curves for an arbitrary number of excited states relative 

to the ground state. The potential curve provides a good picture for estimating the 

equilibrium bond distances (Re) and dissociation energies (De) qualitatively. But 

the QCISD(T) method calculates relatively exact results of dissociation energies for 

each bound state. Figure 3.2 shows selected low-lying potential curves of the doublet 

states of Bl+ calculated using the CIS method with a basis set 6-31+G(d). 

-46.3 

t= -46.5 

5 -46.7 

a> -46.9 

-47.2 
1.6 1.8 2.0 2.2 

Bond Distance (A) 

Figure 3.2 Selected low-lying potential energy curves of the doublet states using 
the CIS method with a basis set 6-31+G(d). 

The ground state of the triply charged boron diatomic molecule is not bound. 
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However, six excited states were found to be bound, which maJke the B|+ metastable. 

The dissociation energies were calculated to be in the range of 0.3-5.0 eV. These 

shallow potential depths (or weak bonding) make the molecule very "fragile". 

Figure 3.3 shows potential energy surfaces of the quartet state triply-charged 

boron diatomic molecular ion. No bound state was found. Therefore, the potential 

energy curves provide information about the stability of a molecule. 
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Figure 3.3 Selected low-lying B<{+ potential energy curves of quartet states using the 
CIS method with a basis set 6-31+G(d). 

The theoretical framework for the concept of molecular structure is based on the 

Born-Oppenheimer approximation [86]. Except in the case of strong vibronic interac-

tion, the electronic motion is solved for a set of fixed nuclear positions; the electronic 

wavefunction contains the molecular-fixed nuclear coordinates as parameters, instead 
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of variables, because the influence of the momentum of the nuclear motion operating 

on the electronic wavefunction is ignored. The electronic energy in a certain elec-

tronic state, represented as a function of the nuclear coordinates, corresponds to the 

potential energy function for the nuclear motion (i.e., the intramolecular vibration). 

Prom the output of the ab initio calculation, one can estimate the potential func-

tion by use of a model function. One of the simplest and the best known is the Morse 

function [88], 

V(r) = De[ 1 — exp(—ax)]2, (3.15) 

where De is the bond dissociation energy measured from the potential minimum, 

re is r — re (re being the equilibrium internuclear distance), and the parameter a 

represents the deviation from a harmonic oscillator in the bond-stretching vibration. 

But the Morse function is only good for the potential curves which slowly converge 

at large internuclear distance such as the bound ground state of H "̂. Most of the 

potential energy curves of triply charged molecular ions show local maximum at the 

intermediate internuclear distance and decrease at higher distance due to electron 

correlation. Therefore, fitting the potential energy curve to the Morse function was 

not appropriate for the highly charged molecules. 

As a crude indication of the possible reliability of these potential curves, five ion-

ization potentials of atomic boron were calculated for comparison with the experiment 

in Table 3.2: agreement is good, to within about 1 eV. 

Finally, the ab initio molecular orbital study results can be used for practical 

purposes. Because the formation of negative ions is essential in the operation of 

negative ion sources, ab initio studies of electron affinity (EA) will be helpful in 

selecting possible negative ion sources. Electron affinity is defined as the energy 
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Table 3.2 Comparison of experimental and theoretical calculations of the ionization 
potentials of atomic boron (eV). 

Ionization Experiment" MP2/D95+(d) QCISD(T)/D95+(d) 
1st £30 8 M 739 
2nd 25.15 24.33 25.02 
3rd 37.93 37.80 37.80 
4th 259.37 258.54 258.58 
5th 340.22 339.96 339.96 

"CRC Handbook of Chemistry and Physics, 72nd ed. (1991) [89]. 

difference between the lowest (ground) state of the neutral and the lowest state of 

the corresponding negative ion. In general, an ion with high electron affinity forms 

a negative ion with high probability in the ion source and may be injected into the 

tandem accelerator. Anthony et al. [90] obtained increased negative ion yields for 

the molecular ions (FeO, FeC>2, and Fe20) by ~ 2 orders of magnitude over the 

elemental Fe ion by supplying oxygen gas near the sample. This can be explained by 

the molecular ions' higher electron affinities than Fe. 

Unfortunately, few electron affinity data are available even for diatomic molecules 

either theoretically or experimentally. Although the electron affinity was defined 

previously, two different measurements are possible in actual measurements. Those 

two definitions, vertical and adiabatic values, are shown in Fig. 3.4. The vertical 

values are usually larger than the adiabatic values. 

Experimentally, the electron affinities are measured using laser-related techniques. 

The accuracy of electron affinity measurement has been greatly improved since the 

advent of laser photodetachment (LPD) experiments with negative ions. The LPD 

method actually yields the vertical detachment energy, which is equated with the 

electron affinity. This assumption is usually valid, but fails for molecules for which 
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Figure 3.4 Definition of vertical and adiabatic electron affinities of a diatomic 
molecule AB. 

the geometries of the anion and neutral are considerably different. A notable case is 

CF3 , where the photodetachment value is larger than the adiabatic value by 0.8 eV 

[91]. In the present study, the electron affinities were calculated for both adiabatic 

and vertical values. The equilibrium bond distance and energy calculated from the 

geometry optimization can be used instead of the minimum energy calculated from 

the energy scan. But the level of calculation method should be the same. 

3.5 Procedure of the Calculations 

The general procedure for this ab initio study of diatomic molecules can be summar 

rized as follows: 
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1. Perform a preliminary single point calculation at about 1.3 A to 1.6 A depend-

ing on the molecule size using the Hartree-Fock (HF) method and minimal 

basis set (e.g., ST0-3G) to calculate the projected initial intermediate neglect of 

differential overlap (INDO) guess. 

2. Find possible low electronic states by exchanging electrons. 

3. Run full geometry optimization (FOPT) for each possible low electronic state 

at the H F level using a minimal basis set to calculate bond lengths and HF 

energy from which the ground state can be determined. 

4. Run SCAN for excited electronic states using configuration interaction with sin-

gle excitation (CIS) and an intermediate basis set (e.g., 6-31G+(d)). This gives 

a qualitative potential energy surface (PES) curve. 

5. Run SCAN for each bound state with a higher level method (e.g., QCISD(T)) 

and an intermediate basis set for more accurate electronic state energies. 

Appendix B discusses how to prepare input files to calculate bond distances and 

potential energy surfaces performed for the molecular ion studies. Details of the above 

steps are well described in the guide by Foresman and Frisch [8]. 

Ab initio methods were employed to investigate B|+ theoretically, to see if quanti-

tative molecular orbital (MO) theory supports the idea of bound states of the ionized 

dimer. The general approach is to select a basis set of atomic orbitals and then take 

linear combinations to form the MOs. These combinations are optimized until self-

consistent, i.e., until the Hartree-Fock or SCF level is reached. The effects of electron 

correlation on the total energy of the molecule can be approximated by perturbation 

theory or configuration interaction. 
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Inspection of the oscillator strengths for transitions between each bound state 

and lower-lying states reveals that among the metastable states only one electronic 

state (l2nu) has zero allowed transitions to the ground state and thus may have a 

relatively long lifetime. In the absence of allowed transitions and collisional removal, 

it can be expected that the lifetime can be determined by quantum mechanical tun-

neling through the barrier. Each of these states has been examined in more detail 

by methods which may give a more accurate assessment of De. In many cases, the 

results were compared for a basis set with more sophisticated estimates of the corre-

lation energy obtained by means of second order M0ller-Plesset perturbation theory 

(MP2), configuration interaction (CI) with single and double excitations (CISD) and 

quadratically converged CI with single, double, and triple excitations (QCISD(T)). 



CHAPTER 4 
* 

EXPERIMENTAL METHODS 

The sputter ion source and the 3 MV tandem accelerator coupled with the high 

particle detection sensitivity of accelerator mass spectrometry (AMS) has opened 

many research possibilities for molecular ion studies. In recent measurement, the 

Ion Beam Modification and Analysis Laboratory (IBMAL) research group at the 

University of North Texas (UNT) has attained detection resolution in the range of one 

particle per million (ppm) to one particle per billion (ppb) [see Fig. 1.3]. The group 

also has devoted some previous effort to molecular ion studies [3, 48, 80, 81]. In this 

chapter, the AMS system, calibration method, data acquisition system, mean lifetime 

measurement method, and cross section measurement method will be discussed. 

4.1 Accelerator Mass Spectrometry at UNT 

The accelerator mass spectrometry (AMS) facility of the Ion Beam Modification and 

Analysis Laboratory (IBMAL) at UNT has been used for these molecular ion studies. 

The AMS facility is composed of a National Electrostatic Corporation (NEC) 9SDH-

2, 3 MV tandem pelletron accelerator, negative ion sources, magnets (30°, 90°, and 

40°), 45° electrostatic analyzer (ESA), ion-optical devices (lenses and steerers), and a 

surface barrier particle detector [92, 93, 94]. The negative ion sources are: Source of 

Negative Ion by Cesium Sputtering (SNICS), CHemical Identification by Mass and 

Energy Resolution Analysis (CHIMERA), and Alphatross. The schematic diagram of 

51 
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Accelerator Mass Spectrometer 
at University of North Texas 

TANDEM ACCELERATOR 

i i i immi-JLi i i i i i i i i i i 
I I I I I I I I I I I M I N I U M 

10 G 7 

N -n_ 

Figure 4.1 Schematic diagram of the AMS system at the University of North Texas: 
1) CHIMERA; 2) target chamber; 3) SNICS; 4) einzel lens; 5) 30° switching magnet; 
6) beam slits/Faraday cup; 7) 90° analyzing magnet; 8) positive voltage terminal 
and N2 gas stripper canal; 9) quadrupole lens; 10) 40° analyzing magnet; 11) 45° 
electrostatic analyzer; 12) retractable carbon foil; 13) surface barrier detector; and 
G) differentially pumped gas cell. 

the AMS system is shown in Fig. 4.1. 

In the center of the accelerator is the high-voltage terminal [(8) in Fig. 4.1] and 

on either side are the low-energy and high-energy acceleration tubes. The principle of 

operation is as follows: negative ions produced in a sputter-type, charge-exchange ion 

source [(2) or (3) in Fig. 4.1] are pre-accelerated to modest energies (40-80 keV), and 

then momentum-per-charge analyzed with magnets [(5) and (7) in Fig. 4.1], before 

being injected into the accelerator. The negative ions enter what is referred to as the 

low-energy end of the accelerator where they are attracted to the positively charged 

high-voltage terminal (< 3 MV) and are thus accelerated. Once inside the terminal, 

the negative ions enter the N2 gas stripper canal where they are stripped of one or 

more electrons. If two or more electrons are removed, they are converted into positive 

ions. As these positive ions exit the stripper and drift into the second stage of the 

accelerator, they are repelled by the high-voltage terminal and thus are accelerated 
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once again to even higher energies. 

This dual acceleration gives the singly charged ions twice the energy they would 

acquire in a single-stage accelerator having the same terminal voltage, and gives ions 

with a charge state q+ a final energy gain of (q + 1 )eVr, where e is the electronic 

charge and Vr is the terminal voltage. 

The mass resolution of the system is determined by the 40° High Voltage Engi-

neering Corporation (HVEC) magnet and the 45° ESA (energy per charge analysis) 

for given slit settings. As an example, when the 10BnB molecules of energy 3.08 MeV 

have been selected through the HVEC magnet, the ESA could clearly resolve 10B 

and 11B atomic fragment isotopes which were produced in the dissociation processes 

between the HVEC magnet and the ESA. The full width at half maximum (FWHM) 

ESA voltage for the 10B+ signal was 0.11 kV, whereas the separation between the 

ESA settings for those two isotopes was about 4.03 kV. Therefore, the boron atomic 

isotopes 10B and n B are easily separated in the system since the E/AE ~ 700/1 

with 2 mm slits [94]. 

The AMS system also was used to measure the isotopic abundance of boron from 

the measurement of 10B2,
 10BUB, and UB2 signals. The data were reproducible and 

agreed with other values found in the literature [95, 80]. 

4.2 Calibration of the Accelerator Mass Spectrometer 

Because the intensity of the highly charged molecular ions in the beamline is so 

low (<;i0~9 A), the selection of a desired beam by measuring the current is almost 

impossible. Therefore, the accelerator mass spectrometry (AMS) system has been 

calibrated accurately and computer-automated using more intense ion beams from 
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the target matrix and other impurities [77]. Desired ion beams are selected for particle 

counting by setting magnets and ESA according to the calibrated values. 

The calibration of the accelerator mass spectrometry (AMS) system is essential in 

order to detect small current beams in the picoAmpere (pA) range without having to 

scan either the HVEC magnet or the ESA. The calibration has to be done for both 

the 90° and 40° magnets and the 45° electrostatic analyzer (ESA) once the generating 

voltmeter (GVM) is calibrated using known nuclear reaction threshold and resonance 

energies. 

Figure 4.2 shows a mass scan of the 90° magnet around the mass region of the Te 

isotopes. The CHIMERA ion source was used and the 30° magnet was set to zero so 

the ion beam was undeflected. The spectrum peak intensities agree with the natural 

abundances of the Te isotopes to within 1%, which axe shown in the bar graph in the 

center of the peaks. The mass resolution was ~ 0.3 mass units with the slit settings 

(for the 30° and 90° magnets) of ±2 mm giving ra/Am ~ 420. 

When an elemental negative ion (q = — 1) is injected with injection potential Vfnj-

into the tandem accelerator at a terminal potential Vp, the energy of the out-going 

positive elemental ion of charge state q+ can be calculated from 

E — eVinj + (q + lJeVy — A E, (4-1) 

where e is the electronic charge and AE is the energy loss of the particle in the 

stripping canal. If a molecular ion of mass M is injected and dissociated into atomic 

fragments in collision with the stripping gas, the above energy equation for an atomic 

fragment of mass m and q becomes as follows 

VY) 

Em = jjieVinj + eVT) + qeVT - AE. (4.2) 
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Figure 4.2 Mass scan of the 90° magnet around the mass region of the Te isotopes. 
The natural abundances are shown in the bar graph. 

If the GVM reading deviates from the true value, the terminal potential can be 

approximated to the first order as 

VR = OVGVM + B. (4.3) 

The correction factors a and b can be determined from a relation between VQVM 

and true ion energy E obtained from nuclear resonance reaction. The corresponding 

terminal potential VP can be calculated for a given proton energy EP from Eq. (4.1) 

as follows 

VT = ^(EP-VINJ + AE) inkV. (4.4) 

The nuclear reaction 19F(p, cry)16 O provides many resonances in various energy 

ranges. The proton beam of energy slightly lower than the resonance point was 
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tuned at the post-HVEC Faraday cup. Then a thin YF3 foil target was inserted into 

the beam path. The proton energy or the terminal potential ( V Q V M )
 w a s controlled in 

slit mode by scanning the HVEC magnet. The gamma-ray yield was acquired using 

a Nal scintillation detector as the proton energy increased. Figure 4.3 shows four 

nuclear resonance reactions from 19F(p, «7)160. 

F(p, ay)" O 872.1 kev 
(10.815%) 

1000 

>. 800 

2 600 
932.7 keV 
(11.190%) N 400 

19F(p, cry) O 

1373.5 keV 
(13.540%) 

1346.6 keV 
(13.410%) 
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HVEC (% of Max.) HVEC (% of Max.) 

Figure 4.3 Nuclear resonance reactions from 19F(p, 0:7) 160. 

From the linear curve fit of the determined four energy points, a relation was 

obtained 

VT = 1.0038 x VGVM - 3.0018 in kV. (4.5) 

The GVM provides quite accurate readings of the accelerator high voltage terminal 

potential. The variation is in most cases within 1%. The correction parameters are 

used in the control computer to calculated ion energies. 

A particle with charge state q and mass m moving in a magnetic field is deflected 

whenever the magnetic induction B has a component perpendicular to the velocity v 
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of the particle. Since the magnetic field and the ion velocity are perpendicular, the 

force F = qevB is perpendicular to the plane of B and v and the charged particle 

moves in a circle. 

For the circular orbit of radius r, Newton's second law can be written as 

Ynift 
F = = qevB, (4.6) 

and from this it follows that 

„ mv p 
XB = Br = — = —, (4.7) 

qe qe 

where xb denotes the magnetic rigidity of the particle. For particles of the same 

charge state q, the orbital radius in a homogeneous field is proportional to the mo-

mentum p. The above two equations can be made relativistically correct, by assuming 

that m = m0!\j 1 — v2/c2 where ma is the rest mass. 

To find a relationship between the magnetic rigidity Xb and the kinetic energy T of 

the paxticle in MeV, it is necessary to derive the relationship between the momentum 

p = mv and the kinetic energy T. The relativistic mass m of a particle with velocity 

v is related to rest mass m0 by 

m ° (A o\ 
m = m 

where c is the speed of light. It is simplified as 

m2c2 — m2v2 = rrigC2 (4.9) 

or 

p = -\Jm2c* — mlcA. (4-10) 
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The kinetic energy T is equal to the difference of the total energy mc2 and the 

rest energy m0c
2: 

T = mc2 — m0c
2. (4.11) 

Re-arranged, this gives 

m2c4 = m2c4 + 2 m0<?T + T2. (4.12) 

Inserting (4.12) in (4.10), the momentum becomes 

p = ^ 2 m 0 c 2 T + T2. (4.13) 

Substituting p for mv in Eq. (4.7), the magnetic rigidity can be written as follows 

XB = + ' 7efm°T i1 + £*)• <414) 

For most cases, the relativistic term T/2mec
2 in Eq. (4.14) can be ignored. For ex-

ample, the rest mass of the proton, which is the lightest particle that can be produced 

in the AMS system, is 938 MeV, so at a kinetic energy of 1 MeV, the relativistic term 

is ~ 1/2000. Thus, the above equation can be written in the appropriate units 

XB — Br = 144 kilogauss-cm, (4-15) 

where m0 is in atomic mass units (u), and the kinetic energy T is in MeV. 

Equation (4.15) gives the basic relationship for the magnetic rigidity of a charged 

particle, so if an ion (m0, q) moves through a known magnetic field in a path with a 

known radius of curvature, its energy is known. But in the calibration process, the 

energy T is determined by nuclear resonance reactions. However, the magnetic field 

which is read by the Hall probe needs to be determined. 

The ion currents are measured by inserting a Faraday cup into the beam path at 

the desired location. By scanning a magnet with a Faraday cup in place after the 
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magnet, the correct magnet setting for a known ion can be found by determining the 

setting for the maximum current value for that ion. Usually, the 30°- and 90°-magnets 

are calibrated together by putting the Faraday cup at the 90° magnet and scanning 

90°- and 30°-magnets iteratively until the magnet values converge to constants. The 

HVEC magnet and ESA are calibrated in a similar manner. Various molecular ions 

were detected when a carbon cathode was used. Once the magnetic rigidities XB 

of a number of calibration ions are calculated by the control computer and their 

corresponding magnet values are read from the Hall probe, those data points are 

plotted for different atomic/molecular ions as in Fig. 4.4. Then, those points are 

fitted with a cubic polynomial and the fitting parameters are supplied to the control 

computer for the calibration. The right side y axis shows fractional residual values. 

The error was within 0.1%. The same procedure can be used for the calibration of 

the ESA. 

An ion beam analyzed by momentum-per-charge and energy-per-charge is identi-

fied by its energy spectrum recorded on a personal computer analyzer (PCA) which 

is connected to a particle detector. For some cases the momentum/charge and en-

ergy/charge are the same, but their energies are different. For example, for the specific 

case of 28Sî " -»28Si+ and 56Fe~ ->56Fe2+, momentum/charge and energy/charge are 

the same, but energy is different. 

For the energy calibration of the particle detectors, isotopically pure 241 Am elec-

trodeposited on platinum was used. The energy spectrum from 241 Am contains alphas 

of 5.477 MeV (85%), 5.435 MeV (12.6%), and others < 2% each. Figure 4.5 shows 

an 241 Am spectrum obtained with the ion-implanted particle detector. 

With the 241 Am spectrum in the center on the PCA, the gain of the amplifier is 
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Figure 4.4 Mass scan of the 30° magnet for various ions. The fitting parameters were 
obtained by a cubic fit. 

adjusted to cover the energy range of 0.3-10 MeV. The pulse generator is normalized 

with a pulse peak of 241 Am (5.477 MeV). Then the PCA is calibrated usually with 

five peaks generated by the pulse generator. 

4.3 Data Acquisition System 

The data acquisition system consists of a surface barrier detector, pre-amplifier and 

amplifier, tandem accelerator systems control (TASC), Texas Instruments data ac-

quisition system (TIDAS), and a personal computer analyzer (PCA). The TASC and 

TIDAS are communicating over GPIB and RS232 interfaces. The data flow schematic 

is shown in Fig. 4.6. 

The master control system is the tandem accelerator system control (TASC), 
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Figure 4.5 An 241 Am spectrum obtained with the ion-implanted particle detector. 

which is built around a 386DX personal computer. The TASC contains a National In-

struments GPIB-AT board, two Metrabyte PIO-12 boards, and a Metrabyte DASH-

16 board. The GPIB—AT interface board allows the TASC to communicate with the 

other two computers. Also, the TASC monitors Faraday cups, beam attenuators, and 

beam viewers over the GPIB bus using a Cytec MX/64 Multiplexer. The TASC also 

uses the GPIB bus to obtain beam currents which are measured by a Keithley K617 

electrometer. A PIO-12 interface board enables the TASC to control the 30°, 90°, 

and 40° magnets, as well as the 45° ESA. A second PIO-12 interface board allows the 

TASC to continuously monitor the accelerator terminal voltage that determines the 

ion energy from Eq. (4.1). The DASH-16 interface board provides 8 differential A/D 

channels and 2 D/A channels. Using the DASH-16 A/D channels, the TASC can 
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Figure 4.6 Schematics of data flow. The data acquisition system consists of a surface 
barrier detector, pre-amplifier and amplifier, TASC (Tandem Accelerator Systems 
Control), TIDAS (Texas Instruments Data Acquisition System), and a PC A (personal 
computer analyzer). 

monitor the quadrupole lens and the ion source potential. In addition, the DASH-16 

D/A channels can automatically switch video inputs for various beam viewers and ad-

just the quadrupole lens for different ion beams. The control program for the TASC 

was written in C using LabWindows version 2.0 development software and Quinn 

Curtis DASH-16 C library routines. The schematic diagram of the AMS computer 

control system is shown in Fig. 4.7. 

The Texas Instruments data acquisition system (TIDAS) computer contains a 
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Figure 4.7 Schematics of the AMS computer control system. 

special CAMAC crate controller card that was built by Texas Instruments Inc. The 

CAMAC controller card is designed around the TI-TMS 320 C30 Digital Signal Pro-

cessing chip with 128 kilobytes of SRAM that is accessible to both the C30 and the 

TIDAS computer. The TIDAS computer communicates by the CAMAC interface to: 

two LeCroy 3512 ADC modules, a KineticSystems 3388-G1A GPIB interface mod-

ule, and a dual live timer module that was developed for these measurements. The 

TIDAS computer communicates with the TASC through the 3388-G1A GPIB inter-

face module. The TIDAS computer uses the LeCroy ADC's to obtain pulse height 
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spectra from the particle detector. The display computer's software was developed 

using Microsoft FORTRAN and C30 Assembly language. 

The Nucleus Personal Computer Analyzer (PCA) card is a multichannel analyzer 

(MCA) card. The PCA card contains a 100 MHz analog to digital converter (ADC), 

a single channel analyzer (SCA), a multichannel scaler (MCS), and an on board 

data memory. This card, along with the standard software, transforms the personal 

computer into a full featured Multichannel Analyzer. An input of 0 to 8 volts from a 

shaping amplifier is used for the pulse height analysis (PHA) operation. All important 

parameters are displayed on the monitor along with the spectral data. 

The particle detector which was used to detect the molecular and atomic fragments 

was an EG&G Ortec charged particle detector. This detector is a surface-barrier 

diode made by implanting the doping ions into high purity single-crystal silicon. 

As the charged particle enters the active region of the detector, it loses energy by 

Coulomb interactions with the nuclei and electrons of the silicon wafer material. The 

interactions with the electrons result in the creation of electron-hole pairs. These 

charged pairs are swept apart by the electric field from the applied bias voltage which 

is 50-100 V depending on the detector used. The electron signal is collected at the 

positive back aluminum electrode then transmitted through the electronics described 

earlier. The amplitude of the resulting signal is proportional to the total energy 

deposited in the detector material by the collisions between the incident charged 

particle and the electrons in the silicon active layer. All of the energy deposited 

in the detector by collisions between the charged particle and silicon nuclei is lost 

to this signal development process. The mechanism described here is valid for all 

incident projectiles (protons, a-particles, and "heavy ions"). There are, however, 
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other interactions in the detector which become important for heavy particles but 

which have negligible effects for "light ion" spectroscopy [96, 97, 98]. These effects 

include (i) the entrance window loss effect, (ii) the nuclear collision effect, (iii) plasma 

formation effects, (iv) channeling effect, and (v) radiation damage effects. These 

effects yield a lower pulse amplitude than normally expected and the cumulative 

effect is therefore termed the pulse height defect. 

When a charged particle passes through matter, it loses energy. Therefore, when 

the incident particle enters the detector, energy is lost in the gold entrance window 

[99]. This reduces the total amount of energy available for deposition in the active 

layer which in turn results in a downward shift in the energy of the measured peak. 

This effect is greater for high Z ions as compared to low Z ions. This effect will 

also contribute to the degradation of the detector resolution because of the statistical 

fluctuations in the energy loss. 

Since the energy transferred from the incident particle to the nuclei of the detector 

material is lost to the mechanism of electron-hole pair pulse generation, and since the 

probability of a nuclear interaction increases with decreasing particle velocity, then, 

for incident particles with the same energy, the heavier ion will lose more energy to 

nuclear interactions. This difference can be significant at high energies and for very 

heavy ions. A heavy ion can lose about 5% of its energy in this process while an 

alpha particle at the same energy will lose less than 0.1% [96]. 

When a charged particle enters a detector the created electron-hole pairs form a 

plasma cloud. This cloud is normally swept apart by the applied electric field. When 

heavy ions enter a detector, the resulting plasma cloud is so dense that the cloud 

becomes sufficiently dispersed by diffusion. This plasma effect has several interesting 
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results. One result is the time delay which is generated between the creation of the 

charge pairs and the beginning of the rise of the detector pulse. The rise time of the 

signal is also longer thus increasing the pulse width [96, 100, 101]. These two effects 

of the dense plasma cloud lead to poorer resolution for energy determination. Finally, 

since the bias field cannot immediately penetrate the plasma cloud, recombination of 

the charge carriers occurs [96, 97,98,102,103]. The consequence of this recombination 

is a net loss in signal charge carriers and thus a smaller pulse height. 

If a charged particle enters a crystalline solid (such as silicon) along a crystallo-

graphic axis, it can be channeled along this axis by the surrounding atoms in the 

crystal lattice. This results in fewer ion-electron collisions per unit length, thus in-

creasing the particle's range. Likewise, nuclear collisions are also reduced in total 

number. The net consequences of this are better resolution, a less dense plasma 

cloud, and a lower recombination rate [96]. To obtain significant channeling, the 

particle must enter the detector within 0.5° of the chosen crystalline axis. 

As the incident charged particle loses energy in the detector, some change in crystal 

parameters will take place. Some of these crystallographic changes may result in 

lattice site defects (vacancies and interstitials). These radiation defects are electrically 

active and consequently cause local variations in the bias field. These variations can 

result in recombination or charge carrier trapping thus reducing the net pulse height 

[96]. The most detrimental consequence of the deep electrically active defect is an 

increase in the detector leakage current which degrades resolution and eventually 

renders the detector useless [96]. 

All the phenomena described above, which lead to a reduction in pulse amplitude, 

are collectively termed the pulse height defect. Fig. 4.8 shows the measured ion energy 
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and the corresponding channel number for atomic masses between 4 (He) and 28 (Si) 

using an ion-implanted surface barrier detector. The slopes were measured between 

2.145 keV/ch for 4He2+ and 2.209 keV/ch for 28Si2+ with larger values for the heavier 

ions. Also, a higher pulse height defect was measured for the heavier masses. Price 

[104] measured the slopes 6.83 keV/ch for 4He and 7.73 keV/ch for 27Al. 
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Figure 4.8 The relation between the ion energy and the corresponding channel number 
for various masses using a surface barrier detector. 

Table 4.1 compares the pulse height defects as a function of energy for a boron 

molecule (10B2), its atomic fragment (10B), and two singles (10B+10B). The coincident 

peak experiences less pulse height defect and appears at a higher channel number than 

the molecular peak. The channel number difference between the molecule and two 

singles was calculated to be 65 channels for 2 MeV and 89 channels for 5 MeV. The 
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fractional ratio was calculated from a formula 

^ Channel (10B +10 B) - Channel (10B2) Fractional Ratio = = / / i n_ , (4.16) 
Channel (l0B2) 

Table 4.1 The pulse height defect of a boron molecule and its coincident peak. 

Energy" Species Channel Fractional Ratio FWHM6 

10B 233 
2 MeV 10B2 640 10.2% 33 chn 

I°B+10B 705 
10B 470 

3 MeV 10B2 1106 6.6% 34 chn 
10B+10B 1179 
ioB 707 

4 MeV 10B2 1572 5.2% 29 chn 
10B+10B 1653 
10B 944 

5 MeV 10B2 2038 4.4% 73 chn 
10B+10B 2127 

"For molecular ion. 
'Measured for 10B2

+. 

4.4 SIMS Scan 

The AMS system can be used to produce a Secondary Ion Mass Spectrometry (SIMS) 

scan by measuring the negative ion beam after the 90° magnet and before injection 

into the accelerator [see Fig. 4.1]. The AMS system at the University of North 

Texas has three types of negative ion sources: SNICS, Alpha,tross, and CHIMERA. 

To produce desired atomic/molecular ions, the negative ion source must be properly 

selected. 

The sputter source (SNICS) uses accelerated cesium ions striking a cold cathode 

to produce a negative ion beam of the cathode material (provided the material can 
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form negative ions). Cesium ions are produced by a tantalum ionizer immersed in 

a cesium vapor. Cs+ ions are accelerated to the negatively biased cathode, which 

then accelerates negative ions away. In general, negative ion beam currents are a 

function of the cathode composition, the cathode potential, the cesium ion flux, and 

the cathode temperature. Cathodes are usually made in the laboratory by mixing 

compounds in powder and putting this mixture into the copper cathode container. 

Figure 4.9 shows mass spectra of various cathodes for masses from 5 to 50 u (from 

SNICS). 

Each SIMS mass peak can be analyzed with the following information: 1) Electron 

affinities of atoms and molecules, 2) Abundances of atoms, 3) Available species. The 

electron affinities and the natural abundances of atoms are listed in Appendix D. 

Among the light atoms, Be, N, and Mg do not form negative ions (zero electron 

affinity), whereas B, C, O, and F atoms are observed in most of the spectra. The 

analysis of the mass spectra provides useful information in determining the beam 

type. 

The overall spectrum show cracking patterns resembling saw tooth shapes. Be-

cause the mass resolution m/Am of a magnet is constant, the spectrum peaks become 

broader for the larger masses. In the first spectrum, the boron does not reveal its nat-

ural abundances because a 10B-enriched boron cathode has been used for the boron 

molecular ion studies. In the second spectrum, masses between 12 and 23 indicate a 

methane sequence and masses between 24 and 35 indicate an ethane sequence. In the 

third spectrum, two spectra were acquired from the same aluminum cathode. The 

spectrum with the solid line was acquired when the cesium had started sputtering 

the cathode. The slit settings were ±2 mm. The spectrum with the dotted line was 
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Figure 4.9 SIMS scan of various cathodes from 5 to 50 u (from SNICS). 



71 

acquired from the same cathode when the cesium had eroded a hole in the cathode. 

The slit settings were ±4 mm. The last spectrum was acquired from a cathode made 

from mixture of Si and NaF. It showed relatively higher intensity for SiF. 

CHIMERA is also a kind of sputter-type negative ion source designed for impurity 

measurements in electronic materials. Figure 4.10 shows a mass spectrum of a sample 

cover plate (Si-based) from 20 to 180 u (from CHIMERA). It contains silicon, its 

polyatomic compounds, and two oxides. Interestingly, SiCs appeared in the spectrum 

at mass 161. Since the mass resolution m/Am of a magnet is constant, other silicon 

isotopes 29Si (4.67%) and 30Si (3.10%) could not be resolved at larger masses because 

of peak broadening. 
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Figure 4.10 SIMS scan of a silicon-based cover plate from 20 to 180 u (from 
CHIMERA). 

The NEC charge exchange RF ion source was named the Alphatross because it 
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was developed for He- production. In operation, a positive ion beam is extracted 

from the plasma produced in the RF source and accelerated into the charge exchange 

canal at an energy of 5-6 keV. Here a portion (~ 5-10%) of the beam is converted to 

negative ions which are subsequently extracted and accelerated to the desired energy. 

Figure 4.11 shows a mass spectrum produced by the Alphatross using 4He gas. 

c <d l— fc-3 
o 

Source: Alphatross 

A 

* 
5 10 15 20 25 30 35 40 45 50 

B (% of Max.) 

Figure 4.11 SIMS scan produced by the Alphatross using 4He gas. 

In the spectrum, a small peak appeared at the magnet value around 14.70% 

(marked with 4-)- Assuming that the peak is from the atomic ion, the corresponding 

mass can be calculated from a relation 

p V2mE 
B cc - oc . (4.17) 

Again, assuming that all ions have the same charge state q = —1, a relation can be 
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derived as follows 

Then the mass of the unknown peak can be calculated relative to the 4He peak 

appeared at the magnet value of 10.43% as follows 

( 4 1 9 ) 

which is a mass of 4He2- However, He2 does not form a negative ion. This peak is 

from the dissociation of a molecular ion of mass M. Assuming a process M2~ —• M~, 

the mass can be calculated as follows 

•ftME - • ^ | = ^ E . (4.20) 

Then, the unknown mass M can be determined from the equation 

y = 7.95 or M = 31.8, (4.21) 

which is a mass of 16C>2. Therefore, the peak at 14.70% is not from the 4He2 but 

from the dissociation process: 16C>2 —»160~. The peaks from the dissociation process, 

although the signals are weak, cause trouble in determining the mass of a peak from 

the secondary mass spectrum. Some peaks appear at non-integer masses. This is 

known as the Aston band. Therefore, careful identication of the mass is reauired. 

Although desired ions are selected magnetically and electrically through the HVEC 

magnet and the ESA, the atomic or molecular interferences cannot be removed if they 

were produced from the ion source with the same mfq value sis the desired ions. For 

example, although there is no atomic interference for the 10B11B molecule at mass 

21, the molecular interference of 7Li14N is possible. In some cases, if a molecular ion 

is in a stable electronic state, the atomic-fragment signals are not observed, and thus 
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the signal may be unintentionally interpreted as an atomic signal and perhaps an 

interference for AMS. In order to study this effect a retractable carbon foil (~ 15-30 

/xg/cm2) was placed immediately after the ESA [see Fig. 4.1] so that it can be inserted 

into the path of the transmitted ions to assure that every molecule is broken into 

atomic fragments, which can be identified by their measured energies. If substantial 

amounts of atomic or molecular interferences are observed, those spectra only help to 

determine the existence of a molecular ion, but cannot be used for any quantitative 

measurements such as lifetimes and cross sections. If such a situation occurs, two 

alternatives are possible. First, another mass may be pursued. For example, lithium 

has the two isotopes 6Li (7.5%) and 7Li (92.5%), and nitrogen also has two isotopes 

14N (99.63%) and 15N (0.37%) with the atomic abundances shown in parentheses. 

Therefore LiN exists with only three masses: 20 (7.5%), 21 (92.2%), and 22 (0.34%), 

with the molecular abundances shown. Therefore mass 22, nB2, can be used for the 

study of the diatomic boron molecule with the least molecular interference. Second, 

another cathode with lower impurity levels may be used. Usually, "home-made" 

cathodes contain large quantities of impurities. Even in one of the commercial carbon 

cathodes, the atomic interference from the Si (mass 28) was observed in searching for 

the highly charged CO molecule. 

Table 4.2 shows possible species for each mass analyzed for the carbon mass spec-

trum in Fig. 4.9. For mass 13, not only 13C but also ^C1!! is possible. If carbon follows 

its natural isotopic abundance ratio, the intensity at mass 13 should be 0.731 x 10-2 

/xA. In other words, 50.5% of the signal is from 13C and the other half is from 12C1H. 
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Table 4.2 The identification of the SIMS spectrum from a carbon cathode. 

Mass Intensity (/iA) Atom" Species6 

10 5.67 x 10"6 10B (19.9) 10B 
11 2.36 x 10"6 UB (80.1) 11B; ^B1!! 
12 6.58 x 10"1 12C (98.90) 12c 
13 1.45 x 10"2 13C (1.10) 13C; 
14 1.12 x 10"4 14N (99.63)c 13C1H; " t f H a 
15 1.16 x 10~6 15N (0.37)c l2Clll3 

16 8.96 x 10"3 1 60 (99.76) IE0 

17 5.84 x 10~4 170 (0.04) 1601H; 1 70 
18 1.80 x 10"5 1 80 (0.20) 1601H2; 180; l7O lH 
19 9.26 x 10~4 19F (100) 19p 

20 6.47 x 10~7 20Ne (90.48)c 10B2; 
21 2.98 x 10"7 21Ne (0.27)c 10BUB; 19F1H2 

22 9.67 x 10-6 22Ne (9.25) 10B12C; u B 2 

23 7.00 x 10"6 23Na (100) 23Na; nB12C; 10B13C 
24 2.54 x lO"1 24Mg (78.99)c 12C2 

25 1.13 x 10"2 25Mg (10.00)c 12C13C; 
26 7.07 x 10~4 26Mg (11.01)c 13C2;

 12C13C1H; 12C2
1H2 

"Natural atomic abundances in parentheses. 
6Listed in the order of descending intensity. 
cDoes not form a negative ion. 

4.5 Lifetime Measurements 

When a long-lived molecular ion is formed in a metastable state, it dissociates either 

by tunneling through the potential barrier (non-radiative dissociation) or by an elec-

tronic transition to a repulsive state (radiative dissociation). Since the metastable 

molecular ions dissociate in analogy to the radioactive decay law [59], the number of 

molecular ions N after time t can be calculated by 

N = iV0e~'/T, (4.22) 

where NQ is number of molecules at time t = 0 and r is the mean lifetime. 
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As a metastable ion goes through the beamline, it dissociates spontaneously with 

mean lifetime r. The desired molecular ions were selected by momentum-per-charge 

through the HVEC magnet and energy-per-charge through the ESA before being 

detected by the particle detector [see Fig. 4.1]. Once a metastable diatomic molecular 

ion of energy E and mass M passes the ESA, it may dissociate into atomic fragments 

of masses mi and m2 after the ESA and before reaching the particle detector. Prom 

the energy conservation law 

E — l;Mv2 = ^(mi + m2)v
2 = E\ + E2, (4-23) 

the velocity can be written as 

- f • «*> 
Substituting this into the energy equation for each fragment, the atomic fragment 

will carry energy proportional to its mass as follows: 

Ei = ~^jE = — ^ — E , (4.25) 
M mi + m2 

and 

E2 = —rE = — — — E . (4.26) 
M mi + m2 

Figure 4.12 shows a schematic diagram of dissociation of a diatomic molecule and 

the measuring techniques [diagram (a)], and four possible processes that produce 

each peak in the energy spectrum [diagram (b)]. Each peak in the energy spectrum is 

recorded when particles enter the detector as follows: 1) The lowest energy peak is an 

atomic fragment with a lighter mass, 2) The second lowest energy peak is an atomic 

fragment with a heavier mass, 3) The major high energy peak is an undissociated 

molecule, 4) The peak on the high energy shoulder of the major high energy peak is 
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a coincident atomic fragment. The lower two peaks are combined into one peak when 

a homo nuclear diatomic molecule (e.g., 10B2, nB2, etc.) dissociates [see Figure 5.4]. 

(a) 

ESA 
Carbon Foil 

f 
i 

Particle 
Detector 

PCA 

(b) 

Figure 4.12 Schematic diagram of dissociation of a metastable hetero nuclear diatomic 
molecular ion. The measurement arrangements are shown in diagram (a) and four 
processes producing each peak in the energy spectrum are shown in diagram (b). 

If a metastable molecule is transmitted through the ESA, the number of dissoci-

ated molecules produced during a time t, measured from when the molecule leaves 

the ESA, is calculated as 

AJV = N„ - N = N0 ( l - <r' 'T) . (4.27) 

Then the fractional dissociation ratio rf of dissociated molecules to surviving ones is 
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calculated as 

AN 1 - e-</T 

" 55 IT = ~^F- (4'28) 

The flight time for a given distance d can be calculated from the relation 

t=t=dM' (4-29) 

where E is the energy of the diatomic ion and M its mass. The relativistic effects 

need not be considered, and hence from the non-relativistic (v -C c) energy equation 

E = \mv2 = \ x 931.5 M ( - ) 2 MeV, (4.30) 
Jmt Jmi \ C/ 

the velocity of an ion can be calculated as follows 

" = V 93^517 C = U 9 X 1 0 V S C m / S ' ( 4 3 1 ) 

where the ion energy E is in MeV and ion mass M in u. Therefore, the mean lifetime 

r can be calculated by measuring the fractional dissociation ratio rj as follows 

T = In ( l + = I n ( l + r » ) " ( 4 M ) 

For a selected diatomic molecular ion, the ratio r? can be determined from the energy 

spectrum recorded on the PCA connected to the particle detector. Because the 

dissociation ratio r) is measured by the particle detector located at the end of the AMS 

beamline, which is far away from the gas cell where metastable ions are produced, the 

measured ratio may depend on the measurement position, or elapsed time, for the 

same energy ions. If a metastable diatomic molecular ion has a few bound excited 

states, the dissociation product will depend on the population of each bound states 

and their mean lifetimes. Figure 4.13 shows the intensity of residue in logarithmic 

scale as a function of time for three different types of metastable molecules. Type A 
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has only one lifetime r with one population (Ni), whereas type B has two lifetimes 

(r and r1 with r > T') with one population (JVi), and type C has two lifetimes (r and 

r1 with T > r1) with two populations (Ni and iV2 with Ni < N2) respectively. 
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Figure 4.13 Dissociation of three types of metastable molecules. Type A has only 
one lifetime with one population, type B has two lifetimes with one population, and 
type C has two lifetimes with two populations. 

First, consider that a metastable molecule has only one lifetime r. Then the 

intensity measured after time At is 

N = -V0 e - A ' / r , (4.33) 

where No is the number of ions at time t = 0. The dissociation ratio 77 can be 

calculated by 
A N 

N Nq e_ A t / r V = (4.34) 
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If the number of remaining ions are measured between time t\ and t2 such that 

t2 — ti= At, the ratio A N/N becomes 

AAT JVp ( e-- / r _ ,-W.) 
AT iVo e-<J/T l e i, 

which is the same as the previous case. Therefore, the ratio A N/N does not depend 

on the elapsed time from the production to the measurement. By taking the logarithm 

of Eq. (4.22), the equation becomes 

In N = - l ^ - t . (4.36) 

Therefore, when the intensity is plotted on the semi-log scale, the negative of the 

slope is inversely proportional to the lifetime r. 

The slope (lifetime) of the curve for type B is steeper (shorter lifetime) in the 

shorter elapsed time (t < r'), and approaches the slope of type A at time t r1. 

Therefore the lifetime can be measured differently depending the elapsed time of the 

measurement. For type C, there are two slopes as in the type B. Although the lifetimes 

of these two molecules cannot be distinguished in this experiment, the change of the 

ratio A N/N can be measured by varying the scattering energies. 

Figure 4.14 shows an energy spectrum of 3.1 MeV 10B11B3+ dissociating into 

two atomic fragments between the ESA and the particle detector. No molecular 

interference from LiN of mass 21 was observed from this cathode. 

When a diatomic molecule (10BUB) dissociates into its constituent atoms (10B 

and nB), each atom carries energy proportional to its mass as shown in Eqs. (4.25) 

and (4.26). Therefore, the peak near channel 1000 shows the 10B11B molecular signal, 

whereas the peaks near channels 430 and 500 are those of 10B (10/21 of total energy) 

and n B (11/21 of total energy) respectively. 
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Figure 4.14 The energy spectrum of 3.1 MeV 10B11B3+ acquired using a PCA. 

Figure 4.15 shows energy spectra of 3 MeV 10BnB?+ ions, q = 1-3, recorded on 

the PCA. Each spectrum shows one molecular peak slightly below 3 MeV and two 

atomic fragment peaks around 1.5 MeV. The fragment counts relative to the residue 

increase at higher charge states. In other words, the inverse fractional ratio (N/AN) 

drastically decreased from 224 for to 3.8 for B|+. 

When the two atomic fragments enter the particle detector within an interval 

shorter than the response time of the detector, they are recorded as a molecular 

signal. Usually these coincident peaks appear on the high energy shoulder of the 

molecular peak due to the smaller pulse height defect for the fragments in the surface 

barrier detector. 

If the two atomic fragments enter the detector with probabilities (or transmis-
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Figure 4.15 Energy spectra of 3 MeV 10B1XB9+, for q = 1-3. 
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sions) V\ and V2 respectively, the probability that both of them enter the detector 

coincidently is 

Vn = V1V2, (4.37) 

assuming no correlation between the two atomic fragments. The probability that only 

one atomic fragment enters the detector is 

Vh2 = Vi{l - V2) + V2(l - Vx) = V1+V2- 2 VXV2. (4.38) 

Also, if the probability that a molecule enters the detector is VQ, then the population 

actually measured in the molecular peak in the PCA is 

N' = V0N + Vi2AN = VQ N + V{P2AN (4.39) 

and the population (expectation) actually measured in the fragment peak in the PCA 

is 

AN' = Vh2 AN = {Vi + V2- 2VXV2)AN. (4.40) 

As the example of the energy spectrum shown for diatomic boron in Fig. 4.14 

indicates, the two probabilities V\ and V2 are almost the same, and this will also be 

true for most cases when a diatomic molecule dissociates into two masses. Neglecting 

the transverse velocity of the atomic fragments, the probability that a molecule enters 

the detector can be assumed to be same as that of an atomic fragment from geometric 

considerations as follows: 

V = V0 = Vi = V2. (4.41) 

Then the measured ratio of the surviving molecules and the atomic fragments can be 

calculated as 
N' N + VAN 

AN' 2(1-V) AN' 
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The probability depends on the solid angle of the detector (or ion velocity and slit 

width). The "expected" coincident peak at the higher energy shoulder of the molec-

ular peak was not observed in any of the energy spectrum with the ion implanted 

surface barrier particle detector [see Fig. 4.14]. It was found that the detectors used 

in the earlier measurements [see Fig. 1.1] were not made using ion implantation. Re-

ferring to the previous measurements, the coincident rate was measured to be as large 

as 5% of the molecular signal. If the transmission is small (V -C 1), the ratio can be 

approximated as 

K^(I+7,)+P)- <4-43> N' 
AN' 

The fractional dissociation ratio can be calculated from 

JL 
AN l + V \AN< J' ' 

Figure 4.16 shows a measurement of integrated intensities of 10B2 (dotted line), 

10B (dashed line), and their ratios (solid line) from a 3 MeV 10B2+ as a function of 

slit width. As the slit width increases, the intensities of both molecule and atomic 

fragment increase keeping the ratio (10B2/10B) a constant except for small slit widths. 

The normal slit width is set to ±0.127 mm (0.05 inches). 

In the calculation of the mean lifetime, the coincident rate V can be considered as 

an error of 5% maximum in Eq. (4.42). In the measurement of the fractional disso-

ciation ratio A N/N, beam optimization is crucial because non-optimized ion beams 

can give different dissociation ratios. The electro-static devices (steerers, lenses, and 

quadrupole) are adjusted for a prominent ion with the same charge state. Oxygen 

is always available with high intensity in most of the charge states. The quadrupole 

automatically adjusts itself for other beams in the remote mode. All other devices 

are kept the same for each measurement because the ions have the same electrostatic 
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Figure 4.16 Intensities of 10B2,10B, and their ratios as a function of slit width. 

rigidity Ejq. The final optimization can be made by scanning the ESA and HVEC 

magnet in a particle detection mode. The beam stability is not crucial for this mea-

surement because the relative ratio of residual molecules and atomic fragments are 

measured. All of the measured mean lifetimes are summarized in Chapter 5. 

4.6 Cross Section Measurements 

When swift atomic ions pass through a gas cell or a thin foil, they undergo various 

scattering processes such as electron loss (stripping) or electron capture. But for 

the case of molecular ions, the dissociation process should be considered as well. 

Figure 4.17 shows various possible scattering processes of a diatomic molecule with a 

gas target. 

Since the molecular ions are weakly bonded (with bonding energies of a few eV), 

they dissociate when they collide with a target thicker than a few monolayers. The 
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E (MeV) 

Incident Ion 
(B2

,+, B2
2+, etc.) 

Target 
(N2) 

1) Electron Loss (q'>q) 

2) Electron Capture (q'<q) 

3) No interaction/ 
Electron Excitation 

4) Dissociation 

Figure 4.17 Schematic diagram of various possible scattering processes of a diatomic 
molecule with a gas target. 

conventional foil stripper which has been used for atomic ion stripping cannot be used 

for molecular charge-exchange measurements. Therefore, a differentially pumped gas 

cell was designed and installed at the post acceleration stage of the AMS accelerator. 

It was designed so that the pressure (or gas target thickness) could be monitored and 

controlled externally. It has benefits over the foil stripper even for atomic stripping 

processes. First, the foil strippers are sputtered by high-energy heavy-mass ions, 

which eventually damages the foil. Second, even for a thin foil like ~ 10 /ig/cm2, 

the energy loss of the incident ions through the foil should be considered in the 

experiment. The energy loss changes as the foil is sputtered and that requires frequent 

adjustment of the analyzing magnet. Third, the stripping gases can be changed easily 

for target element dependence measurements. The detailed design scheme is described 
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direction of 
incident beam 
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counter 

transmitted 
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yL 

Figure 4.18 Schematic diagram of the scattering process and coordinates, 

in Appendix E. 

The results of collision experiments are usually expressed in terms of characteristic 

quantities called cross sections. The cross section of a certain type of event in a given 

collision is defined as the ratio of the number of events of this type per unit time 

and per unit scatterer, to the relative flux of the incident particles with respect to the 

target [105]. A schematic diagram of the scattering process and coordinates are shown 

in Fig. 4.18. In general, the intensities measured at the counter (or detector) depend 

on the incident particle energy, target type, and target thickness (or gas pressure). 

Once highly charged metastable molecular ions are produced through a collision 

with a target inside the gas cell, they spontaneously dissociate, a process that is 

characterized by the lifetime. The molecular ion intensities were measured for each 

charge state for various stripping gas pressures using a surface barrier detector at the 

end of the beamline. 

The probability that an incident ion scatters in the gas cell with target gas number 



88 

density n in interval dx is 

V(x) dx = an dx, (4.45) 

where a includes all the possible scattering processes that decrease the population of 

transmitted ions. Whenever incident particles scatter in the gas cell, their population 

(or intensity) decreases as 

dl(x) 
dx 

= —I(x)V(x) = —I(x)cny (4.46) 

= -<tJ(2), (4.47) 

or 

dl(z) 
dz 

where z is an areal number density defined as nx. If, however, other processes are 

involved to supply the population of a molecular ion charge state q, e.g., either electron 

capture or electron loss, the above differential equation can be modified to include 

those processes as follows: 

= - a ^ I ( z ) -(- ^ q , ) l W ) { z ) , (4.48) 

where indicates a cross section, either electron capture or electron loss, from 

a molecular charge state ^ to a charge state q. 

In the process of electron loss or electron capture, the molecular ion, if not dis-

sociated through the collision, can either go through a single-collision process or a 

double-collision process. In the present study, only single-collision processes were as-

sumed for two reasons. First, the flight time inside the gas cell is short (a few ns). 

Second, the target density is low (a few monolayers), otherwise dissociation will be 

dominant. Therefore, all the calculations were based on this single process model. In 

the measurement, the pressure inside gas cell was maintained below 20 mTorr [106]. 
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Since the mean free path of N2 gas at room temperature is calculated from the formula 

Tp 
— = 5.9 x 10"5, (4.49) 

m mbar 

the mean free path at a maximum pressure of 20 mTorr is calculated as 

fJOyl 0~~5 

1 = on i ooo TTTT = 2 - 2 1 X 1 0"3 m- (4-50) 
20 x 1.333 x 10~3 v ' 

The average velocity of nitrogen gas (N2) at room temperature (T = 273°K) is cal-

culated as follows 

/ RRT / T 
c — \ — = 146 J — m/s = 477.9 m/s, (4.51) V 7T x M m o l a r V M x ' 

where Mmoiar is molar mass in g/mol and Mr is relative molecular mass in u. There-

fore, the interval for each collision is calculated to be around 4.62 /is which is long 

compared to the time of a MeV ion to pass the gas cell. 

Since some of molecular ions are in excited electronic states which are bound, they 

undergo a dissociation process, i.e., natural dissociation with lifetime r in analogy to 

the radioactive decay laws. The surviving molecular ion intensity actually measured 

at the surface barrier particle detector is given by 

4el = /^J^e- < U ) / r ( , ) , (4.52) 

where 1^ is the number of ions coming out of the gas cell with charge state q and 

denotes the geometric transmission factor through the beamline which is equivalent 

to V described in the previous section. The flight time of an ion with mass M and 

energy E can be calculated from 

= = (4.53) 
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where lg is the total distance that the ion will travel to the detector after being 

scattered inside the gas cell and v is the molecular ion velocity. From the ideal gas 

law 

PV = NkT, (4.54) 

the number density n = N/V at room temperature can be written as a function of 

gas pressure P as follows 

P_ 
cT 
6.022 x 1023 P (mTorr) 273 K 

n = , _ 
kT 

22.4 x 103 cm3 ' 7.6 x 105 mTorr ' 300 K 

= 3.22 x 1013 P mTorr-1 cm -3. 

(4.55) 

Substituting the total effective length of the gas cell s = 14.4 cm, the areal number 

density z can be written as 

z = ns = 4.64 x 1014 P mTorr-1 cm -2, (4.56) 

hence the conversion factor can be defined as follows 

- = 2.16 x 10-15 mTorr cm2, (4.57) 
z 

The incident ion velocity v can be calculated from the previously derived relation in 

Eq. (4.31). 

When molecular ions with charge state q collide with gas molecules in a gas cell, 

the population in the transmitted beam will decrease as the pressure (or gas target 

thickness) in the gas cell increases, whereas the population of other charge states 

such a s g + l o r g — 1 will initially increase at lower pressure through the electron loss 

or electron capture process. But their population will also decrease as the pressure 

goes up due to their own dissociation and decrease of charge state q. Therefore, for 
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the measurement of the interaction cross section, the transmitted ions are measured 

instead of scattered ion [see Fig. 4.18]. 

Figure 4.19 shows intensities for three different molecular charge states as a func-

tion of nitrogen gas pressure in the gas cell for 1.5 MeV 1 0BnB l + . The intensities were 

normalized to 1 nA at the Faraday cup after the 90° magnet and before injection to 

the accelerator with slit settings ±4 mm. Each plot provides cross sections for three 

different processes. 
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Figure 4.19 Intensities of each molecular charge state as a function of nitrogen gas 
pressure when 1.5 MeV 10B11B1+ ions were injected. 

According to the single process model as described earlier, only two processes need 

to be considered: charge-conserving process (total interaction) and charge-changing 

process (electron loss or electron capture). 
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4.6.1 Charge-conserving (AB9+ —• AB9+) process: 

For the charge conserving process (e.g., B^+ -> Bl"1", B̂ "1" —> B|+ , etc.), the rate 

equation for surviving molecular ions when molecular ions with charge state q are 

injected can be written as 

d l i ^ = -a iq)Iiq)(z), (4.58) 

where is the total interaction cross section due to all scattering processes including 

dissociation, electron loss, and electron capture. The solution of the above equation 

is 

I^(z) = (4.59) 

where IQ is the number of injected molecular ions into the gas cell. Since the ions are 

metastable, they decay in analogy to the radioactive decay law. The actual number 

of ions detected at the particle detector is 

1^ = f(q)I(q)e-t(q)/rU\ (4.60) 

where I ^ is the number of ions coming out of the gas cell with charge state q, is 

a flight time, and denotes a geometric transmission factor through the beamline. 

The total interaction cross section can be calculated by fitting the experimen-

tal data curve with an exponential function 

I%=A,e-"'F. (4.61) 

From the comparison between the fitted function and theoretical expression, two 

relations can be derived: 

f(q}l(q)e-tM/rM = ( 4 . 6 2 ) 
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and 

a{q)z = BqP. (4.63) 

The total interaction cross section of a molecular ion of charge state q can 

be calculated from Eqs. (4.57) and (4.63). This is applicable for all measured charge 

states. The calculation results are shown in Chapter 5. 

4.6.2 Charge-changing (AB9 + —• AB9+) process: 

The charge changing process, for incident charge state q' and exiting (measured) 

charge state q, can be written as 

(JLZ> 

= /(«> + (4.64) 

where the previously calculated Eq. (4.59) was used for I^q'K The two subscripts I 

and c in * indicate respectively the electron loss cross section and the electron 

capture cross section from the molecular charge state q' to q. By substituting a 

following trial solution to the above equation 

!<«> = A e-<r(,)* - B e'^2, (4.65) 

the coefficients can be calculated as follows 

A ~ B ~ a(q) _ a(q>) ' ( 4 - 6 6 ) 

where initial condition, (0) = 0 at z = 0, was used. The solution becomes 

_ ( « * - « ' ) j W ) . , v 

I(9)W = X - a M (e~°* ^ ^ ) • ( 4 ' 6 7 ) 
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In the low pressure region, where a ^ z 1 and o ^ z 1, the above solution may 

be approximated to second order as follows 

« (a<«> + a ^ ) z2] . (4.68) 

The measured molecular ion intensity of charge state q at the detector becomes 

1 = / (9)/ (9)e-<( ' ) /T( ' \ (4.69) 

where is a geometric transmission factor of the molecular ions of charge state q. 

The measured intensity can be fitted quadratically for the first few data points in the 

low pressure range as follows 

=Alt,P + BwP2. (4.70) 

By comparing the coefficient of the 2 term, a first relation can be derived 

= A (4.7i) 
' z 

also by comparing the coefficient of the z2 term, a second relation is derived 

<r(^' ) /
(<, )

/(9' )e- i
( , ) /T( , ) 1 ^(g) + = _Bqqi ^ (4.72) 

The charge changing cross section a c a n be written, by substituting Iq '̂  from 

Eq. (4.62) into Eq. (4.71), as follows: 

(T(9<-9 ) _ I t l ( A 71\ 
hc ~ f(*) e-t<»/r(«) Ag, Z • (4J3) 

In the above equation the geometric transmission factors and of charge state 

q and (( respectively were assumed to be equal. Because the energy is not changing 
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in the charge changing process, the flight times and are the same and can be 

cancelled. Then the above cross section becomes 

<474) 

It can be calculated with the previously measured mean lifetimes and 

Before a measurement of the cross section, the base pressure in the gas cell is 

recorded from the Baratron capacitance manometer and the pressure in the post 

acceleration beam line are recorded from the ionization gauge for the pressure cal-

ibration. Also, the ion source current and the injection current at 90° magnet are 

recorded for current normalization. In the measurement, the stability of the beam 

(source current) is crucial because the measured intensity must be normalized to the 

current at the 90° magnet. Also, the beam needs to be carefully optimized. The gas 

pressure inside the gas cell was adjusted by using a needle valve and a pressure regu-

lator attached to the externally connected gas bottle. The depth profile mode in the 

tandem accelerator systems control (TASC) program was used to record the intensity 

change as a function of time. The program was designed to analyze a sample as a func-

tion of sputtering time thus the depth information is acquired. Several masses can be 

selected and analyzed sequentially. For each mass, all the particles entering into the 

particle detector within an energy range set by a window are integrated and displayed 

on the Texas Instruments Data Acquisition System (TIDAS) screen. The integration 

energy range window (lower limit and upper limit) can be set for each mass with the 

operation parameters. For the measurement, the first mass was set for mass 4, He, 

which does not form a negative ion, so that the mass 4 spectrum is acquired for a long 

enough time (~ 60-100 s) which allows the gas pressure inside the gas cell to reach 

an equilibrium or quasi-equilibrium. Then, the ion spectrum is acquired for a rea-
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sonable time (~ 5-10 s) depending on the intensity. While the spectrum is acquired, 

the gas pressure is read from the capacitance manometer and recorded. After the 

measurement, the gas pressure is changed for next measurement. The source current 

is recorded after each measurement for normalization. Figure 4.20 shows an exam-

ple of the mass scan spectrum of charge-conserving (1 0BnB1 +) and charge-changing 

(1°B11B2+) processes when 3 MeV 10B11B1+ ions are injected through the gas cell. 

10 4 

10a 

ID 102 

1 ,0-
| 10° 
o 

-1—I—'—I—1—I—1—I—'—I—'—I—1—I—1—I—<-
10B11B1+ + N3 ->

 10B11Bq+ 3 MeV 
i °B i i

b
1 + 

• • • • • • • % 10g11 g2+ 

• • 

10 

10 

-1 

He 

i , i • i J i I i I i I 

10B11B1+ 

A * A 

He 

<j I J L—j I i I u 
0 10 20 30 40 50 60 70 80 90 0 5 10 15 20 25 

Time (min) Time (min) 

Figure 4.20 Mass scan spectrum of charge-conserving and charge-changing processes. 

The figure on the left shows the intensity changes as a function of time. Although 

each mass is acquired sequentially, the computer program assigns the time range 1-30 

minutes to the first acquiring mass and the next mass 30-60 minutes, and so on. The 

figure on the right was reproduced from the data by subtracting 30 minutes from the 

second spectrum and 60 minutes from the third spectrum. Since the spectrum does 
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not have pressure information, the previously recorded pressure values are entered 

with the intensity data for each corresponding time. The intensity measurement as 

a function of gas pressure provides indirect information on collision-induced cross 

sections as explained previously [see Fig. 4.19]. The electron loss cross sections and 

electron capture cross sections of the boron diatomic molecular ions are summarized 

in Chapter 5. 

4.7 Statistical Treatment of Experimental Data 

Since lifetimes and cross sections were determined by inserting statistically obtained 

measurements to formula, a proper error analysis is required. Suppose a quantity Q 

is to be calculated from several quantities a, b, c,...: 

Q = /(a,6,c, . . .) , (4 .75) 

then the variance of Q is calculated as [107] 

where OQ, <t„, and are the variances of Q, a and 6, respectively. The fractional 

standard deviation is obtained by simply dividing by Q^ 

As an example, if the quantity Q = ambn, then the fractional standard deviation is 

expressed as follows 

(?) =m2(?) +n2(ir) • <4-78' 
The mean lifetime is calculated from a formula shown in Eq. (4.32) 

t t 
T ~ to (l + ~ In (l + l/)' ( 4 ' 7 9 ) 
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where t is the flight time taken for an ion of mass M and energy E travels from the 

exit of ESA and particle detector. Therefore, the error is in the measurement of flight 

time and the fractional dissociation ratio r). The flight time is also calculated from 

Eq. (4.29) 

t = = i = d J K (4.80) 
v V 2E v ' 

where the travel distance d was measured to be 238.8 ± 2.5 cm. The ion energy is 

calculated from Eq. (4.1) 

E = eVinj + (q + l)eVT — A E. (4.81) 

Since both of the injection potential and the terminal potential VT is usually 

stabilized within 1% of fluctuation, the error in the energy can be calculated as 

og = 0.001J5. The error in the flight time is thus calculated as 

(?)'- ( i f * ( % ) ' • ™ 

The fractional dissociation ratio rj, which is defined as AN/N, carries an error from 

the measurements of N and AN. Considering one standard deviation error (V~N and 

VAN, respectively) in the measurements, the error of the fractional dissociation ratio 

r] is calculated as 

Finally, the fractional standard deviation of the lifetime r is calculated as follows 

(?)' -(?)'• (jn̂ fcs)' - (in53y • 
The error in the interaction cross section is from the measurement of the length of 

the gas cell, pressure measurement, and from the fitting of the data. The error in the 
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measurement of the length of the gas cell is a s ~ 0.2 cm. The error in the pressure 

is a fraction of 1%, i.e., crp ~ 0.01P. The error of the fitting aBq is provided by 

the fitting programs. The the fractional standard deviation of the interaction cross 

section is calculated as follows 

2 

( S ) ' - ( T ) * ( ? ) ' • ( T ) ' 

+ 1.0 x 10-4 + 1.9 x 10~4, 
B„ 

-4 (4.85) 

where agq = was assumed. 

The error in charge changing cross section is calculated from Eqs. (4.74) and (4.77) 

as follows 

g«V) \ _ 
l __ i 

r(g) r(*') 
1 T ) J r(«> 

2 / r r \ 2 

($ )"• 

Aq! 

ft?)'] 

»)•• (?) ' 

. e x p (•£ 

+ fe) V 
1 _ 1 

e x p ^ - ^ y ) 

+ - r ~ + t - + 1.0X 10-4 + 1.9 x 10-4, 
Aqq> Aq, 

(r(«)
 +
 r(«')) 

(4.86) 

where <7r(t> = Vr^T, <Tr(,') = Vr^ ' \ aAtq, = \jAqq>, and aAql = <Ja^ were assumed. 

Although careful measurements were made, there can be always spurious data. 

This can be due to instability in the ion source, instability in the terminal voltage, 

or drifts of magnets and ESA. After making N measurements of a quantity, if the 

probability of obtaining a measurement is less than 1/2N it can be rejected. This 

criterion is known as Chauvenet's criterion. In other words, after calculating the 

standard deviation a for the set of observations, any observation whose deviation 

from the mean is larger than 1.96cr can be safely discarded [107]. 



CHAPTER 5 

RESULTS 

In this chapter, ab initio calculations and experimental results are presented. The ab 

initio calculation results include bond lengths, electron affinities, dissociation ener-

gies, and potential energy surfaces. The experimental results include mean lifetimes 

of B2 and SiF, and collision-induced cross sections (dissociation, electron-loss, and 

electron-capture) of the boron diatomic molecule. For the molecular orbital calcula-

tions, the basis set 6-31+G(d) was used for the smaller molecules (e.g., B2, C2, etc.) 

and the basis set D95+(d) was used for the larger molecules (e.g., AlO, SiF, etc.) 

unless otherwise specified. Detailed basis set options and their effects are described 

in Appendix C. 

5.1 Bond Lengths 

The bond lengths were calculated through a geometry optimization with an option 

F O P T for each electronic state. In this theoretical study, for each charge state, three 

multiplets were studied (e.g., 2S1 + 1 = 2,4,6 for B|+ , and 2 5 + 1 = 1,3,5 for 

SiF3+) and the equilibrium bond length of the lowest energy state was calculated. 

Usually one or two low-lying bound electronic states (£u or £9) were calculated. 

Unfortunately, all methods except CIS cannot identify higher electronic states such 

as II or A. Therefore, if a molecule has its lowest electronic state in II or A, it could 

not be calculated by using geometry optimization. Some examples of input/output 

for geometry optimization are shown in Appendix B. 

100 
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In most cases, the experimentally measured bond lengths are available only for 

neutral molecules which are compared with the ab initio calculations. Table 5,1 

shows bond lengths of the lowest bound states of diatomic molecules for charge states 

q = — 1 to 3+ calculated using the QCISD(T) method. No bound state was found for 

the 4+ charge state among the diatomic molecules being studied from the geometry 

optimization. 

Table 5.1 Bond lengths of the lowest bound states for each charge state calculated 
using the QCISD(T) method (units in A ) . The electronic states are shown in paren-
theses. 

q = — 1 q = 0 9 = 1 q = 2 q = 3 Expt." 
W2 1 .58CE+) 0.75(1E+) 1.05(*E+)6 WJX NjX O7T414 

Li2 3.11(2E+) 2.74(1E+) 3.17(2E+)6 3.01(3E+)& Not Bound 2.6729C 

B 2 1 .63( 4 EJ) 1 .60 ( 3 E; ) 1.56(4E~) 1 .50 ( 3 E; ) 1 .83( 4 EJ) N / A 

C 2 1-29(2E+) 1.26(1E+) 1.42(4E~) 1 .46( 3 EJ) 1.54(4E~) 1.2425C 

AlO 1 .67( 1 E + ) 1 .66( 2 E + ) L ^ E - 1 - ) 1 .61( 2 E + ) 2 .12( 1E+) 1.6176C 

SiFrf
 1 .75(3S+) 1.69(2S+) 1 .57( 1 S + ) 1 .55( 2 S + ) 1 .61( 1 S + ) 1.6008C 

"Measured for neutral molecules. 
*UHF/6-31+G(d) method. 
cUltraviolet spectroscopy (UV) method. 
dFor SiF1+, Re = 1.526 A [46]. 

The ab initio calculation agrees with the measurements to less than 0.1 A for the 

molecules studied. The electronic state of C2, when compared with Herzberg's data 

of 1967 [1], did not agree with the spectroscopic data. Mulliken and Ermler corrected 

it in 1977 as follows [2]: 

For the isoelectronic molecules C2, BN, and BeO, for a long time there 

were doubts as to whether the ground state is ... 3cr24<r2 l7r35cr, 3II or 

.. .3<724<t2 hr4, 1E+. For C2, it was finally established that, by a small 

margin, JE+ is the ground state. 
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Also, for SiF, according to Herzberg the ground state is 2IIr, whereas ab initio 

calculations show that the ground state is 2E. Unfortunately, there are no other data 

available for comparison. 

In the calculation for the L\2 molecule, only the Hartree-Fock (UHF) method 

was used for the charge states q = 1+ to 3-h No triply charged L12 bound state was 

found from this calculation. 

5.2 Electron Affinities 

In the present study, the geometry optimization was performed for negative molecu-

lar ions and neutral molecules to calculate the adiabatic electron affinities (EAs) of 

molecules which are defined as the energy difference between the lowest (ground) state 

of the neutral and the lowest state of the corresponding negative ion [see Fig. 3.4]. 

Vertical transition values were also calculated for comparison with the experimental 

values. The three lowest multiplets were studied for each molecular charge state. The 

electron affinities were calculated from Table 5.1. 

Calculated electron affinities are compared to experimental results in Table 5.2. 

The electron affinities of corresponding atoms are listed for comparison. The va-

lence of a neutral molecule was calculated according to the number of electrons and 

occupation of molecular orbitals from the population analysis [see Fig. 2.4]. 

The calculated results show that the electron affinity increases as the valence 

increases. Experimental data were not available for comparison except for the carbon 

diatomic molecule and aluminum oxide molecule. For smaller atoms (H, Li, and 

B), the EAs were calculated negative when a basis set 6-31+GI(d) was used. These 

atoms may have stronger configuration interaction. The EA of H2 molecule was 
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Table 5.2 Comparison of electron affinities between the ab initio calculations and the 
measurements for diatomic molecules. The electron affinities of corresponding atoms 
are listed for comparison. The vertical transition values are given in parentheses. The 
units are in eV. 

Species Valence Ab initio Experiment Method Ref. 
H 1 0.654° 0.754195 LPTC [108] 
H2 2 -1.732 (-1.715) N/A 
Li 1 0.613" 0.618 LPTC [109] 
LI2 2 0.401 (0.479) N/A 
B 3 o •—1 00

 p 0.277 LPESd [109] 
B2 6 1.626 (1.635) N/A 
C 4 0.921B 1.2629 LPTC [109] 
c2 8 2.838 (2.933) 3.269 LPESd [110] 
0 6 1.0846 1.4611103 LPTC [111] 
Al 3 0.0886 0.441 LPESd [109] 
AlO 1 2.441 (2.443) 3.62 TDEqe [112] 
F 7 3.0234 3.401190 LPTC [113] 
Si 4 1.101' 1.385 LPES4* [109] 
SiF 3 3.576 (3.598) N/A 

°QCISD(T)/6-31 i++G(3df, 3pd) method. 
6QCISD(T)/6-31+G(d) method. 
claser photodetachment threshold. 
rflaser photoelectron spectroscopy. 
temperature dependent equilibrium constant. 

calculated to be —1.732 eV even with a basis set 6-311++G(3df, 3pd), which indicates 

endothermic. That may be the reason why molecule has never been observed from 

the hydrogen cathode. In general, the calculation results showed some deviation from 

the measurements. As in the case of the lighter atoms, the use of a bigger basis set 

may show better agreement between measurement and theory. The EA of AlO (2.441 

eV) was calculated higher than that of A1 (0.088 eV). This result agrees with the 

measurement by Anthony et al. [90] that AlO- has a higher yield than Al~ from the 

negative ion source. 
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5.3 Dissociation Energies 

In order to find bound states, the CIS (single-excitation configuration interaction) 

method with an option SCAN [8] was initially employed for various molecular ions. 

Since the electronic state of the "initial" state (usually ground state) is predicted 

by the calculation, the other states (usually excited states) were analyzed by their 

degeneracies and electronic configurations. For a bound state electronic orbital, the 

dissociation energy De was calculated from the difference of the minimum energy at 

the equilibrium bond length Re and the maximum energy at larger separation. 

Potential energy surfaces were studied for triply charged B2 using the CIS method 

with the SCAN option. The ground state X 2E+, which has an electronic configuration 

of <t2<j2o2o\, is not bound. There are at least six bound excited states in the doublet 

state which make the ion metastable [see Fig. 3.2]. However, there are no bound 

quartet states [see Fig. 3.3]. Table 5.3 shows the electronic configurations, equilibrium 

bond lengths, and dissociation energies of six bound states. The assigned molecular 

term symbols are based on the dominant configuration of the molecular wavefunction 

at a bond length of 1.6 A . Some S states were calculated using the QCISD(T) 

method with an option SCAN for comparison. 

Potential energy surfaces were studied for singlet and triplet states of the SiF3+ 

molecular ion using the CIS method with an option SCAN and a basis set D95+(d) . 

The ground state was found to be a triplet, X 3II, with an electronic configuration of 

o 2 o 2 o 2 a 2 t t W W t t V 1 , and was weakly bound (0.8 eV). The singlet state of SiF3+ 

had at least two rather strongly bound excited states. The triplet state had at least 

three rather weakly bound states including the ground state. All other states were 

repulsive. Figures 5.1 and 5.2 show the potential energy surfaces of singlet and triplet 
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Table 5.3 Summary of bound states of B̂ "1" analyzed using the CIS with the basis 
set D95+(d). Some S states were calculated using the QCISD(T) for comparison. 

CIS QCISD(T) 
State Configuration" Re( A) Da (eV) Re (A) De (eV) 
x * s t g u g u Not Bound Not Bound 
22£+ (P1 (P <P (T^ (7* 

uguuuguuug 
1.73 0.88 — -

i2n„ 1.48 5.03 1.76 0.72 
12EJ 1.62 2.69 - -

i 2 n s ag<°g'Kg 1.83 0.31 
2*ns 1.67 1.18 
32n„ 2.03 0.72 

"Calculated at R = 1.6 A. 

SiF3+, respectively. 

All the bound states are shown as solid lines. The ground state X 3I1 (dark 

solid line in Fig. 5.2) is in a triplet state, and has slightly lower energy than 13£. 

Having the same symmetry, the 2 3II and the 3 3II states in the triplet did not cross 

(representing a so-called avoided crossing) around R = 1.8 A thus leaving the 3 3II in 

a bound state. Table 5.4 shows the electronic configurations, the equilibrium bond 

lengths, and the dissociation energies of the bound states. 

Although the electronic configurations of two bound excited states, 11A and 51E+ , 

are identical, they can be distinguished because 51E+ has a degeneracy of 1, whereas 

1 h a s a degeneracy of 2. 

5.4 Highly Charged Diatomic Molecules 

Since the first observation of triply charged diatomic boron molecular ions [3], the 

experiment has been repeated to confirm its reproducibility. The highly charged 
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Figure 5.1 Potential energy curves of the singlet SiF3+ calculated using the CIS 
method and an option SCAN with a basis set D95+(d). 

molecular ion studies were immediately extended to other diatomic molecular ions. 

It is surprising that those triply charged diatomics, although most of them are in 

metastable excited electronic states, survive long enough to be detected at the end 

of the AMS beamline. For example, the velocity of 3 MeV ion is approximately 

5.25 X 10® cm/s, and the flight time for a distance d = 935 cm from the gas cell to 

the particle detector is calculated t ~ 1.8 fis. 

Theoretical confirmation is possible through the ab initio studies. In the present 

study, the search was restricted to diatomic molecular ions. The existence of a molec-

ular ion at a charge state was decided from the energy spectrum. If a homo nuclear 

molecular ion exists at a certain charge state, the energy spectrum should show one 

molecular peak at a higher energy and one atomic fragment peak at half of the 
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Figure 5.2 Potential energy curves of the triplet SiF3+ calculated using the CIS 
method and an option SCAN with a basis set D95+(d). 

molecular energy. If a hetero nuclear molecular ion exists at a certain charge state, 

the energy spectrum should show one molecular peak at a higher energy and two 

atomic fragment peaks at lower energy depending on the atomic mass. Also, when 

the carbon foil is inserted into the beam path, if the higher energy peak disappears 

it can be assumed to be a molecular ion. If not, it is from an atomic interference. 

Table 5.5 lists experimentally observed molecular ions. For some molecular ions the 

mean lifetimes and cross sections could not be measured due to the atomic/molecular 

interferences. 

After the observation of triply charged B2, a theoretical study was performed for 

the SiF molecule. The results from the geometry optimization and potential energy 

surface calculations support its existence [see Figs. 5.1 and 5.2]. As predicted in the 
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Table 5.4 Summary of bound states of SiF3+ analyzed using CIS. Some E states 
were calculated using the QCISD(T) for comparison. 

CIS QCISD(T) 
State Configuration" R.( A ) D. (eV) Re ( A ) £>e (eV) 
1XE+ aV2cr2<727r27r2<72<727r27r2 Not Bound Not Bound 
1XA cr2cr2<T2cr27r27r20"2a27r17r27r1 1.7 3.55 
5 x s+ .̂2 ̂ .2 ^2 ̂ 2̂ .2̂ .2̂ .1̂ 2̂ .1 a a 0 a ww a air T IT 1.7 2.76 1.61 0.985 
13S+ 9 Jl „2 ̂ .2 ̂ 2 ̂ -2 ̂ .2 ̂ .2 ̂ .1 ̂ 2^2 ̂ 1 a a a a a 7t ir a a w w & 1.9 0.47 1.97 
X3U Jl 9 Jl J2^2^.2 J2 ̂ -2^1 ̂ .2 

(j a a a a w w a a T TT 
1.9 0.80 

3 3 n _2 -2 ~2 «-2 -r 2 —2 ~2 J2 1 
(J (J O O (J IS H G (J It 

1.9 0.23 

"Calculated at R = 1.6 A. 

calculation, the existence of the triply charged SiF could be observed experimentally. 

The first energy spectrum of metastable SiF3+ is shown in Fig. 5.3. This spectrum 

clearly shows dissociation of SiF into Si and F on the path between the ESA and the 

particle detector. 

The solid line shows a spectrum with a molecule peak (SiF) at higher energy and 

atomic fragments (F and Si) at lower energy. The dotted line shows the spectrum 

when a carbon foil is inserted with a coincident peak at higher energy and atomic 

fragments at lower energy. The peaks with a carbon foil are shifted slightly to lower 

energy due to the energy loss through the carbon foil. The spectrum shows increased 

atomic-fragment signals when a foil is inserted. When the two atomic fragments both 

strike the detector, they are in coincidence. Although this coincidence occurs with 

small probability within a sweeping time (~ 1 ns), the detector records the sum of 

the energies of the fragments as if a molecule had struck the detector. 

Interestingly, both C2 and Si2 (homologue of C) were not observed in the triply 

charged state. Whereas, both B2 and AI2 (homologue of B) were observed in the 
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Table 5.5 The existence of highly charged molecular ions. 

Charge State 
Molecule Mass 

1+ 2+ 3+ 
Interference" 

20 V V V 
6Li14N 

B2 21 V V V 
7Li14N 

22 V V V 
7Li15N 

24 V V 
C2 25 V V 

26 V V 
43 V V V 

AlO 44 V "J V 
45 V V V 
47 V V V 

47Ti 

SiF 48 V V V 
48Ti 

49 V V V 49Ti 

Al2 54 V V y/ 54Fe 

56 V y/ 5eFe 

57 V V 57pe 

Si2 58 V V 
58Fe; 58Ni 

59 V V 
59Co 

60 V V iS°Ni 

"Observed from the energy spectrum. 

triply charged state. From an ab initio study, Bruna and Wright [29] predict the 

lifetime of All"1" to be in the 20-30 /is range. This leads to the conclusion that the 

stability of a molecular ion is related to the molecular electronic structure, not simply 

to the valence electrons. The detail molecular electronic structure can be understood 

through theoretical studies. 
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Figure 5.3 Energy spectrum of metastable SiF3+. The solid line shows a spectrum 
with a molecular peak (SiF) at higher energy and the atomic fragments (F and Si) at 
lower energies. The dotted line shows a spectrum, when the carbon foil is inserted, 
with a coincident peak at higher energy and atomic fragments at lower energies. 

5.5 Mean Lifetimes 

When a long-lived molecular ion is formed in a metastable state, it will spontaneously 

dissociate with a mean lifetime r, not through the collisions. The number of molecular 

ions N after time t can be calculated by 

N = NO e -</T, 

where NQ is number of molecules at time t = 0. 

Since the number of atomic fragments can be calculated by 

(5.1) 

AN = N0-N = N0 (L- E-'/R) , (5.2) 



I l l 

the mean lifetime r can be calculated as follows 

T = In ( l + = 1b(1 +!)) ' ( 5 ' 3 ) 

In this study, the fractional dissociation ratios 77 = AN/N were measured for 

diatomic molecular ions dissociated between the ESA and the particle detector for 

charge states q = 1-3 as a function of molecular ion energy. For a particle with energy 

E and mass M, from the non-relativistic kinetic energy equation 

E = \Mv2 = \ x 931.5 x M ( - V MeV, (5.4) 
Z Z \0 / 

the velocity can be calculated as follows 

W s o t ^ 1- 3 9 * 1 0 9 ^ 8 - <5-5> 

Then the flight time t required to travel a distance, d = 238.8 cm, from the ESA to 

the detector in Eq. (5.6) was calculated by 

d 238.8 [M , - [M 
, = z = m 7 w h

 = 1 J 2 * m V s 8 ' (5-6) 

where the ion energy E is in MeV and the ion mass M is in u. 

The mean lifetimes were measured for 2-3 MeV B^4", q = 1-3, ions in order 

to study the isotope effect. For the charge state 2+, the lifetimes were measured 

for 10B11B molecule, because the other two homo nuclear diatomics have atomic 

interferences. The results show in Table 5.6. 

The measured lifetimes pretty well agree for triply charged molecules. However, 

they differ for singly charged molecules. This result can be explained that 1 0B nB 

molecule has a molecular interference from 10B21H and UB2 molecule has molecular 
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Table 5.6 Comparison of mean lifetimes of B|+ , q = 1-3, for 2-3 MeV. 

Energy Ion Nb2 AMOB AiVnij N/ANa r (^s) 
1 0 B| + 428201 621 — 689.5 375±16 
i°B11B1+ 403298 316 294 661.1 369±15 
nBl

2
+ 1041112 — 595 1749.8 998±42 

2 MeV 1 0 b 1 1 b 2 + 107483 497 489 109.0 61.0±2.0 
10B|+ 29234 2857 — 10.2 5.8±0.1 
1 0 b 1 1 b 3 + 16952 754 756 11.2 6.5±0.2 
n B l + 6722 — 600 11.2 6.7±0.3 
10B\+ 266551 592 — 450.3 200.1 ±8.5 
1 0B1 1B1 + 240486 303 335 376.9 171.7±7.0 
"B*+ 301848 — 704 428.8 199.8±7.8 

3 MeV 1 0 B n B 2 + 153654 470 499 158.6 72.4±2.4 
10Bi+ 13412 1399 — 9.6 4.5±0.1 
1 0 B u B 3 + 4944 442 403 5.8 2.9±0.1 

" B r 10312 — 1025 10.1 4.9±0.2 

"Standard errors */N and \fR~N in measurements were considered. 

interferences from 10B11B1H and 10B21H2. The possible energies from the molecular 

ion and atomic fragments are listed in Table 5.7. 

For mass 21, although there can be a molecular interference from 10B21H, it can-

not be distinguished because the atomic fragments signal appear at the same energy. 

However, for mass 22, the atomic fragment signals from the two hydrides (10B11B1H 

and 10B21H) appear at two other energies. This can be observed in the energy spec-

trum. Figure 5.4 shows energy spectrum of 3 MeV mass 22 (supposedly nB2 diatomic 

boron molecule) in charge state 1+ and 3+. 

Three fragment signals appeared at energies |§ E, and |§E for charge state 

1+. However, the other two atomic fragment signals disappeared except at energy 

T^E for charge state 3+. This indicates that the diatomic boron molecules can form 
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Table 5.7 Possible energies from the dissociation of a diatomic boron molecule of 
energy E and other molecules having the same mass/charge. 

Mass (u) Molecule Energy Species 

20 10B2 

E 
10 171 
20 

10B2 
10B 

21 

10BNB 

"Bo1!! 

E 

fxE 
10 T? 
21 

E 

M . 
10 I7i 

JELfl 

10BnB 
li B 
10B 

" W H 
W H 
10B 

22 

li B2 

10B11B1H 

10B21H2 

£ 
11 J? 
22 
E 

12 17» 
22 
11 EP 
22 
10 p 
22 
£ 

12 o 
22 
11 p 

_22r 
10 p 

_22_L 

U B. 
n B 
i°B11B1H 
UB1H 
11B; W H 
10B 

10B 

a molecule with hydrogen for chaxge state 1+, but cannot survive for charge state 

3+. This will be true for the 10BUB molecule although it cannot be observed. There-

fore, the fractional dissociation ratio N/AN measures differently for charge state 1+. 

When the lifetimes of charge state 3+ were compared, a significant difference due 

to the isotopic effect was not observed. The lifetime for charge state 2+ cannot be 

measured for homo nuclear diatomic molecules (10B2 and UB2) due to the atomic 

interference from B1+ which has the same mjq value. 

In a collision with a target atom, the electrons of the incident atom/molecule are 

excited and the population of each excited state may vary with collision energy. Thus 
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the mean lifetime may depend on the collision energy. Table 5.8 shows measured 

mean lifetimes of 10B11B9+, q = 1-3, for 1-8 MeV. Since the collision occurs inside 

the stripping canal, the actual collision energy Ec in the middle of the stripping canal 

can be calculated for a charge state q from the ion energy E in Eq. 4.1 

E = eVinj + (q + l)eVr — A E, (5.7) 

as follows 

Ec = eVinj + eVT - ±AE = E + E - qeVT, (5.8) 

where AE is the energy loss through the stripping gas and VT is the terminal'poten-

tial of the accelerator. For measured fractional dissociation ratio N/AN, the mean 

lifetimes were calculated from Eq. (5.3). The errors were calculated from a formula 

in Eq. (4.84) [see Chapter 4]. 

Table 5.8 shows mean lifetimes of 10BnB*+, q = 1-3, for 1-8 MeV. As expected, 

higher charge state ions have shorter mean lifetimes. The mean lifetimes were mea-

sured shorter for higher collision energies. The mean lifetime of the SiF3+ was mea-

sured to be r(SiF3+) = 21.4 ± 0.7 /JS at 4 MeV. 

5.6 Cross Sections 

When a swift molecular ion collides with a gas target, it undergoes various processes 

such as dissociation, electron loss, and electron capture. Once a highly charged molec-

ular ion is produced in the collision process, it also dissociates spontaneously with a 

lifetime r. The intensities of the resulting charge states were measured as a function 

of gas target pressure (or gas target thickness) and incident ion energy. A gas cell has 

been designed and installed for this measurement. The design specifications of the gas 
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Table 5.8 Mean lifetimes of 10B11B9+, q = 1-3, for 1-8 MeV. The collision energy 
Ecollision is calculated in units of keV. 

Eion Ion Ecollision 7Vi°BnB AiVlOB AjVnjj N/ANa r (^s) 

1 MeV 10BUB1+ 537.0 176153 331 331 266.1 210.1±8.5 
10BNB1+ 1037.0 403298 316 294 661.1 369±15 

2 MeV 10B11B2+ 714.5 107483 497 489 109.0 61.0±2.0 
10BNB3+ 553.0 16952 754 756 11.2 6.5±0.2 
ioBnB i+ 1538.0 240486 303 335 376.9 171.7±7.0 

3 MeV 10gllg2+ 1048.1 153654 470 499 158.6 72.4±2.4 
10B11B3+ 803.2 4944 442 483 5.8 2.9±0.1 

4 MeV 
10B11B2+ 

10B11B3+ 

1381.6 

1053.3 

243242 

42160 

986 

7418 

1024 

7237 

121.0 

2.9 

47.9±1.2 

1.3±0.1 

5 MeV 
10B11B2+ 

10B11B3+ 

1715.0 

2303.3 

278353 

43179 

884 

6382 

899 

6252 

156.1 

3.4 

55.2±1.4 

1.4±0.1 

6 MeV 
10BUB2+ 

10BUB3+ 

2048.4 

1553.5 

141111 

41459 

885 

5118 

814 

5106 

83.1 

4.1 

26.9±0.7 

1.5±0.1 

7 MeV 
10B11B2+ 

10BUB3+ 

2381.8 

1803.5 

90521 

90194 

1544 

3828 

1363 

4004 

31.1 

11.5 

9.4±0.2 

3.6±0.1 

8 MeV 1 0BUB3 + 2053.5 69215 5048 5015 6.9 2.1±0.1 

"Standard errors \/~N and \ f K N in measurements were considered. 

cell are described in Appendix E. The collision-induced cross sections (interaction, 

electron loss, and electron capture) were calculated by fitting the experimental data 

to a model which is based on the single collision process [see Chapter 4]. 

When a molecular ion of charge q is injected into the gas cell with an energy E, 

the intensity of the surviving molecule is decreased as the gas pressure is increased. 

Although most of the molecules are dissociated into the atomic fragments due to the 

collisions, some molecules survive to be detected by the particle detector at the end of 

the AMS beamline. Some of the molecules are detected with a variety charge states. 

Unless a molecule dissociates, there is no energy change. But if the charge state is 
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changed, the molecule will have different magnetic rigidity {p/q) and electrostatic 

rigidity (E/q). Therefore, a specific molecular ion having a desired charge state q can 

be selected by scanning the HVEC magnet and the ESA. This scattering process can 

be categorized into two processes: the charge-conserving collision and the charge-

changing collision depending on which charge states are measured. 

For the charge conservation process (q q), the intensity of the surviving molec-

ular ions having the same charge q was measured as a function of gas pressure. This 

process measures the total interaction cross section, but mostly the dissociation cross 

section. Then the measured data were fitted with an equation 

I ^ = A , e - B - p , (5.9) 

and the interaction cross sections were calculated using 

< r " > = B , p (5.10) 

where the conversion factor is calculated in Eq. (4.57) 

p 
- = 2.16 x 1(T15 mTorr • cm2. (5.11) 

Whereas, for the charge changing process (</ -¥ q), the intensities of the produced 

molecular ions having the different charge q were measured as a function of gas pres-

sure. This process measures the electron capture and the electron loss cross sections. 

Also, the measured data were fitted to an equation 

ItT* =A^p + Bwp2, (5.12) 

and the electron loss and electron capture cross sections were calculated by 

Gar-;w)£f (5'13) 



118 

In calculating the electron loss and electron capture cross sections in Eq. (5.12), 

the previously measured mean lifetimes were used from Table 5.8. The detailed 

calculation procedures are described in Chapter 4. The cross sections for the diatomic 

boron molecular ions with the nitrogen gas target are summarized in Table 5.9. 

Table 5.9 Cross sections of 1 0BnB ions in collision with a N2 gas target at 3 MeV. 
The units are in cm2. 

Energy Injected 
Transmitted 

Energy Injected 10BNB1+ 10BNB2+ 10BNB3+ 

10B11B1+ 

3 MeV 10BUB2+ 

10B11B3+ 

(1.26±0.04)xl0~15 

(3.09±0.33)xl0-20 
(2.50±0.87)xl0-16 

(1.15±0.02)xl0-15 

(1.13±0.10)xl0-17 

(2.48±0.28)xl0~17 

(7.38±0.57)xl0~19 

(1.07±0.02)xl0-15 

The dissociation cross sections were measured to be on the order of 10 -15 cm2 

for all three charge states. The higher charge states appear to have smaller dissocia-

tion cross sections. The single-electron-loss (or single ionization) cross section 

was measured to be on the order of 10-16 cm2, and the double-electron-loss (or dou-

ble ionization) cross section was measured to be on the order of 10~17 cm2. 

The single-electron capture cross section was measured to be on the order of 

10~20 cm2, which implies a small branching ratio for this process. A few counts were 

observed for double-electron capture but not high enough intensity for cross section 

measurements. 

The cross sections were also measured for an argon gas target at 3 MeV to inves-

tigate target mass dependences. The cross sections for the diatomic boron molecular 

ions with the argon gas target are summarized in the following Table 5.10. The result 

shows that in general cross sections measured are smaller for the argon gas target. 
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Table 5.10 Cross sections of 10B11B ions in collision with a Ar gas target at 3 MeV. 
The units are in cm2. 

Energy Injected 
Transmitted 

Energy Injected 10B11B1+ 10BuB2+ ioBnB3+ 
10BnB1+ 

3 MeV 10BnB2+ 
10BuB3+ 

(1.10±0.17)xl0-15 

(5.57±0.65)xl0~20 
(1.46±0.85)xl0-16 

(1.12±0.03)xl0-15 

(8.93±0.91)xl0-18 

(7.39±0.64)xl0-18 

(1.56±0.20)xl0~18 

(1.00±0.02)xl0-15 

However, the cross section per nucleon is larger for Ar. 

Finally, the dissociation cross sections of the diatomic boron molecular ions, when 

colliding with a nitrogen target, were measured as a function of energy. The results 

are listed in Table 5.11. The results show that the dissociation cross sections of 

the lower charge states have the higher value at a given collision energy, and the 

dissociation cross sections decrease as the collision energy increases. 

Table 5.11 The energy dependence of the dissociation cross sections of 10B11B9+, 
q — 1-3, in collision with a nitrogen gas target. The units are in cm2. 

Energy 10BnB1+ 10BnB2+ 1 0 B 1 1 B 3 + 

0.6 MeV (1.83±0.03)xl0~ -15 

1.0 MeV (1.67±0.03)xl0" -15 

1.5 MeV (1.54±0.03)xl0~ -15 

2.0 MeV (1.39±0.02)xl0~ -15 (1.25±0.Q5)xl0--15 (1.33±0.03)xl0" -15 

2.5 MeV (1.33±0.02)xl0" -15 

3.0 MeV (1.23±0.02)xl0" -15 (1.14±0.04)xl0--15 (1.07±0.02)xl0--15 

3.3 MeV (1.21±0.03)xl0" -15 

4.0 MeV (1.00±0.02)xl0~ -15 (0.98±0.02)xl0"" -15 

5.0 MeV (0.94±0.02)xl0--15 (0.88±0.02)xl0~ -15 

6.0 MeV (0.78±0.01)xl0" -15 

7.0 MeV (0.74±0.01)xl0--15 

Prom the curve fit of the dissociation cross section listed in Table 5.11 in Fig. 5.5, 
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the cross sections can be described as a function of collision energy as follows 

<71+ ~ 1.65 x 10~15 £-0.24 cm2 (5.14) 

02+ ~ 1.57 x 10~15 £-0.32 cm2 (5.15) 

G3+ ~ 1.82 x 10~15 £-0.46 cm2, (5.16) 

where E is in MeV. Then the interaction distance for each charge state is calcualted 

as 

ai+ ~ 2.29 E~0'12 A (5.17) 

a2+ ~ 2.24 E~016 A (5.18) 

a 3 + ~ 2.41 E'0-23 A . (5.19) 

In order to gain insight into the processes, the scale of the interaction distance 

may be considered. The scale of the interaction distance can be estimated from the 

cross section, thus 

° ~ \ / f ' (5-20) 

Prom the curve fit of the dissociation cross sections in Fig. 5.5, the approximate inter-

action distance is calculated A ~ 2.0 A at 3 MeV. Therefore, the characteristic inter-

action distance is on the order of 1.3 times the B-B bond distance of approximately 

1.6 A calculated from an ab initio study using GAUSSIAN. This implies that a "good" 

theoretical description must include at least the three center problem (B-B-N). The 

interaction potential between two atoms Z\ and Zi can be written approximately in 

the form of a screened Coulomb potential using x as the screening function [114], 

(5.21) 
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Figure 5.5 The dissociation cross sections of diatomic boron molecular ions when 
collide with a nitrogen gas target as a function of energy. 

where a is the Thomas-Fermi screening radius for the collision 

0.885 u o = 0.16 A, (5.22) 
(z{(2 + z\tTf/Z 

where ao is the Bohr radius with a value 0.529 A. At an interaction distance r = 

2.0 A, the screening function is calculated in the Moliere approximation as 0.04. The 

screened Coulomb potential between B and N is 

T „ , 5 -7 -(14.4 eV-A) n f t J , r V(r) ~ j - • 0.04 ~ 10 eV, w 2.0 A 
(5.23) 

which is sufficient to cause dissociation of the molecular ion. Therefore, an interaction 

distance corresponding to the measured cross section do suggest that the large value 

(on the order of a gigabarn) is plausible. 
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Single electron loss cross sections are on the order of 10~16 cm2 which implies an 

interaction involving "non-bonding" core electrons (interaction distances < 80%. of 

the bond distance. That the electron capture cross section is much smaller than the 

other cross section is not unexpected, since the electron in the target atom must be 

moving at a velocity comparable to the velocity of the ion in order to be captured as 

is rarely the case. 



CHAPTER 6 

DISCUSSION AND SUMMARY 

In this study, both theoretical and experimental methods were used to investigate 

physical properties of diatomic molecules. The ab initio calculations were performed 

using GAUSSIAN92 [7] program. Prom the ab initio study, bond distances, electron 

affinities, and dissociation energies for various molecules were calculated. The calcu-

lated bond lengths agreed with the measurements to within 0.05 A [see Table 5.1]. 

The electron affinities, when compared with available data, agreed to within 0.5 eV 

except for a maximum deviation of 1.18 eV for A10 [see Table 5.2]. Prom the single-

excitation configuration interaction (CIS) studies for triply charge boron diatomic 

molecule, the ground state was found to be unbound. However, it has at least 6 

bound excited metastable states that makes it have a "long" lifetime which allows 

detection using the accelerator mass spectrometry (AMS) technique. Triply charged 

silicon fluoride (SiF3+) was also found in bound metastable states only which supports 

the experimental observation. 

Prom the experimental study, the existence of highly charged diatomic molecular 

ions (B|+, A103+, SiF3+, and Al3+) were observed. However, the triply charged 

carbon diatomic molecular ion (C|+) was not observed. Also, the existence of Si|+ 

(homologue of C3+) was not observed. This leads to the conclusion that the stability 

of a molecular ion is related to the molecular electronic structure, as well as the 

valence electrons. Prom the present studies, no charge states higher than 3+ were 

observed which also agrees with the ab initio results. 
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The mean lifetimes of the boron diatomic molecular ions were measured to be 

T{10B\+) = 200.16±0.43 FIs, r(10B11B2+) = 72.37±0.16 f.IS, and r(10Bi+) = 4.48±0.02 

/j,s at 3 MeV [see Table 5.6]. No isotopic effects on the mean lifetimes of boron diatomic 

molecules were observed for the charge state 3+. Also, the mean lifetime of SiF3+ 

was measured to be r(28Si19F3+) = 21.35±0.05 /is. These values can be compared 

with some experimental results. Ben-Itzhak et al. [59] measured mean lifetime of 

NeAr2+, obtained by charge stripping of a 900-keV NeAr+ beam in an Ar gas target, 

to be 275±25 nsec. Field and Eland [115] measured the mea.n lifetime of C02 + to 

be (600l|oo nsec). In the present study, the mean lifetime of CO molecular ion could 

not be measured due the atomic interference of Si. 

Collision-induced cross sections were measured for the diatomic boron molecular 

ions incident on a nitrogen gas target by using a differentially pumped gas cell. The 

dissociation cross sections of B|+ , q = 1-3, were measured to be on the order of 10-15 

cm2 in the energy range 3-6 MeV. The dissociation cross section was measured to 

be lower for the higher charge states, and lower for the higher collisional energies. 

The single-electron loss cross section of B̂ "1" was measured to be on the order of 

10~16 cm2, and the double-electron loss cross section of B2+ was measured to be on 

the order of 10-19 cm2 for 1.5 MeV. The single-electron capture cross section of B2+ 

was measured to be on the order of 10-20 cm2 [see Table 5.9|. A few counts were 

observed for double-electron capture but not high enough intensity for cross section 

measurements. The cross sections were also measured for an argon gas target at 

3 MeV to investigate target dependences. The result shows that in general cross 

sections measured are larger for the argon gas target [see Table 5.10]. Finally, the 

dissociation cross sections of the diatomic boron molecular ions, when colliding with 
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a nitrogen target, were measured as a function of energy. The results show that the 

dissociation cross sections of the lower charge states have the higher value at a given 

collision energy, and the dissociation cross sections decrease {is the collision energy 

increases [see Table 5.11 and Fig. 5.5]. Ben-Itzhak et al. measured single-electron 

loss cross section of the process NeAr1+ + N2 —> NeAr2+ to be (3±2)xl0 - 1 8 cm2 

which is smaller than that of diatomic boron molecules. At present, there is no 

comprehensive theoretical model to calculate the molecular interaction cross sections 

at collision energies in the MeV regime. It is hoped that these observation will serve as 

stimulus to theorists to investigate the dissociation phenomena and a realistic theory 

of dissociation cross sections will result. 



APPENDIX A 

PHYSICAL CONSTANTS AND CONVERSION FACTORS 

This list contains various conversion factors and physical constants used by GAUS-

SIAN92 in converting from standard to atomic units [8]. 

Constants 

1 Bohr = 0.529177249 Angstroms 

1 Atomic Mass Unit (u) = 1.6605402 x 10~27 Kilograms = 931.49432 MeV 

1 Electron Charge = 1.602188 x 10-19 Coulombs 

Planck's Constant (h) = 6.6260755 x 10-34 Joule-Second 

Avogadro's Number (N) = 6.0221367 x 1023 

1 Calorie = 4.184 Joules 

1 Hartree = 4.3597482 x 10~18 Joules 

Speed of Light (c) = 2.99792458 x 1010 Centimeters/Second 

Boltzman's Constant (k) = 1.380658 x 10~23 Joules/Degree 

Inverse Fine Structure Constant = 137.0359895 

Molar Volume of Ideal Gas at 273.15°K = 0.022411 Meter3 

Conversion Factors 

1 Electron Mass = 0.910953 x 10"30 Kilograms = 0.511003 MeV/c2 

1 Proton Mass = 1822.8880 Electron Mass= 938.279 MeV/c2 

1 Electron Volt (eV) = 23.06035 Kilocalories/Mole 

1 Hartree = 627.5095 Kilocalories/Mole = 27.2116 Electron Volts (eV) 

1 Bohr-Electron = 2.541765 Debye 
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APPENDIX B 

INPUT/OUTPUT OF GAUSSIAN92 PROGRAM 

Executing a GAUSSIAN92 job involves the following steps: 

• Setting u p the GAUSSIAN92 environment. 

• Preparing the input file. 

• Running the program. 

• Examining and interpreting the output. 

This appendix discusses how to prepare input files to calculate bond distances and 

potential energy surfaces performed for this study. Details of the above steps are well 

described in the guide by Foresman and Frisch [8]. 

B.l Initial Guess State 

Single point energy calculations are used to determine an electronic state for a given 

geometry (composite atoms, charge state, multiplicity, and internuclear distance). A 

complete input data file for single point energy calculation is shown for the doublet 

state of B̂ "1" at internuclear distance 1.3 A in Fig. B.l. 

The line beginning with # is the route section for a job. It includes the proce-

dure and basis set for a calculation. The Unrestricted Hartree-Fock (UHF) method 

was chosen with a basis set 6-31+G(d). All route sections must include a procedure 

keyword and a basis set keyword. Additional keywords further specify the type of 

calculation desired and additional options. Although no computation method is spec-

ified in the above example, GAUSSIAN92 performs an energy calculation by default. 

The additional keyword Test prevents GAUSSIAN92 from entering the results of this 

job into the site archive. 
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#UHF/6-31+G(d) Test 

B232IaD: Initial Guess State of 62(3,2) 

3 2 
B 
B 1 r 

Variables: 
r 1.3 

Figure B.l Input for a single point energy calculation for the doublet state of B | + at 
internuclear distance R = 1.3 A using the U H F method with the basis set 6-31+G(d). 

The third line, which is called the title section, consists of one or more lines of 

descriptive information about the job. It is included in the output and in the archive 

entry but is not otherwise used by GAUSSIAN92. This section is terminated by a 

blank line. 

GAUSSIAN92 accepts molecule specifications in two different formats: Cartesian 

coordinates and Z-matrix format (internal coordinates). Both types require that the 

charge and spin multiplicity be specified (as two integers) on the first line in specifying 

molecular structures. The charge is a positive or negative integer specifying the total 

charge on the molecule. Thus, 1 or +1 would be used for a singly charged cation, —1 

designates a singly charged anion, and 0 represents a neutral molecule. 

The spin multiplicity is given by the equation 2 5 + 1 , where s is the total spin for 

the molecule. Paired electrons contribute nothing to this quantity. They have a net 

spin of zero since an alpha electron has a spin of +1/2 and a beta electron has a spin 

of —1/2. Each unpaired electron contributes +1/2 to S. Thus, a singlet — a system 

with no unpaired electrons — has a spin multiplicity of 1, a doublet (one unpaired 

electron) has a spin multiplicity of 2, a triplet (two unpaired electrons of like spin) 

has a spin multiplicity of 3, and so on. 

The units in a Z-matrix are angstroms for lengths and degrees for angles by default; 

the default units for Cartesian coordinates are angstroms. These are also the default 
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units for lengths and angles used in GAUSSIAN92 output. The units can be changed 

to bohrs and/or radians by including the Units keyword in the route section with one 

or both of its options: Bohr and Radian. For the diatomic molecule specification, 

Z-matrix input is simpler as shown in Fig. B.l. It requires only one bond length. 

One blank line at the end of the data file will terminate the job. Since the initial 

guess state depends on the basis set and internuclear distance, caution should be 

made in preparing input data. 

To determine initial guess electronic states, the program uses either the INDO 

(Intermediate Neglect of Differential Overlap) method for smaller diatomics (Li2, B2, 

C2, etc.) or the CNDO (Complete Neglect of Differential Overlap) method for larger 

diatomics (AlO, SiF, etc.) by default. An output is shown for the above input data 

in Fig. B.2. 

PROJECTED INDO GUESS. 
INITIAL GUESS ORBITAL SYMMETRIES. 

ALPHA ORBITALS 
OCCUPIED (?A) (?A) (SGG) (PIU) 
VIRTUAL (PIU) (SGU) (SGG) (PIG) (PIG) (SGU) (?B) (?C) 

(?C) (?B) (?B) (?C) (?C) (?B) (?B) (?C) (?C) (?B) 
(?B) (?B) (?B) (?D) (?C) (?C) (?B) (?C) (?C) (?B) 
(?B) (?C) (?C) (?B) (?B) (?D) 

BETA ORBITALS 
OCCUPIED (?A) (?A) (SGG) 
VIRTUAL (PIU) (PIU) (SGU) (SGG) (PIG) (PIG) (SGU) (?B) 

(?C) (?C) (?B) (?B) (?C) (?C) (?B) (?B) (?C) (?C) 
(?B) (?B) (?B) (?B) (?D) (?C) (?C) (?B) (?C) (?C) 
(?B) (?B) (?C) (?C) (?B) (?B) (?D) 

<S**2> of i n i t i a l guess= 0.7502 

Figure B.2 Output from a single point energy calculation for the doublet state of 
B|+ at internuclear distance R = 1.3 A using the UHF method with the basis set 
6-31+G(d). 

The program used INDO method as an initial guess orbital symmetries to de-

termine molecular electronic state. Alpha orbital corresponds to spin-up state and 
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beta orbital to spin-down in unrestricted method (UHF, UMP2, etc.). The virtual 

molecular orbital state denotes unoccupied state. The number of virtual states de-

pends on basis set. Bigger basis set generates more virtual states and use them in 

solving Hamiltonian. Since a triply charged diatomic boron molecule has 7 electrons, 

one of them is unpaired in a doublet state. The eigenvalue of S2 for the initial guess 

state is calculated to be 0.7502, which is slightly off from a theoretical value 0.75 for 

a doublet state S = 1/2. 

But the program terminated before performing population analysis using the SCF 

(self-consistent field) density. In most cases, if one II state is occupied either in alpha-

or beta-orbital, the job is terminated with a message: 

Alpha density matrix deviates from symmetry by ... 

as in the above doublet Bij+ case. 

One can try a different geometry by changing internuclear distance r or using a 

different basis set for the same r. But if those changes do not solve the problem, one 

can try Guess=Alter option. In Fig. B.3, it denotes that two alpha-electrons at 

molecular orbital state 4 {%u) and 6 (cru) are interchanged. 

With the alternate input, the program properly performs the population analysis 

and determines the electronic state as Eu as in Fig. B.4. 

All the molecular orbital states were determined from the population density 

analysis. The energy eigenvalue of the orbital state is in increasing order. Each 

state SG, PI, and DLT denotes state <r, 7r, and 6, respectively. Also suffixes G and U 

denote symmetry g (gerade which means even) and it (ungerade which means odd) 

respectively. 

Figure B.5 shows the last part of the output, which summarizes the calculation 
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#UHF/6-31+G(d) Guess=Alter Test 

B232IaDl: Initial Guess State of B2(3,2) 

3 2 
B 
B 1 r 

Variables: 
r 1.3 

4 6 

Figure B.3 Alternate input for a single point energy calculation for the doublet state 
of B2+ at internuclear distance R = 1.3 A using the UHF method with the basis set 
6-31+G(d). Two alpha-electrons at molecular orbital states 4 and 6 are interchanged. 

results. 

The total energy of the doublet state of B^4" is calculated to be —46.9659 hartree 

(atomic unit) at internuclear distance R = 1.3 A using the UHF method with a 

basis set 6-31+GCd). The determined electronic state from the population analysis 

is doublet Eu. If an electronic state cannot be determined the state description is 

omitted. Once a state is determined for a given geometry, it can be used for other 

calculations such as geometry optimization or potential energy scan. 

B.2 Geometry Optimization 

This calculation locates equilibrium structures of molecules, or, more technically, 

stationary points on the potential surface. If a given electronic state is bound, the 

program calculates its minimum point (or bond distance) and its total energy. If a 

state has no minimum, the program stops with an error message. 

For example, input data are shown in Fig B.6 to calculate a minimum point of an 

electronic state 2E„ of B^ . 

The program searches for a minimum starting from R = 1.3 A . By choosing this 
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Population analysis using the SCF density. 

3|Cj|C3|C]|C3|C!9|C3|C3|C9|C3|C3(C3|C34C3|C3|C)|C3|C3|C9|C}(C9|C9(C9fC}|C3|C3|C3fC9|C3|C3|C3|C3|C3|C3(C3^3|C3fC3|C3|C9|C3(C3|C3|C3|C9|C3|C3|C3)C}|C3|C3|C3}iC))C>|C3|C3|C9|C3|C3|C3|C3|C3|C3(C3|C9|C9|C9|C9|C>fC]4( 

ORBITAL SYMMETRIES. 
ALPHA ORBITALS 

OCCUPIED (SGG) (SGU) (SGG) (SGU) 
VIRTUAL (SGG) (PIU) (PIU) (PIG) (PIG) (SGG) (PIU) (PIU) 

(SGU) (SGG) (PIG) (PIG) (SGU) (SGU) (SGG) (PIU) 
(PIU) (PIG) (PIG) (SGG) (SGU) (DLTG) (DLTG) (SGU) 
(PIU) (PIU) (DLTU) (DLTU) (SGG) (PIG) (PIG) (SGU) 
(SGG) (SGU) 

BETA ORBITALS 
OCCUPIED (SGG) (SGU) (SGG) 
VIRTUAL (PIU) (PIU) (SGU) (SGG) (PIG) (PIG) (SGG) (PIU) 

(PIU) (SGU) (SGG) (PIG) (PIG) (SGU) (SGU) (SGG) 
(PIU) (PIU) (PIG) (PIG) (SGG) (SGU) (DLTG) (DLTG) 
(SGU) (PIU) (PIU) (DLTU) (DLTU) (SGG) (PIG) (PIG) 
(SGU) (SGG) (SGU) 

THE ELECTRONIC STATE IS 2-SGU. 

Figure B.4 Output from a single point energy calculation that shows population 
analysis using the SCF density for the doublet state of B|+ at; internuclear distance 
R = 1.3 A using the UHF method with the basis set 6-31+G(d). Two alpha-electrons 
at molecular orbital states 4 and 6 are interchanged. 

guess value properly, the calculation can be finished faster without error if there is a 

minimum. Usually it is proper to use 1.1-2.0 A for smaller molecules (e.g., B2, C2, 

etc.), and 2.0-3.0 A for bigger molecules (e.g., AlO, SiF, etc.). Option FOpt denotes 

full optimization which is same to Opt for diatomic molecules, because they have 

only one variable (internuclear distance r) to optimize. 

Since the state 2EU has no minimum the program stops with an error message. 

But the quartet state 4Eg has a minimum. The result is shown in Fig B.7 



133 

Test job not archived. 
l\l\GINC-LEVY\SP\UHF\6-31+G(D)\B2(3+,2)\YKIM\ll-May-1994\4\\#UHF/6-31+ 
GCD) GUESS=ALTER TEST\\B232IaDi: I n i t i a l Guess State of B2(3,2)\\3,2\B 
\B,1,1.3\\4,6\\\Version=Sun-Unix-G92RevC.4\State=2-SGU\HF»-46.9659211\ 
S2=0.767\S2-1=0.\S2A=0.75\RMSD=5.296e-09\Dipole=-0.,0.,-0.\PG=D*H [C*( 
B1.B1)]\\® 

Job cpu time: 0 days 0 hours 0 minutes 50.2 seconds. 
Normal termination of Gaussian 92. 

Figure B.5 Output from a single point energy calculation that summarizes calcula-
tions! results for the doublet state of B|+ at internuclear distance R = 1.3 A using 
the U H F method with the basis set 6-31+G(d). Two alpha-electrons at molecular 
orbital states 4 and 6 are interchanged. 

#UHF/6-31+G(d) Guess=Alter FOpt Test 

B232GaDl: Full Geometry Optimization of B2(3,2) 

3 2 
B 
B 1 r 

Variables: 
r 1.3 

4 6 

Figure B.6 Input for geometry optimization for a state 2£u of using the UHF 
method with the basis set 6-31+G(d). 

B.3 Potential Energy Surface Scans 

A region of a potential energy surface can be studied using the potential energy surface 

scan. A scan calculation, with an option SCAN, performs a series of single point energy 

calculations at various structures, thereby sampling points on the potential energy 

surface. In a calculation, one variable in the molecular structure which is to vary and 

the range of values which it should take on is specified. For diatomic molecule, the 

variable is always internuclear distance R. 
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Test job not archived. 
1\1\GINC-SOLITON\FOPT\UHF\6-31+G(D)\B2(3+,4)\YKIM\10-May-1994\1\\#UHF/ 
6-31+G(D) FOPT TEST\\B234GaD: Ful l Geometry Optimization of B2(3,4) \ \3 
,4\B\B,1,r\\r=l.6677546\\Version=Sun-Unix-G92RevC.4\State=4-SGG\HF=-46 
.8899026\S2=3.75\S2-1=0.\S2A=3.75\RMSD=4.028e-09\RMSF=8.331e-05\Dipole 
= 0 . , 0 . , -0.\PG=D*H [C*(B1.B1)]\\<& 

Job cpu time: 0 days 0 hours 15 minutes 32.2 seconds. 
Normal termination of Gaussian 92. 

Figure B.7 Output from geometry optimization that summarizes calculational results 
for the quartet state of B®"*" using the U H F method with the basis set 6-31+G(d). 
The state has a minimum energy of —46.8899 hartree at Re = 1.6678 A . 

The excited states can be studied using the CIS method with an option SCAN. 

GAUSSIAN92 uses the Configuration Interaction approach, modeling excited states as 

combinations of single substitutions out of the Hartree-Fock ground state; the method 

is thus named Cl-Singles or CIS [8]. The ground state of was determined as 

through the geometry optimization. Excited states of B | + can be studied as in 

Fig. B.8. 

#CIS=(NState=12)/6-31+G(d) SCF=qc Guess=Alter Scan Test 

B232VbD: SCAN Poten t ia l Surface of B2(3,2) 

3 2 
B 
B 1 r 

Variables: 
r 1.2 15 0.1 

4 6 

Figure B.8 Input of a CIS calculation with an option SCAN to investigate the 12 
lowest excited states of doublet state B ^ . A basis set 6-31+G(d) was used. 

The keyword C I S = ( N S t a t e = 1 2 ) specifies that 12 lowest excited states axe to 

be predicted. The calculation will be done for charge state 3 (B®4") and multiplicity 
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2 (doublet state). The option SCAN will perform multiple calculations by changing 

the variable r (internuclear distance) from 1.2 to 2.7 with an interval 0.1 in units of 

A . The electronic configurations and energies of excited states are calculated based 

on the initial state, X 2£+ for this case, of which the electronic state is described as 

in Fig. B.4. This part of the calculation results are shown in Fig. B.9. 

Excitation energies and oscillator strengths: 

CIS WAVEFUNCTION SYMMETRY COULD NOT BE DETERMINED 
Excited State 1: ?Spin -?Sym -2.6311 eV -471.23 nm f=-0.0000 

4A -> 6A -0.99564 
This State for optimization and/or second-order correction: 
Total Energy, E(Cis) = -46.9209955791 

CIS WAVEFUNCTION SYMMETRY COULD NOT BE DETERMINED 
Excited State 2: ?Spin -?Sym -2.6311 eV -471.23 nm f=-0.0000 

4A -> 5A -0.99564 

Excited State 3: ?Spin -SGU 0.5948 eV 2084.52 nm f=0.0473 
4A -> 7A 0.99427 

Figure B.9 Output of a CIS calculation with an option SCAN to investigate excited 
states of doublet state B̂ "*". The result shows the configurations and energies of first 
three excited states. 

The CIS energy of the initial state (X 2E+) was calculated as —46.921 hartree. 

The first excited state was obtained by exciting an electron from occupied orbital 4A 

(<ru) to virtual orbital 6A (wu), where A indicates alpha (or spin-up) orbitals as B does 

beta (or spin-down). Excitations are possible within the same spin state to conserve 

multiplicity. The first excited state was determined as 2II„ from the configuration 

a g a I t has energy —2.6211 eV relative to the initial state X 2£+ and has 

degeneracy of 2. The coefficient of the wavefunction for this excitation is shown to be 

—0.99564 and the probability that the first excited state is in state 2IIU is the square 

of it. The next excited state was determined as 2E+ from the configuration <72<72CT2<X*. 

The energy is 0.5948 eV relative to the initial state and has degeneracy of 1. This 
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analysis was performed for few low-lying excited states for each internuclear distance. 

The potential surface curves are plotted as a function of internuclear distance R in 

Fig. 3.2. Six states were found to be in bound state in CIS calculation, which supports 

the existence of B̂ "1". 

B.4 Single State Scans 

Although the CIS method provides a nice scheme for investigating excited states, 

the calculated orbital energies, and thus electronic energies, are not eigenvalues of 

the spin operator. Therefore, higher level methods (e.g., QCISD(T)) can be used in 

calculating dissociation energies with higher precision. For example, according to the 

CIS method the ground state of B|+ is weakly bound by 0.97 eV, but the geometry 

optimization result using QCISD(T) method shows it has no minimum. The input 

is similar to the CIS method except it has no option NState allowing only one state 

scan. The input data are shown for the ground state of doublet state B^4" as in 

Fig. B.10. 

#QCISD(T)/6-31+G(d) SCF=qc Guess=Alter Scan Test 

B232VtD: SCAN Potential Surface of B2(3,2) 

3 2 
B 
B i r 

Variables: 
r 1.2 15 0.1 

4 6 

Figure B.10 Input of a QCISD(T) calculation with an option SCAN to investigate 
the ground state of B^ . A basis set 6-31+G(d) was used. 

The calculation result show that the ground state is not bound, meaning that the 

triply charged boron diatomic molecule can exist only in a metastable state. Although 
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the QCISD(T) method calculates energies with high precision, it cannot determine 

states other than S state. The calculation reports energies of lower level methods, 

e.g., HF, MP2, and M P 3 energies for QCISD(T) calculation. 



APPENDIX C 

BASIS SET EFFECTS AND POST-SCF METHODS 

As the basis set becomes infinitely flexible, full CI (Configuration Interaction) ap-

proaches the exact solution of the time-independent, non-relativistic Schrodinger 

equation. Some conventional basis sets are shown in Fig. C.l [8]. 

3 1 
I 

Minimal 
STO-3G 

Split-valence 
3 - 2 1 G 

Polarized 
6 - 3 l G ( d ) 

6 - 3 1 1 G(d*p) 

Diffuse 
6 - 3 1 1 G + G ( d , p ) 

High ang. momentum 
6 - 3 1 l G ( 2 d , p ) 

6 - 3 1 1 + + G ( 3 d f , 3 p d ) 

HF MP2 
Correlation — 

MP3 MP4 QCISD(T) ... Full CI 

HF 
Limit 

Schrddinger 
Equation 

Figure C.l Various model chemistries definable via ab initio methods and basis sets. 

Each cell in the chart defines a model chemistry. The columns correspond to dif-

ferent theoretical methods and the rows to different basis sets. The level of correlation 

increases as one moves to the right across any row, with the Hartree-Fock method 

at the extreme left (including no correlation), and the Full Configuration Interaction 
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method at the right (which fully accounts for electron correlation). 

The rows of the chart correspond to increasingly larger basis sets. The specific 

basis sets cited there serve as examples, illustrating the additional types of functions 

added as one moves down any column. The bottom row of the chart represents a 

completely flexible basis set. 

The cell in the lower right corner of the chart represents the exact solution of the 

Schrodinger equation, which is the limit toward which all approximation methods 

strive. Full CI using an infinitely flexible basis set is the exact solution. 

The first cell in the last row of the chart represents the Hartree-Fock limit: the 

best approximation that can be achieved without taking electron correlation into 

account. Its location on the chart is far from the exact solution. 

A basis set is the mathematical description of the orbitals within a system (which 

in turn combine to approximate the total electronic wavefunction) used to perform the 

theoretical calculation. Larger basis sets more accurately approximate the orbitals 

by imposing fewer restrictions on the locations of the electrons in space. 

The standard basis sets use linear combinations of gaussian functions to form 

the orbitals. The GAUSSIAN offers a range of pre-defined basis sets, which may be 

classified by the number and types of functions that they contain. Basis sets assign a 

group of basis functions to each atom within a molecule to approximate its orbitals. 

These basis functions themselves are composed of gaussian functions; the former are 

then referred to as contracted gaussians (or contracted functions), and the latter are 

referred to as primitives. 

Minimal basis sets contain the minimum number of basis functions needed for 

each atom, as is shown in the following example for hydrogen and carbon: 

H: Is 

C: Is, 2s, 2px, 2py, 2pz. 

Minimal basis sets use fixed-size atomic-type orbitals. The ST0-3G basis set is a 
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minimal basis set (although it is not the smallest basis set). It uses three gaussian 

primitives per basis function, which accounts for the 3G in its name. STO stands 

for Slater-type orbitals, and the ST0-3G basis set approximates Slater orbitals with 

gaussian functions. [Slater orbitals have been demonstrated to be the most accurate 

for molecular orbital computations, but they are not as mathematically convenient 

as gaussian functions. This is why the latter are used to approximate Slater orbitals.] 

The first method that a basis set can be made larger is to increase the number of 

basis functions per atom. Split valence basis sets, such as 3-21G and 6-31G, have two 

(or more) sizes of basis function for each valence orbital. For example, hydrogen and 

carbon are represented as: 

H: Is, Is' 

C: Is, Is', 2s, 2s', 2px, 2p'x, 2py, 2p'y, 2px, 2p'z, 

where the primed and unprimed orbitals differ in size. The double zeta basis sets, 

such as the Dunning-Huzinaga basis set (D95), form all molecular orbitals from linear 

combinations of these two sizes of function for each atomic orbital. Similarly, triple 

zeta basis sets, like 6-311G, use three sizes of contracted functions for each orbital-

type. 

Split valence basis sets allow orbitals to change size, but not to change shape. 

Polarized basis sets remove this limitations by adding orbitals with angular momen-

tum beyond what is required for the ground state to the description of each atom. 

For example, polarized basis sets add d functions to carbon atoms and / functions to 

transition metals, and some of them add p functions to hydrogen atoms. 

The polarized basis set 6-31G(d) indicates that it is the S-31G basis set with d 

functions added to heavy atoms. This basis set is becoming the standard basis set for 

calculations involving medium-sized systems. This basis set is also known as 6-31G*. 

Another popular polarized basis set is 6-31G(d,p), also known as 6-31G**, which 

adds p functions to hydrogen atoms in addition to the d functions on heavy atoms. 
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Basis sets with diffuse functions are important for systems where electrons are rel-

atively far from the nucleus: molecules with lone pairs, anions and other systems with 

significant negative charge (such as highly charged negative molecular ions), systems 

in their excited states, systems with low ionization potentials, and for descriptions of 

absolute acidities. Diffuse functions are large-sized versions of s- and p-type functions 

(as opposed to the normal, contracted functions). They allow orbitals to occupy a 

larger region of space. The 6-31+G(d) basis set is the 6-31G(d) basis set with diffuse 

functions added to heavy atoms. The double plus version, 6-31++G(d), adds diffuse 

functions to hydrogen atoms as well. This addition is usually relatively inexpensive, 

but seldom makes a tremendous difference in accuracy [8]. 

Even larger basis sets are now practical for many systems. Such basis sets add 

multiple polarization functions per atom to the triple zeta basis set. For example, 

the 6-311G(2d,p) basis set adds two d functions per heavy atom instead of just one, 

while the 6-311++G(3df ,3pd) basis set contains three sets of valence region func-

tions, diffuse functions for both heavy atoms and hydrogen, and multiple polarization 

functions: 3 d and 1 / function for heavy atoms and 3 p and 1 d function for hydrogen 

atom. These basis sets are useful for describing the interactions between electrons in 

electron correlation methods; they are not generally needed for Hartree-Fock calcu-

lations. 

Choosing a model chemistry usually involves a trade-off between accuracy and 

computational cost (or time). More accurate methods and larger basis sets make 

calculations run longer. The runtimes (in CPU seconds) for single point energy cal-

culation are compared for different methods using a basis set 3-21G in Table C.l. 

The error may be ±0.5 s and can vary depending on other calculations running in 

the background. Also the runtimes for single point energy calculation are compared 
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Table C.l Comparison of runtime [for Sun SPARCstation 10] for a single point energy 
calculation using the basis set 3-21G. 

HF MP2 MP4 QCISD(T) 
H2 7.9 sec 7.9 sec 12.7 sec 17.6 sec 
Li2 12.1 sec 15.7 sec 23.2 sec 31.6 sec 
B2 11.7 sec 15.4 sec 28.4 sec 64.4 sec 

Table C.2 Comparison of runtime [for Sun SPARCstation 10] for a single point energy 
calculation for the calculation method M P 4 using different basis sets. 

ST0-3G 3-21G 6-31+GCd) D95+(d) 
H2 13.0 sec 12.7 sec 13.3 sec 13.8 sec 
Li2 20.3 sec 12.1 sec 103.1 sec error 
B2 20.6 sec 12.7 sec 255.8 sec 288.6 sec 

for the calculationa! method MP4 using different basis sets in Table C.2. 

As can be seen in the above two tables, the CPU time can be estimated approx-

imately as iV2-5 where N is the size of problem, e.g., number of electrons or number 

of orbitals. For geometry optimization of F2, which has 18 electrons, the CPU time 

took longer than 20 hours with QCISD(T)/6-31+G(d). 

Although basis set D95+(d), which is a full double-zeta basis set of Dunning and 

Huzinaga augmented with diffuse and polarization functions [84, 85], is larger (20 

basis functions) than 6-31+G(d) (19 basis functions), it fails to calculate population 

analysis for some cases. As an example, for the diatomic molecule Li2
+, q = — 1 to 

+3, the program found the initial electronic state at 1.2 A for basis sets ST0-3G, 

3-21G, 6-31G(d), and 6-31+G(d), whereas it failed to calculate integrals for basis 

set D95+(d). Therefore, the basis set D95+(d) may not be the best choice for all 

molecules. 

For every calculational method, either an open shell model or a closed shell model 

should be selected. The two options are also used in combination for unrestricted 
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and restricted calculations. The unrestricted calculation treats alpha (spin-up) and 

beta (spin-down) molecular orbitals separately by assigning difFerent orbital energies. 

But the restricted calculation assigns the same orbital energy to those two molecular 

orbitals. Typically, unrestricted calculations are used for the open shell problems, 

and restricted calculations are used for closed shell problems. 

Closed shell calculations use doubly occupied orbitals, each containing electrons 

of differing spin. Open shell calculations use separate orbitals for the spin up and spin 

down electrons. These open shell calculations are required for systems with unpaired 

electrons, including: molecules with odd numbers of electrons (e.g., B®"1", SiF) and 

excited states. Open shell calculations are prepared when running the GAUSSIAN 

by prefixing the method keyword with a U (for unrestricted); similarly, closed shell 

calculations use an initial R. The unrestricted method gives more freedom to the 

basis set and thus calculates lower eigenvalues than the restricted method, but the 

molecular orbital eigenfunctions are not true eigenfunctions of the S2 operator. At 

the same time, since the UHF reference state is not an eigenfunction of S2, neither 

are the excited states produced by CIS. Because most of the calculations required in 

this study axe for ions and excited states, the unrestricted calculations were used. 

For a molecule having total spin quantum number S, the multiplicity is calculated 

from the relation 25 + 1, and the expectation value of the operator S2 is S(S + 1). 

When electrons fill the orbits in pairs, the total spin is 0 and it is called a singlet 

state, because the multiplicity 25* + 1 = 1. When there is one unpaired electron, the 

total spin is 1/2 and it is in a doublet state because 25 + 1 = 2. These relations are 

shown in Table C.3. 

In carrying out a calculation using the GAUSSIAN, it is a good check to see whether 

the eigenvalue of S2 of the initial guess, which is printed following the initial guess 

orbital symmetries, deviates from the theoretical value. Usually the program stops if 

the value differs greatly from the theoretical value. 
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Table C.3 Relations between total spin quantum numbers (S), multiplicities, elec-
tronic states, and eigenvalues of S2. 

s 0 1/2 1 3/2 2 5/2 3 
25 + 1 1 2 3 4 5 6 7 
State singlet doublet triplet quartet quintet sextet septet ••• 

5 (5 + 1) 0 0.75 2 3.75 6 8.75 12 

The equilibrium structures of small molecules comprising first- and second-row 

elements can only be obtained with good accuracy from molecular orbital theory. 

It is suggested by Hehre et al. [9] that the use of moderately large basis sets, for 

example, 6-31G(d), 6-31G(d,p), and 6-311G(2d,p), and a configuration interaction 

or higher-order M0ller-Plesset electron correlation schemes generally guarantees that 

calculated structural parameters will be close to measured equilibrium values. For 

many molecules, the single-determinant (Hartree-Fock) model yields bond lengths 

and angles to within 0.01-0.02 A and 1-2° of the respective experimental values. In 

the present study, the D95+(d) atomic basis set, which is the full double-zeta basis 

set of Dunning and Huzinaga augmented with diffused and polarization functions 

[84, 85], was used for larger diatomic molecules (e.g., SiF, AlO, etc), whereas the 

basis set 6-31+G(d) was used for smaller diatomic molecules (e.g., B2, C2, etc.). 



APPENDIX D 

TABLE OF STABLE ATOMS 

The following table shows a list of stable atoms and "possible" molecular compounds 

of same mass. The natural atomic abundances are shown in parenthesis. The electron 

affinity (EA) of each atom is also listed [116]. In listing molecular compounds for each 

atomic mass, three conditions were imposed: First, the natural atomic abundance of 

each atomic component should be at least 10%. Second, the number of component 

atom was at most four. For example, a compound with 5 atoms such as ^ 5 was not 

considered. Third, molecular compounds composed of inert gases (He, Ne, Ar, etc.) 

were not considered. 

Mass Atom EA (eV) Molecule 

1 (99.985) 0.754195 

2 2H (0.015) 0.754195 % 
3 3He (0.000138) € % 
4 4He (99.999862) e % 
5 -

6 6Li (7.5) 0.6180 

7 7Li (92.5) 0.6180 

8 - -
7LixH 

9 9Be (100) e 
10 10B (19.9) 0.277 9Be1H, 7UlH3 

11 U B (80.1) 0.277 ^B1!!, 9BelE2 

12 12C (98.90) 1.2629 " B ^ , 10B1H2, W H g 
13 13C (1.10) 1.2629 11B1H2, " B 1 ! ^ 
14 14N (99.63) e 12C1H2, 11BlH3, 7Li2 

15 15N (0.37) e W H , 12C1H3, 7Li2
1H 

16 1 60 (99.76) 1.461103 9Be7Li, 7Li2
1H2 

145 
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Mass Atom EA (eV) Molecule 

17 1 70 (0.04) 1.461103 "O1!!, 14N1H3, 10B7Li, 9Be7Li1H 
18 1 80 (0.20) 1.461103 16OlU2, uB7Li, 10B7Li1H, 9Be2,

 9Be7Li1H2 

19 19F (100) 3.401190 16OlH3, 12C7Li, 11B7Li1H, 10B9Be, 10B7Li1H2, 
9Be|H 

20 20Ne (90.48) € wpiR, 12C7Li1H, 11B9Be, " B ^ H a , 10B2, 
10B9Be1H, 9Be2

1H2 

21 21Ne (0.27) e " F 1 ^ , 14N7Li, 12C9Be, 12C7Li1H2,
 nB10B, 

" B W H , ^ B a ^ , 10B9Be1H2,7Li3 

22 22Ne (9.25) € ^ H g , 14N7Li1H, 12C10B, " C W H , UB2 , 
" B ^ H , 11B9Be1H2,

 10B2
lH2, 7Li3

1H 
23 23Na (100) 0.547926 1607Li, 14N9Be, 14N7Li1H2,12CnB, " C W H , 

12C9Be1H2, "B^H, nB10B lH2 , 9Be7Li2 

24 24Mg (78.99) € ^ N a ^ , 1607Li1H, 14N10B, " N W H , 12C2, 
' ^ " B ' H , ^ C W H a , "B^Ha, 10B7Li2, 
9Be7Li2

1H 
25 25Mg (10.00) € " M g ^ , ^ N a ^ a , 1607Li1H2,14NnB, "N^B1!!, 

14N9Be1H2,12C2
1H, 12C11B1H2,

 nB7Li2, 
" B ^ H , 9Be2

7Li 
26 26Mg (11.01) € ^Mg1!!, 24Mg!H2, 23Na1H3, 19F7Li, 16O10B, 

" O ^ H , 14N12C, 14N11B1H, " N ^ B 1 ^ , 
" C a 1 ^ , 12C7Li2,11B7Li2

1H, 10B9Be7Li, 
9Be2

7Li1H 
27 27 A1 (100) 0.441 aiMgiH, ^ M g ^ a , "Mg1!^, 19F7Li1H, 16OnB, 

ieO10QlE^ 1609BelH2) 14N12C1H) 14NUB1H2? 

" C W H , uB9Be7Li, 10B2
7Li, 10B9Be7Li1H, 

9Be3 

28 28Si (92.23) 1.385 27 Al1!!, ^ M g 1 ^ , 25Mg1H3,
 19F9Be, 19F7Li1H2, 

16012C, ^ O ^ H , " O ^ B 1 ^ , 14N2, " N ^ C 1 ^ , 
14N7Li2,

 12C9Be7Li, nB10B7Li, 11B9Be7Li1H, 
10B2

7Li1H, 10B9Be2,
 9Be3

1H, 7Li4 

29 29Si (4.67) 1.385 "Si1!!, 27 Al1!^, " M g 1 ^ , 19F10B, 19F9Be1H, 
' W H , 16011B1H2, " N a ^ , 14N7Li2

xH, 
12C10B7Li, 12C9Be7Li1H, nB2

7Li, 11B10B7Li1H, 
nB9Be2, 10B2

9Be, 10B9Be2
1H 
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Mass Atom EA (eV) Molecule 
30 30Si (3.10) 1.385 28Si1H2, ^A^Ha, 23Na7Li, 1 9FnB, 

19F9Be1H2,16014N, 1607Li2, 
14N9Be7Li, 12C11B7Li, " C ^ L i 1 ! ! , 12C9Be2) 
11B2

7Li1H, uB10B9Be, 11B9Be2
1H, 10B3, 

10B2
9Be1H, 9Be7Li3 

31 31P (100) 0.7465 28Si1H3, 24Mg7Li, 23Na7Li1H, 19F12C, 19F11B1H, 
" F ^ B ^ a , W H , "C^Li^H, 1607Li2, 
14N10B7Li, 14N9Be7Li1H, 12C2

7Li, ^ " B ^ H , 
12C10B9Be, " C B e a ^ , nB2

9Be, nB 1 0B 2 , 
11B10B9Be1H, 10B7Li3 

32 32S (95.02) 2.077104 31P1H, 25Mg7Li, ^ M g ^ H , 23Na9Be, 23Na7Li1H2, 
"F^C1!!, 19F11B1H2 ,1602 , ^ O ^ N 1 ^ , 1609Be7Li, 
14NnB7Li, 14N10B7LilH, 14N9Be2, 12C2

7Li1H, 
12C11B9Be, 12C10B2, 12C10B9Be1H, nB 2

1 0B, 
11Ba®Be1H, 11B10B2

1H, uB7Li3 )
 9Be2

7Li2 

33 33S (0.75) 2.077104 31P1H2, 26Mg7Li, 25Mg7Li1H, 24Mg9Be, 
24Mg7Li1H2,

 23Na10B, 23Na9Be1H, 19F14N, 
I9F12C1H2,

 I9F7L2, 1602
1H, 16O10B7Li, 

1609Be7Li1H, 14N12C7Li, 14N l lB7Li2H, 14N10B9Be, 
"N^Bea1!!, 12C2

9Be, 12CUB10B, 
12C10B2

1H, 12C7Li3,
 u B 3 , 11B2

10B1H, 10B9Be7Li2 

34 34S (4.21) 2.077104 32S1H2, 31P1H3, 27Al7Li, 26Mg7Li1H, 25Mg9Be, 
25Mg7Li1H2,

 24Mg10B, 24Mg9Be1H, 2 3NanB, 
^ N a ^ H , 23Na9Be1H2, " F ^ N ^ , 19F7Li2

1H, 
1 602

1H2 ,1 6OnB7Li, 16O10B7Li1H, 1609Be2, 
14N12C7Li1H, 14NnB9Be, 14N10B2, 14N10B9Be1H, 
12C2

10B, 12C2
9Be1H, 12C"Ba, 12C11B10B1H, 

" B a ^ , uB9Be7Li2,10B2
7Li2, 9Be2

7Li 
35 35C1 (75.77) 3.61269 28Si7Li, 27Al7Li1H, 26Mg9Be, ^ M g ^ H a , 

25Mg10B, 25Mg9Be1H, 24MguB, ^ M g ^ B ^ , 
24Mg9Be1H2, 23Na12C, ^ N a ^ B ^ , ^ N a ^ B 1 ^ , 
i9F i6 0 ) !9F14N1h2,

 19F9Be7Li, 16012C7Li, 
" © " B ^ H , 16O10B9Be, 1609Be1H, 14N2

7Li, 
14N12C9Be, 14N11B10B, 14N11B9Be1H, "N^B^H, 
14N7Li3,

 12C2
11B, "C^B 1 ! ! , 12C11B2

1H, 
12C9Be7Li2,

 nB10B7Li2, 10B9Be2
7Li 



APPENDIX E 

DIFFERENTIALLY PUMPED GAS CELL 

The Ion Beam Modification and Analysis Laboratory (IBMAL) at the University of 

North Texas (UNT) has a National Electrostatics Corporation (NEC) Model 9SDH-2 

Pelletron, which is a 3.0 MV tandem electrostatic accelerator. In the center of the 

accelerator is the high voltage terminal and to either side are the low energy and 

high energy acceleration tubes. The principle of operation is as follows: Negative 

ion beams produced in a negative ion source are pre-accelerated to modest energies 

(40-80 keV) before being injected into the 9SDH-2. The beam enters what is referred 

to as the low energy end of the accelerator where the negative ions are attracted to 

the positively charged high voltage terminal and are thus accelerated. Once inside the 

terminal the negative ions enter a device known as the stripper where they are stripped 

of two or more electrons and converted into positive ions. As these positive ions exit 

the stripper and drift into the second stage of the accelerator they are repelled by the 

high voltage terminal and thus are accelerated once again. 

This dual acceleration gives the singly charged ions twice the energy they would 

acquire in a single stage accelerator having the same terminal voltage, and gives ions 

with a charge state +q a final energy of (q + 1 )eVr, where e is the electronic charge 

and VT is the terminal voltage. 

It was shown theoretically and experimentally [117, 118] that the equilibrium 

(average) charge q of the projectile atom in the atomic collision process is proportional 

to the speed of the projectile ion as follows 

q (xv oc E1/2, (E.l) 

for most of the elements. In general, higher energies are required to produce higher 
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charge states through charge exchange collisions. That is why a particle accelerator 

is essential to produce highly charged ions with q larger than 1+. 

The basic idea for the experiment to obtain highly charged ions is through a 

two step process instead of one step. First, a high intensity of ions with charge 

state 1+ is produced in the accelerator terminal stripper canal by a relatively low 

density (low pressure) of stripping gas, which ensures that most of the ions emerge 

with a charge state 1+. Then they are accelerated again to double their energy 

before being injected into the gas cell for the second or post -acceleration stripping 

process. Since the collision energy is doubled, higher ratios of production of multiply 

ionized molecular ions are expected. Also, it is preferable to knock out two electrons 

from ions with a charge state 1+ to produce ions with a charge state 3+ rather 

than four electrons directly from ions with a charge state —1 in a single collision. 

Therefore, a differentially pumped gas cell can be used, as in Fig. E.l; the cell is 

located between the tandem accelerator and the HVEC (High Voltage Engineering 

Corporation) analyzing magnet. 

The system consists of a gas cell in the middle and two cylindrical tubes on each 

side, and an auxiliary turbo pump to maintain different pressures at different places, 

so that the stripping processes are limited mainly to the gas cell. The outer tubes 

are connected to the beam line. The pressure in the gas cell can be adjusted by the 

variable leak, which controls the amount of nitrogen gas entering the gas cell, and can 

be monitored by the capacitance manometer. 

Three reasonable assumptions can be made before doing any calculations required 

in designing the gas cell. First, the pressure inside the whole system, including the 

gas cell, is low enough to be considered in the molecular flow regime where the mean 

free path of the incident ion is greater than the characteristic dimension of the gas 

cell. Then the rate of flow is limited, not by collisions between molecules, but by 

collisions of molecules with the walls. The condition for molecular flow is given for 
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h M3-+ M 2 - 4 — h 
i l 

>l< 12—*1 - M 

1. Variable Leak 
2. Capacitance Manometer 
3. Turbo Pump 
4. Cryo Pump 
5. Analyzing Magnet 

Figure E.l Schematic diagram of the differentially pumped gas cell placed between 
the tandem accelerator and the analyzing magnet to increase the production yield of 
highly charged molecular ions. 

air at 25° by [119] 

aPp < 5, (E.2) 

where the pressure, in /im of Hg and the characteristic dimension a is measured in 

centimeters. Second, the gas flow is in dynamic equilibrium (steady state) in the sys-

tem, i.e., the pressures remain constant without fluctuation during the measurement. 

Third, the temperature in the system is constant, that is the process is adiabatic. 

The areas of the orifices are big enough to neglect a free expansion that lowers the 

temperature. 

A flow rate Q is defined as the product of the volumetric flow rate dV/dt across 

a plane, and the pressure P at which it is measured, that is, 

<3 = P ^ . (E.3) 

Assume that the stripping gas has a property of an ideal gas in the low density, which 
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satisfies the ideal gas law, 

PV = NkT, (E.4) 

where k is the Boltzman's constant, 1.38 x 10~23 J/K, N is the number of particles 

in the volume, and T is the absolute temperature. Then the flow rate can be written 

as follows 

O - M - f , (E.5) 

where dN/dt is the rate at which molecules cross the plane (number per unit time). 

Thus, Q is directly proportional to a molecular current. Also, the conductance F is 

defined by 

F S P2~ Pi ^ 

where P% is the upstream pressure (measured at the entrance to a channel) and P\ is 

the downstream pressure (measured at the exit). 

Since the stripping gases diffusing out from the gas cell will be partly consumed 

by the turbo pump and partly diffused into each side of the beamline due to pressure 

differences, a flow equation can be written as 

Qo — 2 (PA — PB)F2 = (PB — Pt>)St> + Qi + Q2, (E.7) 

where Pt> is the ultimate (attainable) pressure and St> the pumping speed of the turbo 

pump located under the gas cell. The flow rate to the accelerator side (Qi) may be 

different from that to the analyzing magnet side (Qi), because the two sides of the 

beam line are not symmetric. Then, those flow rates are calculated, assuming that 

most of the pressure drop occurs through the tube which has the least conductance, 

as follows 

Qi = (PB - Pc)F3 = (Pc - PC)SC, (E.8) 

Qi = (PB - PD)F3 = (PD - Pe)F5 = (PE - Pt)Su (E.A) 
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where PC is the ultimate (attainable) pressure and SC the pumping speed of the cryo 

pump located on the beam line to the accelerator side, and PT is the ultimate pressure 

and St the pumping speed of the turbo pump attached to the analyzing magnet with 

the same capacity as the one under the gas cell. But the second equation (E.9) can 

be approximated by neglecting the conductance of the beamline 

Q* = (PB - PE)F» = (PE - PT)ST, (E.10) 

where the conductance F35 is calculated from an equation 

= t + < e - u ' 

-P35 r 3 ^ 5 

The speed of a pump is defined by S in the relation [119] 

<E-12> 

where V is the volume to be exhausted. 

For a long cylindrical tube of length I and of radius a, the flow conductance is 

given as [119] 
2 a3 a3 Ft" 

i r = 3 I T t , ° = 3 0 ' 4 8 T V M I/O, (E.I3) 

where T is the absolute temperature (degrees Kelvin), and M is the molecular weight 

of the gas in grams per mole. The mean molecular speed va in the above equation is 

given by [119] 
IMT l8RoT 

"- = V^ = rsr' <E-l4> 
where RQ is the molar gas constant. 

One other important factor in producing highly charged ions is the pressure of 

the stripping gas. In a previous experiment, measurements were made of the rela-

tive intensities of transmitted 1 0BnB9 + ions for q = 1,2,3 as a function of the N2 

gas pressure in the accelerator terminal stripper canal [3]. All three charge states 

exhibited qualitatively similar behavior, increasing sharply in intensity until the gas 
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thickness reached ~ 1-2 x 1015 atoms • cm -2, or approximately one monolayer, and 

then falling off exponentially in intensity with further increasing gas thickness. This 

suggests that the conditions for molecular ion formation depended very strongly on 

the number of collisions involved, with single collisions being strongly favored. At 

their peak intensities, the singly ionized molecules were ~ 10 times as abundant as 

the doubly ionized molecules, which in turn were ~ 5 X 103 times as abundant as the 

triply ionized molecules. The differences in intensity decreased slightly at greater gas 

thickness, as the formation of ions with higher charge states became favored. 

Therefore, the pressure inside the gas cell should be maintained at the compa-

rable pressure of one monolayer for the maximum cross section of charge exchange 

processes (electron capture or electron loss). From the ideal gas law the pressure 

can be calculated for a given volume and temperature. One mole of ideal gas takes 

a volume of 22.4 liter and has 6.025 x 1023 molecules at standard temperature and 

pressure (STP). If nitrogen molecules form a monolayer in a gas cell which has a 

dimension of an area A and a length L, the volume when they pack in a monolayer 

is A times diameter 2r, where r is the radius of an atom, which is about 1.9 A. Since 

each molecule has a cross sectional area of 2irr2, the number of molecules required to 

tightly pack the area of A is 

N = £ - <E-1 5> 

Therefore the corresponding density of the nitrogen gas to form a monolayer in the 

gas cell is calculated as 

F ' T T - s k - ™ 
Then from the ideal gas law, the pressure of a monolayer is calculated at room tem-

perature to be 

_ T N/V P0 298 4.41 x 1014 18.07 . , 
P = P ° % N j V 0 " £ 2732.69 x 10" * ~ T m l C r ° b a r S ' ( E ' 1 7 ) 

where the unit of the length L of the cell is centimeters, and the standard atmosphere 
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P0 is used as 1.01 x 106 microbars. Therefore, the above condition is comparable to 

the molecular flow condition 

PL « 13.56 ~ 5 fim • centimeter, (E.18) 

used throughout the previous derivations. If we consider a gas cell of length 6 cm, 

the pressure for one monolayer is about 2.26 microbars which is about 1.70 mTorr. 

The units of pressure can be converted through the following relations: 

1 Torr = 1 mm Hg = 10a /im = 1333.22 microbars. (E.19) 

In the actual design, the length of the gas cell is 6 cm and the diameter is 3 cm. 

Since the layouts of two sides of the gas cell are not symmetric, a computer program 

was written to solve the gas flow equation of Eqs. (E.7) to (E.10) with the following 

initial values: 

I2 = 4 cm, 53 = 0.8 cm, = 45.72 cm, and S5 = 4.492 cm. (E.20) 

Then, the diameter of tube 2 and the length of tube 3 can vary to find a region 

within which the pressure in the gas cell around 1.70 mTorr and that in the beamline 

near the cryo pump around 10-4 mTorr can be obtainable. Also, the pressure in 

other places should be low enough to avoid stripping process there. However, it is 

practically impossible to restrict stripping process only to the gas cell. Therefore, the 

maximum pressure in the outside chamber (Pg) was chosen to be logarithmically 2/3 

the way between the maximum pressure in the gas cell and minimum pressure in the 

beam line, i.e., 

In PB < In Pmin + 2 (In 
Pmax 

lnPmfn)/3, (E.21) 

or PB < 0.08 mTorr, and that on the magnet side was chosen to be at the 1/3 point, 

i.e., 

In PD < In Pmin + (In 
Pmax 

lnPmfn)/3, (E.22) 
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Figure E.2 The range of gas cell design parameters that satisfy the criteria that the 
pressure in gas cell be in the range of 0.83 mTorr to 6.16 mTorr, the pressure in the 
outside chamber be less than 0.08 mTorr, and the pressure elsewhere be less than 
0.003 mTorr. 

or Pp < 0.003 mTorr. The results from the calculation are shown in Fig. E.2. 

In the above calculation, the initial conditions used were as follows: The temper-

ature is constant at room temperature (T = 25 C = 298.16 K). The mass of the 

stripping gas (nitrogen molecule) is 28.02 u. The turbo pump located under the gas 

cell has an attainable pump speed of ~ 501/s for nitrogen gas and ultimate pressure of 

8 x 10-9 mbar. The turbo pump attached to the analyzing magnet has an attainable 

pump speed of ~ 140 1/s for nitrogen gas and ultimate pressure of 5 x 10""10 mbar. 

The cryo pump has an attainable pump speed of ~ 1500 1/s for air and ultimate 

pressure of 1 x 10-10 mbar. The values of the diameter of tube 2 and length of tube 3 

can be chosen from the figure near the median considering symmetries with other 
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values such as the length of tube 2 and diameter of tube 3 as follows: 

S2 = 9.53 mm and l3 = 31.75 mm. (E.23) 

With those designing parameters, the pressures near the gas cell are calculated from 

Eqs. (E.7) to (E.10) as a function of the pressure in the gas cell P i . e . , 

p 2PAF2 + P,Sr - Peff/(f3 + Sc) + PCSC - P,ff/(F35 + S,) + P,St „ 
2F2 + Sti + FjSc/(F3 + Sc) + F35St/ (F35 + St) ' 

PbFz + PCSC 
Pc - F3+Sc ' <E-25> 

r " '"'"tsf'-

Also, the pressure in the gas cell, PA, which can be measured directly by the attached 

capacitance manometer, is a function of the dimensions of the tubes that compose 

the gas cell system. The results are plotted in Fig. E.3. 

The pressure in the beam line was maintained under 10-6 Torr at all times in the 

pressure range below 10 mTorr of the gas cell, and most other places below 10-4 Torr. 

The consumption of the stripping gas through the gas cell can be calculated from the 

gas flow rate formula of Eq. (E.3) 

dV Q , 
H-T <E28> 

where Q is in /im-l/s, P in fim, and the volume change in 1/s. Usually, the pressure 

of the gas tank is expressed in pounds per square inch (psi), from the following 

conversion formula 

1 atm = 1.01325 • 106 microbars = 14.70 lb/in2, (E.29) 

the above volume change can be written more practically 

dV Q 
— = 0.0696^, (E.30) 
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Figure E.3 The pressure change near the gas cell, when the diameter of tube 2 is 0.8 
cm and the length of tube 3 is 3 cm, as a function of the pressure Pa in the gas cell. 
Where the pressures are as follows: Pb is in the outside chamber, Pc is in the beam 
line to the accelerator, Pd is in between the outside chamber and magnet, and Pe is 
in the magnet. 

where Q is in /im-l/s, P in psi, and the volume change in 1/h. For example, if the 

nitrogen gas bottle provides gas with pressure 40 psi, the total gas flow rate into the 

gas cell is calculated to be about 3.78 fim-l/s. Therefore, the gas consumption rate 

is about 0.0066 1/h. 
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