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ABSTRACT 

This dissertation is concerned with the first experimental observation of 

the vibration-rotation spectrum of the helium molecular ion. 3He4He+. The Doppler

tuned fast-beam laser-resonance technique has been used. The ions produced in an 

electron-impact ion source form an ion beam of a few KeY and then intersect 

nearly colin early with a CO IR laser beam of fixed frequency. The velocity of the 

ions is scanned to tune the ions into resonance with the laser frequency. 

Subsequent resonance detection is realized by using charge exchange processes of 

the ion with a target gas. Twelve spectral lines have been measured which 

correspond to nine different vibration-rotation transitions of the R branch in the 

fundamental band of the ground state of 3He4He+. The combination of the 

kinematic compression of the fast-beam method and the special frequency 

stabilization of the CO laser render an experimental accuracy of 0.0006 cm-1 or 0.4 

ppm. The accuracy exceeds that of the available theory by three orders of 

magnitude. The narrow spectral linewidth also allows partial resolution of the 

magnetic hyperfine structure due to helium-3. A hyperfine structure calculation 

has been carried out using a numerical multi-configuration self-consistent-field 

method. The agreement between the calculation and the observation is very 

satisfying. 
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INTRODUCTION 
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Molecules in their natural forms are mostly neutrals. It is in special 

situations such as chemical reactions, plasmas, the interstellar medium, and 

atmospheres (to name just a few) that molecules can be found in ionic forms. 

Many molecular ions do not even have stable neutral counterparts. The important 

roles of molecular ions in these situations have been recognized over the years. 

Accordingly, the study of molecular ions has evolved from mere curiosity into a 

major active field. 

Molecular ions bear rich physics and chemistry. The spectroscopic 

investigation of them enables the understanding of their geometry, their electronic 

structure, and their chemical behavior. They also present some particularly 

interesting and unique problems in molecular structure theories. However, early 

studies were limited to mass spectroscopy, which can only determine the existence 

and stability of molecular ions. Traditional spectroscopic methods for studying 

molecular ions are not successful either, especially in the infrared region, largely 

because the molecular ions are very reactive chemically, and a relatively low 

concentration of ions could be produced in laboratory. Only in recent years, the 

development of modern spectroscopic techniques along with other technique 

advances have enabled extensive studies of the spectra and structures of molecular 

ions. 

Among the spectroscopically studied molecular ions, only a small number 

has been subject to high-resolution infrared study. The first of such spectra was 
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produced in 1976 by Wing and his co-workers l who developed the Doppler-tuned 

fast-beam laser-resonance technique to observe the vibration-rotation spectrum of 

HD+. Since then, several other methods have been developed for the study of the 

vibration-rotation spectra of molecular ions. They are the infrared difference

frequency laser absorption spectroscopy,2 the Fourier transform spectroscopy,3 

variations of fast-ion-beam laser spectroscopy,4 and more recently the velocity

modulation spectroscopy. 5 

In this work, we have studied the vibration-rotation spectrum of the 

helium molecular ion 3He4He+ using the Doppler-tuned fast-beam laser-resonance 

method. The helium molecular ion He2 + belongs to an interesting group of diatomic 

molecular ions consisting of two inert gas atoms, which are among those studied 

earlier with conventional spectroscopic methods, but intensively studied with new 

techniques recently. 6 He2 + is the simplest among them, yet the least known, in the 

sense that few of its spectra have ever been observed. 

There are many interests in the helium molecular ion. Its key role in 

helium discharge plasmas is a well-known fact. 7
,8 The charge exchange processes 

with He2 + have become a subject of intensive study because of the recent success 

of the nitrogen-ion laser pumped by the He2 + charge exchange.9 Being at the onset 

of more complex multi-electron systems as well as being the core of the interesting 

helium dimer He2 *, He2 + also attracts many. theoretical studies. Others such as the 

muonic helium molecular ion He(J.tHe)+ and clusters have been investigated,lo,ll and 

possible astrophysical interests have also been suggested. l2 

In this dissertation we present the first observation of the infrared 

spectrum of the helium molecular ion 3He4He+. The dissertation is organized in the 

following way: Chapter 2 gives a few interesting cases of He2 + in detail and 
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conducts a brief review of the previous studies on He2 +. Chapter 3 considers a 

few aspects of the spectrum and structure of the helium molecular ion. In 

Chapter 4 the basic principles of the experimental method are discussed. Chapter 5 

describes the experimental setups and their performances, and Chapter 6 presents 

the observation and data analysis. The last chapter is devoted to the hyperfine 

structure calculation and analysis. 
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CHAPTER 2 

INTERESTS IN Het AND PREVIOUS STUDIES 

2.1. Interests in Het 

Helium plasma 

It was discovered some time ago that the helium molecular ion is one of 

the ionic constituents in helium discharge plasmas.s Since He++. He+. and Het are 

the only ions produced in a pure helium discharge. the ionic chemistry is expectedly 

very simple. Many studies. both experimental and theoretical. have been done on 

the subject. To fully understand the discharge. information about the ion 

conversions. electronic recombinations. and mobilities are essential. Historically. the 

understanding of the mobility and the electronic recombination had oscillated from 

poor to good and back again.7•13 Recent investigations have combined the 

techniques of mass spectrometry. microwave spectrometry. and optical absorption.7•14 

An extensive spectrum of sHe4He+ may offer a new diagnostic for isotopic helium 

plasma in helium discharge or in similar environments. 

Charge transfer 

The spectrum enhancement of some impurities in the helium discharge 

was known to be due to the charge transfer processes with helium ions. Both 

atomic and molecular helium ions can charge-exchange with other molecules. When 

Het accepts an electron. the repulsive He2 can be formed. The recombination 

energy of Het to He2 varies over a wide range (18.3-20.3 eV). When the product 

ion state lies in this energy range. the process would be energy-resonant. Because 

of the energy resonance and the three-body nature of the final states. the charge 
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transfer processes of Het with molecules like N2, CO, and NO, etc., have very large 

cross sections, and may create an effective laser pumping mechanism. 15 The 

nitrogen-ion laser pumped by He2 + charge transfer is a successful example. It has 

also been suggestedl6 that the charge exchange of He2+ with alkali metal atoms, such 

as in the process Het + K .... He~ + K+, may result in a population inversion of He~ 

that produces excimer laser action. 

Quantum Chemistry 

Het is also of interest in quantum chemistry. Consisting of only two 

nuclei and three electrons, it is the simplest multi-electron open-shell molecule. The 

three-electron bonding of He2 + represents an important type of bond common in 

free radicals and in triplet states of molecules. 17 The relative simplicity of the 

molecule may allow quantum 'chemists to make an accurate analysis from first 

principles. There have been many ab initio calculations for the ground state and the 

first few excited states of Het using several different methods,18-2o Many of them 

have only sufficient accuracy for scattering studies.20 The best calculation we 

know at present has been done using the multi-configuration self-consistent-field 

(MC SCF) approach with limited basis set. 19 There are no corrections beyond the 

simple Born-Oppenheimer approximation yet. Although an accurate calculation of 

Het is by no means easy, the lack of a refined theoretical treatment is presumably 

due, at least in part, to the lack of accurate experimental data, It is hoped that our 

Het experiment will stimulate the quantum chemistry circle to push further the Het 

calculation accuracy, as in the case for HeH+,21 
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Astrophysical Application 

We know that molecular ions play major roles in the chemical reactions 

that take place in the interstellar medium. The most simple molecular ions are also 

the most important ones. since the most abundant elements in outer space are 

hydrogen and helium. There are numerous discussions on these subjects in 

literature.22 In some astrophysical situations. such as many ionized nebulae and the 

atmospheres of hot white dwarfs. where helium is the richest. there may exist 

significant amounts of helium molecular ions. 12 But a rough estimate shows that the 

molecular form of helium in dense molecular clouds cannot have the detectable 

amount with the current technology. Whether the helium molecular ions play any 

important roles or not is a mystery. In another aspect. the abundance of 3He in the 

universe. like that of deuterium. is a crucial test for the current standard 

cosmological model (big-bang model).23 The current "cosmic" abundance for 3He 

rests primarily on the solar system value which varies with the local situation. In 

outer space. only the 8.70Hz 3He+ hyperfine transition in galactic H II region has 

been recently observed.24 The laboratory high-accuracy sp~ctrum of 3He4He+ may 

provide helpful information and. perhaps. another avenue to the interstellar detection 

of 3He. 

2.2. Previous Studies on Het 

It was perhaps Linus Pauling25 who first pointed out in 1931 that the 

degeneracy represented by the two symbols. He:·He+ and He+·:He. in which each 

dot represents an electron. would lead to attraction and formation of a bond 

between the two atoms. Such a three-electron bond should be as strong as the one

electron bond of Ht. but weaker than the electron pair bond of H2• Pauling also 
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actually applied the variational method to calculate the bonding of Her using wave 

functions constructed from hydrogen-like single-electron wave functions. The 

resulting values of r e' De' and we are surprisingly close to those of modern ab 

initio calculations. 

2.2.1. Experimental Investigations 

The helium molecular ion Het, together with Art and Net, was first 

identified in a mass spectrometer by O. TOxen26 in 1936. Later, the presence of 

the Her in helium discharge plasma was realized in interpreting the observed ion 

mobilities, the decay rate of metastable helium atoms, and the enhanced spectra.8 

Because of its dominating role in helium discharge, the formation. the mobility, and 

the electronic recombination of Her have been subjects of many studies, mainly in 

discharge, drift tube, and mass spectrometer. 

Hornbeck and Molnar27 first proposed the association ionization 

mechanism for the Her formation in their mass spectrometer study of molecular ions 

of noble gases. They suggested that a helium molecular ion He2 + is produced when 

a high-lying radiative-state helium atom He· collides with a ground-state helium 

atom He: 

He* + He ... Her + e- . (2.1) 

Subsequent appearance potential measurements yielded a value of 23.18 eV,28 

showing conclusively that only the n ~ 3 state of He* can be involved. While 

there were many measurements on the formation rate.'2,27,29 Wellenstein and 

Robertson30 measured the differential cross sections for individual excited states. 

They found that the cross section for 33P state is about 1.6 A2 with an even larger 

cross section for higher excited P and D states. 
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The molecular ion Het can also be formed in three-body ion conversion: 

He+ + 2He ... Het + He • (2.2) 

This process is a resonant reaction, resulting in molecular ions in an excited 

vibrational state. The conversion rate, first measured by Phelps and Brown,31 and its 

temperature dependence were studied extensively both experimentallyS2 and 

theoretically.3s,s4 While the value of the rate coefficient at 300K was well

established, there are large inconsistencies at lower temperatures. The production of 

heavy molecular ions Hen + is also believed possible through the similar ion 

conversion processes.7,ss 

Although the helium molecular ion has been extensively studied using 

mass spectrometers, few spectroscopic investigations have been made. Only recently, 

Maas et al. S6 have carried out translational spectroscopic measurements of the 

rotational predissociation of all isotopic forms of Het. In their experiment, the 

molecular ions formed in a monoplasmatron ion source were accelerated to 10 keY. 

Two tandem magnetic mass selectors were used to pre-select ions and to analyze the 

momentum distributions of the dissociation ion fragments. Their momentum 

resolution of 1 :4000 FWHM was sufficient to observe the individual vibrational 

states. In fact, they were able to use the observed energy level and Iinewidth of 

quasi-stable states to adjust their ab initio potential energy. As our experimental 

results show, the fitted potential curve indeed gives better predictions of the 

vibration-rotation transition frequencies than does the unadjusted one. With a 

similar experiment setup, the laser-induced photodissociation spectrum of Het was 

taken by Flamme el al. 37 The discrete values of the kinetic energy of the 

dissociation fragments from their experiment can be predicted from the vibrational 

spacings of the ground slale calculated by using the adjusted potential curve by 
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Maas et a1. 

The ground-state helium dimer is repulsive. Nontheless. He; is a stable 

molecule. The vibration-rotation structure of the Rydberg states of He; should 

approach that of its "core" Het. since the Rydberg He2 is essentially an Het ion 

with a distant electron. There are extensive observed spectra of Rydberg He;. 

Ginter and Ginter38 have extrapolated the molecular constants for the ground state 

of Het from the p7T Rydberg series (n ~ 7) of He;. available in 1967. The 

extrapolated spectroscopic constants for 4He2 + are listed in Table 2.1. Using this set 

of molecular constants. one can predict the infrared transition frequency of the 

ground state of Het to 1 em-I. More recently. there has been the observation of the 

laser-driven transitions up to n - 25 Rydberg state of He;. 39 Had these additional 

spectra been used in the extrapolation. one would have obtained even better values 

for the molecular constants of Het 

TABLE 2.1. The molecular constants of 4He2 + from the extrapolation of the 
np7T 3flg Rydberg series of 4He2. 

Coefficient 

YIO (we> 
Y20 (-wexe> 
YOI (Be) 
Yu (-O!e) 
Y02 (-De> 
Y12 (-Pe) 

re 

Ginters' values38 
(em-I) 

1698.5 
-35.25 

7.211 
-0.224 
-5. lOx 10-4 

1.0xl0-5 

1.0806(A) 

Khan's valuesl9 
(em-I) 

1697.4 
-35.35 

7.194 
-0.224 

1.0820(A) 
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2.2.2. Theoretical Studies 

After Pauling's first calculation of the Het bonding energy in 1933. a few 

other calculations were made. They were limited to a single-term wave function 

with various sets of orbital exponents. Reagan et at. 40 used a multi-term wave 

function for the first time in 1963 to calculate the potential energy of the ground 

state of Het. With Slater-type orbitals in a 26-term configuration-interaction (CI) 

wave function. they predicted a rigorous lower-bound dissociation energy of 

De 1b - 2.24 eV and a rationalized De r - 2.30 eV. These values should be 

compared with De Ib - 2.454 eV and the best value De - 2.469±0.006 eV given in 

1971 by LiU,41 who has carried out a very elaborate CI calculation -- approaching 

full CI with a fairly large basis set. But the calculation is only near the equilibrium 

position. A larger base set was estimated to result in a 0.005 eV change in the 

dissociation energy. Therefore. Liu's value is still considered to be the best value 

available for the Het dissociation energy today. 

More recently. in 1976. in order to interpret their observed translational 

spectrum of the rotational predissociation of He2 + and its isotopes. Maas et at. 36 

made a potential curve calculation of the ground state using 37 Gaussian lobe 

functions. The CI treatment was believed to be quite close to a full CI in the 

atomic orbitals used. The best pure theoretical calculation on the ground-state 

potential curve of Het is perhaps the work by Khan and Jordan. 19 They have 

constructed a compact basis set consisting of 6s, 3p, and I d functions. The electron 

correlation effect was included by means of the MC SCF procedure; 113 

configurations were used. The thus-obtained dissociation energy is 2.451 eV. They 

also derived the vibrational energy levels and the spectroscopic constants which are 

also contained in Table 2.1. They claimed I cm-1 error in we' 0.2 cm-1 in Be. and 
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0.005 eV in De. 

In addition to the works mentioned above. there are many other 

calculations on the ground state and the excited states of Het Some were aimed at 

developing alternative calculation techniques using Het as a simple candidate for 

studies of open-shell molecules. or three-electron bonding. or simply three-electron 

systems. IS Others were in the interest of the theory of He+ + He collision. 19 In 

these calculations. several lower excited states of Het are calculated to about the 

same accuracy as for the ground state. Particular attention was paid to the level 

crossings between different electronic states. since the crossing information reveals 

the nature of the observed differential scattering cross sections. 
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CHAPTER 3 

STRUCTURE AND SPECTRUM OF THE HELIUM MOLECULAR ION 

He2 +. a simple diatomic molecule. consists of two nuclei and three 

electrons. The general structure and spectrum of diatomic molecules are clearly 

discussed in Herzberg's famous book42 and many other books. In this chapter. we 

will discuss some of the theories and the application to He2 +. 

3.1. Bonding and Electronic Structure 

The electronic structure and bonding of molecules are commonly 

described by molecular orbital (MO) theories first developed by Mulliken. 434 

According to MO theories. the electronic states of a molecule are constructed by 

filling the electrons in "shells." i.e.. MOs. The lowest two shells of He2 + are 0' g 

and Uu orbitals. originated from the Is atomic states of the separated helium atoms. 

Two of the three electrons in He2+ occupy the ug orbital with spins paired. The 

third one takes the higher au shell. Therefore the ground state of He2 + is a X2IU + 

state. It has two bonding ug electrons and one anti-bonding Uu electron. forming a 

stable molecule. For the first excited state A2Ig + • one of the a 8 electrons is 

excited to the Uu orbital. This state configuration is repulsive because it has two 

anti-bonding electrons and only one bonding electron. Interestingly. the 

configuration of this state at small internuclear distance changes from lUg Iuu 2 to 

10'8 2a 8 2 due to the avoided curve crossing. This avoided level crossing creates a 

shallow dip of 0.018 eV at the internuclear distance 0.6 A.19 
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The quantitative analysis of the structure of a molecule is by means of 

ab initio quantum mechanical calculation. In an ab initio calculation. a molecule is 

described by a theoretical model. often a molecular orbital model. Based on this 

model. mathematical procedures can be developed to solve the SchrlXlinger equation 

describing the molecule. The structure. energy. and properties of the molecule can 

be explored then by the implementation of a computer program. 

It is not practical to solve the quantum mechanical problem exactly even 

for simple diatomic molecules like He2 +; various approximation,s must be made. 

The first major approximation is to decouple the electronic motion from the nuclear 

motion. usually termed the Born-Oppenheimer (BO) approximation. In this 

approximation. the masses of nuclei are assumed infinitely heavy compared with 

those of electrons so that the electrons move effectively in a field of two fixed 

charge centers. In doing so. the Hamiltonian describing molecules can, be separated 

into two decoupled equations: the nuclear motion part and the electronic part with 

the internuclear distance as a paramenter. The total electronic energies along the 

internuclear distance form a potential energy curve. When such a potential has a 

minimum which is deep enough. the molecule is stable. 

In the BO approximation. a single-electron system like H2 + can then be 

solved exactly. However. the interaction among electrons in a multi-electron system 

makes the exact solution not feasible. Further approximation must be invoked. 

The common way is to use the MO theory. 44 The MO treatment uses a set of 

molecular orbitals. usually a linear combination of a basis set of the atomic orbitals 

(LeAO) for the atoms making up the molecule. Then electrons are assigned to 

MOs. One single assignment is a configuration. In the simplest form. a single 

configuration is used with a minimum set of basis atomic functions. Then the 
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variational method is applied to obtain the approximate total electronic energy and 

wave function. A larger basis set can be used to increase the variational 

flexibility. But even a completely flexible basis set (Hartree-Fock limit) lacks the 

description of electron correlation due to a single configuration function used. To 

correct this deficiency. a multi-configuration wave function has to be used. The 

inclusion of all possible configurations for a given basis set represents a full CI 

treatment. A full CI treatment at the Hartree-Fock limit will give the exact 

solution. 1n the real world. one can only either seek a solution with a nearly full 

CI treatment at limited basis set or. solve exactly the Hartree-Fock equation with 

limited configurations. 

To date all the existing treatments on Hez + are within the BO 

approximation. The early calculation by Reagan et al.40 uses 13 Slater-type atomic 

functions as the basis set. Twenty-six configurations are used to include the 

electron correlation energy. The basis set of Maas et al. 32 consists of 37 Gaussian 

lobe functions. The SCF calculation carried out at each point is followed by a CI 

treatment. The analysis shows the CI was close to full CI in the AD basis used. 

They also investigated the effect of a larger basis set and found that additional 

basis functions only result in a very nearly parallel downward shift of the entire 

potential energy curve. Khan and Jordan 19 selected a compact basis set consisting 

of 6s. 4p. and I d AOs. from which 113 c;onfigurations were constructed with 14 

significant "active spaces" (shells).19 They used a more efficient MC SCF approach 

in which both orbital exponents and configuration coefficients are optimized at the 

same time. The MC SCF procedure with extensive configurations provides the most 

accurate ab initio potential curve for He2 + at present. To further improve the He2 + 

calculation within the BO approximation. a more flexible basis set and more 
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configurations are needed. But at the same time. the error induced in the BO 

approximation may prevail. and corrections to the BO approximation may become 

necessary. 

Figure 3.1 shows the potential curves of the ground state X21:u + and the 

first excited state A 21:g +. The ground state has an energy minimum 2.465 e V 

below the dissociation limit at the internuclear distance 1.0820 A The first excited 

state potential shows the avoided crossing structure at R-0.6 A. a well-known fact 

of the two crossing states with the same symmetry. 

It should be mentioned that. in the BO approximation. the electronic states 

are determined only by the nuclear charges and the number of electrons. They are 

independent of the nuclear masses. Therefore. the existing ab initio calculations for 

He2 + apply to the heteronuclear molecule sHe4He+ as well. However. there are 

situations where the nuclear mass effect becomes important. In fact. the ionization 

potentials of sHe and 4He atoms are not exactly the same but are given by45 

Ei - M~l [ ~2 _ 5; + 0.15744 _ 0.0~86 + 0.0~;74 ] (a.u.) (3.1) 

From the formula. the difference in ionization energy is found to be 1.1 meV. So 

the ground state X21:u + and the first excited state A21:g + of sHe4He+ do not have 

the same dissociation limit. This difference becomes non-negligible at large 

internuclear distance. In a rotational predissociation spectrum measurement of 

'He4He+ by Van Asselt et al..45 the kinetic energy spectra of sHe+ and 4He+ display 

asymmetry in intensity. The effect is due to the unequal mixing of u-state and g

state at the asymptotic and. therefore. the unequal probabilities that sHe4He+ 

dissociates into sHe+ + 4He and sHe + 4He+. Since the present calculations are only 
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within BO approximation and our experiment is in the region far below the 

dissociation limit. we are safe to use the same electronic structure (potential curve) 

for all isotopes. 

3.2. Vibration and Rotation 

The vibration and rotation of the nuclei. which are governed by the 

internuclear potential. produce rich IR spectra and thereby provide essential 

information on the molecular properties. The Hamiltonian for the nuclear motion in 

the BO aproximation can be separated into angular and radial parts. The solution 

for the angular part is the standard spherical harmonics. The radial part can be 

solved numerically for a given potential curve. The common approach is the 

Cooley-Numerov· method.46 Many computer programs have been developed for such 

purposes. We have used the program LEVEL. kindly provided by LeRoy,47 The 

vibration-rotation energies and the transition frequencies of the sHe4He+ ground state 

are calculated for the ab initio potential by Maas et al.. their adjusted potential 

curve. and the potential curve by Khan and Jordan. 

The energy levels and the transition frequencies obtained above are only 

good with the BO approximation. In an actual molecule. the electronic motion and 

the nuclear motion are not independent. Corrections to the BO approximation can 

be made by treating the coupling terms in the original Hamiltonian as a perturbation 

-- the so-called adiabatic correction. The adiabatic correction has been calculated 

for simpler molecules like H2+ and HeH+. For HeH+. the correction is on the order 

of 5 cm-1 in potentiaJ energy and I cm-1 in transition frequency. 21 To our 

knowledge. no one has calculated a similar correction for He2 +. Considering that 

the helium molecular ion has heavier nuclear masses than HeH+ but more electrons. 
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the corresponding correction for He2 + should be of the same order as that for 

HeH+. An even better approximation is the nonadiabatic calculation in which the 

electronic and nuclear motions are solved in the same SchrOdinger equation. Then 

the concept of the internuclear potential has to be abandoned. 

The ordinary helium molecular ion 4He2 + is geometrically symmetric 

about the middle point along the nuclear axis. It does not possess any electric 

dipole moment. As with all homonuclear molecules. it is spectroscopically inactive 

in the infrared region. The isotopic substitute of a homonuclear molecule. i.e .• 

3He4He+ for He2+. does however lead to a permanent dipole moment. This is 

because the center of mass and the center of charge of 3He4He+ do not overlap. 

The asymmetry produces an effective dipole moment relative to the center of mass. 

When the molecule vibrates and rotates. this dipole varies periodically and. 

therefore. the dipole transitions are allowed for vibration and rotation. It is easy to 

find that the effective dipole moment p. is given byCS 

p. _ 1.201 Zj [A~] R (debye). (3.2) 

where Zj is the net charge of the molecular ion. AM and M are the nuclear mass 

difference and the average mass. respectively. and R (A) is the internuclear 

separation. One can see that only a charged molecule can have such a dipole 

moment and it is irrelevant to its electronic state. From (3.2) p. for 3He4He+ is 0.37 

debye. The derivative of the dipole. to which the vibrational transition moment is 

proportional. is given by 



l- 1.201 Zj [~l (debye/A) . 

To find the transition dipole moment. the matrix element 

< v.N/ JL/ v'.N' > - 1.201 Zj ~M < v.N/ R/ v'.N' > 
M 
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(3.3) 

(3.4) 

has to be evaluated. where v and N are the vibrational and rotational quantum 

numbers. respectively. The allowed transitions follow the usual se'lection rules: 

Av - il. and AN - il . 

The usual way to express the vibration-rotation spectrum of a diatomic 

molecule is in terms of molecular constants. or Dunham coefficients. in general. 

With this scheme. the term values are expanded in a power expansion series of 

vibrational and rotational quantum numbers: 42 

T(v.N) - L Yjk (v+~]j Nk(N+l)k 

jk 

(3.5) 

The first few Dunham coefficiants Yjk have one-ta-one relations with the 

usual molecular constants as follows: 42 
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Of course it is understood that these molecular constants do not have the exact 

orthodox physical meanings as in a vibrating rotator (i.e., Dunham correction terms 

are neglected).42 One useful property of the molecular constants is the definite mass 

dependence. One can scale the molecular constants from one isotope to another. 

From the approximate physical meaning of each constant, it is easy to write down 

the reduced mass scating relations: 42 

(3.6) 

where mr is the reduced mass, and i indicates the isotopic form. When more 

precise seating is required. a better formula derived by Watson49 which includes 

Dunham correction terms, should be used instead. 

3.3. Hyperfine Structure of 3He4He+ 

3He4He+ consists of three electrons. As discussed in Section 3.1, the 

ground state 2IU + has two electrons occupying the ug orbital with their spins paired 

and the third electron in the outer uu orbital. While the total electronic orbital 

angular momentum L is zero, the total electron spin S is 1/2. The associated 

magnetic moment is Ile - Se/loS, As for the nuclei, the nucleus helium-4 possesses 

no spin; the nucleus helium-3 has nuclear spin 1-1/2 with an associated magnetic 

moment Iln - gn/lnl. Neither nucleus has a quadrupole moment.50 In addition to 
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the above spin angular momenta. there is an angular momentum N associated with 

the molecular rotation as a whole. The interactions and couplings among these 

angular momenta give rise to energy level splitting and. hence. fine and hyper fine 

structures in spectrum. 

There are many treatments on the hyperfine structure of various diatomic 

molecules. A general discussion of the magnetic hyperfine interaction and spin

rotation interaction for diatomic molecules has been provided by Frosh and Foley.51 

The hyperfine interaction of H2+52-54 and HD+55. to which 3He4He+ is similar. have 

been the subject of many studies. Dalgarn048 has derived the hyperfine interaction 

and spin-rotation interaction Hamiltonian of H2 + from the Dirac equation. The 

coupling coefficients in the Hamiltonian have been calculated to high accuracy. 

This is mainly because of the available laboratory observation of the hyperfine 

transitions of H2 +56 and possible astronomical observations. 52 

3He4He+. on the other hand. is a multi-electron system. There is no exact 

relativistic Hamiltonian like the Dirac equation for a system having more than one 

electron. However. the Breit equation for two electrons is correct to the order of 

c-2 and has been reduced to nonrelativistic form. 57 This equation can be easily 

extended to multi-electron molecules.58•59 With the extended Breit equation and a 

few other assumptions. the hyperfine interaction Hamiltonian can be derived. Of 

course the complete hyperfine interaction Hamiltonian for 3He4He+ has many terms, 

including spin-spin interactions and spin-other-orbit interactions among electrons. 

various relativistic corrections. and higher order terms. They give rise to both shift 

and splitting to an energy level. Since our interest here concerns only the level 

splitting but not the shifts. the only important terms are the electron-spin-nuclear

spin interaction and the electron-spin-nuclear-rotation interaction. The remaining 
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terms either do not contribute to the splitting or are believed to be of higher order. 

Following the Hamiltonian derived by Howard and Moss.58 the hyperfine interaction 

Hamiltonian then can be written as 

(3.7) 

where s is the individual electron spin; the indices i. 3. and 4 refer to the ith 

electron. sHe++. and 4He++. respectively; rrs is the position vector of the ith electron 

from the nucleus helium-3 and rs is the position vector of sHe++ from the center of 

mass. and so on; Z is the nuclear charge; 10 is the moment of inertia of the nuclei 

with respect to the center of mass; and other quantities have their usual meanings. 

The first two terms in the first line constitue the usual dipole-dipole interaction 

between an electron spin and a nuclear spin. The last term in the first line is the 

Fermi contact interaction. The second line is the electron spin-nuclear-rotation 

interaction. 

To obtain the first order hyperfine interaction energy. Hhf is averaged 

over the electronic wave function. After some manipulation which takes the 

advantage of the axial symmetry of the overall wave function. the effective 

Hamiltonian becomes 
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where 

(3.9a) 

(3.9b) 

(3.9c) 

with mp is the proton mass; mr is the reduced mass. R is the internuclear distance. 

The average < >av is to be done with the total molecular electronic wave function. 

which ir. a linear combination of wave functions of different configurations in most 

ab initio calculations. ---
The hyperfine struc~ure calculation for 3He4He+ has not been done 

before; we have carried out the first calculation. The calculation and discussion 

will be given in the last chapter. We conclude by saying that the dominant 

interaction is likely to be that between the electron spin and nuclear spin. The 

energy level splitting caused by the similar interaction in the atomic ion sHe+ is 

8665 MHz.60 In sHe4He+ the unpaired electron only spends half of its time around 

helium-3 and the other half around helium-4. So one would expect that the 

splitting in the molecule is about half that in the atom 3He+. i.e.. about 4300 MHz. 

In a usual infrared spectrum. however. such splitting will not be observed directly. 

Instead. one only observes the variations of the splitting over different vibrational 

states. 
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CHAPTER 4 

EXPERIMENTAL PRINCIPLES AND METHODS 

4.1. The Fast-lon-Beam Laser-Resonance Method 

The conventional spectroscopic study of molecular ions. which is done 

usually in discharge tubes. encounters several notorious difficulties. Molecular ions 

are highly reactive because most ionic reactions are exoergic or resonant. Their 

recombination rates with electrons are also high. In general. the ion concentration 

one can produce is small. especially for those ions that do not have their 

corresponding neutrals like He2 +. In addition. these molecular ions are buried in 

much larger concentrations of neutral discharge gases. Collisions with high

temperature plasma and discharge gas are often unwanted. yet inevitable. It is 

therefore desirable to isolate the ions under study in a controlled way. Ions in a 

fast-ion-beam is one such favorable casco 

The advantages of the fast-beam method are many. First of all. all ions 

in a beam move with virtually the same velocity. In an ideal situation. they are 

free of collisions. The acceleration process also automatically produces the velocity

bunching effect which makes the sub-Doppler spectral linewidth possible. 

Furthermore. ions in a beam are totally separated from neutrals and. when a mass 

selector is incorporated. can be positively identified. Being of charged particles. the 

ion beam can be well controlled over space. 

There are additional complications in the pure vibration-rotation 

spectroscopic study of ionic molecules -- poor detector sensitivity and low 

fluorescence intensity in the infrared region. In fact. the UV /visible spectra of a 
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number of molecular ions were obtained in early times by conventional 

spectroscopic methods;6,61 but the infrared spectra for molecular ions were few. 

The fact is that, even today, very sensitive IR detectors are lacking. To get around 

the problem, several indirect detection methods have been invented rather than the 

direct absorption or fluorescence detection. 

In our laboratory, a special spectroscopic technique has been developed 

called Doppler-tuned ion-beam laser spectroscopy. The detection utilizes the charge 

exchange collision. This method can not only overcome the above stated difficulties, 

but can also allow very precise measurement. 

The Doppler-tuned ion-beam method can be briefly described as follows: 

The ions under study are produced in an ion source. These ions are extracted 

from the source, focused, and accelerated to form an ion beam of several keY 

kinetic energy. The ion beam then intersects nearly colin early a CO IR laser beam 

of fixed freqnency. If the laser frequency happens to be near a molecular 

transition frequency, the kinetic energy of the ions can be tuned so that the Doppler 

shift brings an ion transition into resonance with the laser frequency. After the 

interaction, the ion beam passes through a target gas cell and the attenuated beam 

is collected in a Faraday cup. The dependence of the total collisional cross section 

on the internal state population distribution of the beam molecules permits the 

detection of a resonance by chopping the laser beam and monitoring the Faraday 

cup current with a lock-in detector. 
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4.2. Doppler Effect in Fast-Beam Method 

We learn in introductory physics text books that a particle moving at 

certain velocity experiences a Doppler shift. i.e.. the frequency seen by the particle 

is either red- or blue-shifted from that of the light source. With conventional 

spectroscopic methods. the spectral lines of gases are broadened because. as almost 

always. there is a velocity distribution due to the random thermal motion and due 

to the energy spread of other sources. However. one can use this very Doppler 

effect to suppress the Doppler Iinewidth and to tune the frequency. 

A relativistic Doppler shift for a particle of velocity v is given by 

(4.1 ) 

where v and Vo are the frequency seen seen by the moving particle and the light 

source frequency; (J is the angle between the directions of the light and particle 

velocity. The factor 'Y-(I-(v/c)2t l/ 2 is the transverse Doppler effect. 

All the calculations in our work use the exact relativistic formula (4.1). 

For the sake of simplicity here. we rewrite (4.1) for a not-too-fast beam. i.e .• 

(v/c«l): 

(4.2) 

Then one can see that. with a fixed source frequency vo. the "effective" frequency 

v can be tuned by either changing the angle (J or by changing the velocity v of the 

particles. Both tuning methods are used in many spectroscopic laboratories today. 

The angle tuning has larger tuning range. On the other hand. the velocity tuning is 
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easier to arrange in a laboratory and the tuning can also be very precise. In our 

experiment, the velocity tuning is used with a very small angle between the ion 

beam and laser beam (cosO .... I). 

Using the classical kinetic energy expression KE - MV2/2, we can write 

the Doppler tuning as 

(4.3) 

The tuning is not linear in energy. It is more effective at lower energy and 

becomes less at higher energy. In fact, it is easy to show that the tuning at 2 keY 

is more than twice as effective as at 10 keY. 

The tunability of the Doppler effect depends not only on the energy KE 

of the particle, but also on the mass M of the particle. Obviously, light molecules 

have Jarger Doppler shift and therefore are easier to tune. Table 4.1 shows the 

Doppler shifts for HD+, 3He4He+, and N2 +, within the useful limits of ordinary high 

voltage power supplies in the laboratory. As we can see, there is 2.7 cm-I tuning 

for HO+ at 2000 em-I. The tunability for 3He4He+ is 0.7 cm-I less than that for 

HO+. So the Doppler tuning method is most favorable in study of light molecules. 

Nontheless, even for the heavy molecules like N2 +, the Doppler tuning method is 

still usable but only less effectively. 

The tuning range of two wave numbers does not seem much. But a 

laser like the CO laser has very dense lasing lines due to cascade transitions among 

the vibration-rotation states. The CO laser we used has over one hundred output 

lines between 1700 cm-I and 1920 em-I. The average line separation is about 
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TABLE 4.1. The Doppler-tuning with ordinary laboratory high-voltage power 
supplies. The tuning ranges (6v) for HO+, 'He4He+, and Nz+ are given. The laser 
frequency of 2000 cm-1 is assumed. 

Molecule HO+ 'He4He+ N2+ 

mass 3 7 14 

Et,- 2 keY 2.74 cm-1 1.58 cm-1 1.12 cm-1 

. Et, - 10 keY 5.40 cm-1 3.54 cm-1 2.51 cm-1 

6v ±2.66 cm-1 ±1.96 cm-1 ±1.39 cm- l 

2 em-I. So 2 cm- l tuning at each laser line would cover the entire laser frequency 

range. Of course, the CO lines are not uniformly distributed. For HO+, the tuning 

is still sufficient to cover the whole range. For 3He4He+, however, there are 

inevitably many gaps, especially when only strong laser output lines are actually 

useful. Figure 4.1 illustrates the CO laser output frequency range' relative to the 

3He4He+ transitions. The band origins of the first two bands fall within the laser 

range. The CO laser has the potential to observe many R branch lines in the first 

three vibrational bands and a few in the P branches of the fundamental band. 

Another important feature of the fast-beam method is the kinematic 

compression of the initial Doppler width of the ion beam. 

Suppose the ions produced in an ion source have a thermal velocity 

distribution (thermal energy width 1;) according to the Boltzman distribution. The 

direct spectral measurement of these ions would have a spectral Iinewidth of 
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(4.4) 

Now the ions are accelerated to certain higher energy. The thermal energy spread 

is still ABt. of course. However. the lower-velocity ions have been accelerated 

more than the higher-velocity ones simply because the former have spent a longer 

time in the acceleration field. As a result. the velocities of the ions are bunched 

together. This bunching effect is more clearly illustrated in Fig. 4.2. The velocity 

of an ion is a square-root function of its energy. For a given energy spread A~. 

the velocity spread is being suppressed as the acceleration energy goes higher. The 

Doppler spectral width Av. which is directly proportional to velocity spread Av. is 

also reduced. It is easy to find that the ratio f of the initial Hnewidth to the 

suppressed one is 

fK[" 
f • 2j A~ (4.5) 

for KE»A~. This factor can be easily over one hundred for an acceleration 

voltage of several keY. Therefore. the kinematic compression allows one to do sub-

Doppler spectroscopy. 

Let's see an example using 3He4He+. The ion source temperature is about 

300 K. The corresponding thermal energy spread is 0.06 eV. which causes a 

Doppler-broadened spectral Iinewidth of 400 MHz at v.1800 em-I. When the ions 

are accelerated to 8 keY. according to formula (4.5). the suppressed Doppler width 

is less than 0.6 MHz. This would correspond to a very cold ion source of less 

than 0.002 K. The actual ion energy spread from our ion source is about 1 eV 
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because of the stray field and the residual energy in the ion formation etc. Still, 

the suppressed linewidth is only 9 MHz, which is equivalent to a source 

temperature of less than 0.6 K. 

In short, the fast-beam can effectively reduce the Doppler line 

broadening, which is advantageous even without the Doppler tuning. In principle, a 

continuously tunable laser could be used in fast-beam laser spectroscopy. But there 

are difficulties in the accurate determination of the laser frequency. In some 

experiments, a tunable laser is not applicable because of power requirement. The 

Doppler effect provides a convenient and accurate way of tuning. 

4.3. He2 + Formation 

He2 has no natural bound ground state. He2 + cannot be obtained by 

direct ionization of its parent molecule. Instead it is formed in chemical reactions. 

In our experiment, an electron-impact ion source is used. There are two He2 + 

formation processes which can be important in such a source. 

Associative Ionization 

When an excited atomic helium collides with a ground-state helium atom. 

an electron is ejected and He2 + ion is formed: 

(4.5) 

The process was first proposed and investigated by Hornbeck and Molnar27 

(therefore, often referred to as the Hornbeck-Molnar process, or H-M for short). 

Figure 4.3 shows the He2 + ground-state potential energy relative to the atomic 

helium energy levels. The lowest vibrational state of He2 + is 2.47 e V below the 
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He + He+ dissociation limit. From energy consideration. it is clear that only those 

excited states with n~3 can participate in such formations. The figure also suggests 

that the association ionization is a nearly resonant process with the resulting ion in 

vibrationally excited states. These conclusions are consistent with experiments. 30 

Three-Body Conversion 

Atomic ions in the presence of neutral atoms can convert rapidly into the 

molecular ions through the process: 

He+ + 2He .. He2 + + He . (4.6) 

The molecular ions thus formed are also in highly excited vibrational states. 

Several mechanisms for the conversion process have been proposed. mostly for the 

purpose of explaining the measured temperature dependence of the conversion rate. 

One assumption33 is that an atomic ion undergoes a grazing collision with a neutral 

(particle 1) with another neutral (particle 2) nearby. When the ion makes the 

charge-exchange with the neutral particle 1. the potential between new ion and 

neutral particle 2 becomes negative. A bound molecular ion is then formed. So 

this association is by means of a potential energy transfer rather than the usually 

impulsive kinetic energy exchange. However. the true mechanism remains to be 

determined by further experimental investigations. 

There are. of course. other processes such as metastable-metastable 

collisions and radiative associations in which He2 + can be formed. But in an 

electron-impact ion source. the association ionization and the three-body coversion 

are the two dominant ones. 
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There is characteristic pressure dependence for the associative ionization 

process and the ion conversion process. The former is a two-body reaction process. 

The concentration of He2 +. [He2 +]. is expected to be proportional to the product of 

the concentrations of helium atoms in the ground state [He] and in excited states 

[He*]. i.e .• 

[He2+] - ka[He][He*] . 

Similarly. in the three-body conversion process. we have 

[He2+] - kdHe+][He][He] . 

Now if we assume that both [He*] and [He+] are directly proportional to the source 

gas pressure Pst we expect: 

(4.7) 

in the H-M formation. and 

[He2 +] oc Ps 3 (4.8) 

in the ion conversion. At low pressure. the ion conversion is inefficient. Only 

associative ionization is important. As the source pressure increases. the 

contribution from the three-body process rises faster and will dominate eventally at 

high pressure. The distinct pressure-dependent characters are useful experimentally 

in analyzing the formation processes in helium plasmas. We will further discuss 

them in the next chapter together with the experimental observations. 

4.4. Interaction with Radiation 

After being extracted from the ion source and accelerated. the ions are 

lead into a field free region. where the interaction of the ions with laser radiation 

takes place. Since we are concerned about the vibration-rotation transitions. an IR 

laser is used. 
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The pure vibration-rotation spectrum of the homonuclear molecule He2 + 

(and likewise H2+, N2+ etc.) are not easily observable, because of the absence of a 

permanent dipole moment. There are other spectroscopic methods like Raman 

scattering that is useful in the study of these homonuclear molecules. We discussed 

in the last chapter that the isotopic substitution of a homonuclear molecule does 

possess a dipole associated with vibration and rotation. The transition dipole 

moment for vibration-rotation transitions has been given in (3.4). mainly the matrix 

element (R)-(vl RI v~. (R) can be either estimated analytically or computed 

numerically. We have calculated (R) using the potential curve by Maas et a1. with 

the LEVEL program by LeRoy. The transition moment is around 0.024 debye on 

the average. which is very small compared with to the heteronuclear molecule H~fl+ 

which has a transition moment of 0.25 debye. The corresponding transition 

intensity is even smaller since it is proportional to the square of the transition 

moment. 

Knowing the transition dipole moment. we can investigate the interaction 

of the molecule with the laser radiation field. In an experiment. one would like to 

drive the transition hard to enhance the signal strength but without significant 

power-broadening. This means that the laser power should be near saturation. At 

saturation the power broadened linewidth is equal to the Doppler width so that 

most molecules are driven into resonant transition at the same time. The laser 

intensity required for the saturation of the transitions is given by62 

Is - - - - (~vD) I JIo h
2 

2 
2 p.o p.2 

(4.9) 
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where vD is the Doppler width. According to this formula, a 9 MHz Doppler 

width needs a saturation intensity of 7.4x106 Wm-2• The equivalent power for a 

laser beam of a waist of 1.7 mm is 67 watt! 

In the IR spectral range, such high-power research lasers are not yet 

readily available. The continuously tunable IR diode lasers can only provide 

milliwatts of power. We use a relatively high-power fixed-frequency IR CO laser. 

The CO transition frequencies have been accurately measured.63 The CO laser can 

deliver single line power of up to I Watt. A moderate output power is around 0.5 

Watts, which is barely sufficient for our experiment. It is useful then to 

investigate the transition probability in such a weak field. 

Consider a 3He4He+ ion as a two-level system. When the ions enter the 

laser field, they start Rabi oscillations. If we assume that the laser field an ion 

experiences has a cosnstant amplitute (which is only approximate for a Gaussian

shaped laser beam.) then the probability of the transition after T interaction time is 

then 

(4.10) 

where R2 • I I"EI2/h2, and t:.v-v-vo is the detuning. For an averaged probability. 

the P in (4.10) is averaged over all the ions in a beam. which in general have 

random phases and velocity spread. If the ions have truly random phases. the 

average of sine will be 1/2. The average over the velocity spread is given by 
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- I I R2 
P - 2 0 w+(~v):i g(~v)dv 

where g(~v) is the Doppler broadening line shape. Since R is less than I MHz for 

the laser power and the Doppler width is 10 MHz. P can be approximated as 

Tr -h R P - -4 g(O)R - -4 -
~vD 

(4.1 J) 

assuming g(~v) is a Gaussian. P is then of the order of 0.035. This value is very 

small. It should be pointed out that this value for the transition probability with 

our laser is the highest one can hope for. If the Rabi oscillation phases are not 

completely random. the sine could be a small number or could even vanish when 

the condition for complete oscillations is met. 

4.5. Resonance Signal Detection 

When a resonance transition occurs. the molecules strongly absorb photons 

and later re-emit photons due to spontaneous emission. Direct detection methods 

monitor the light absorbed or the fluorescence. However. the direct detection of the 

infrared absorption or emission at low ion concentration is very difficult. One 

often has to rely on other indirect detection' schemes to monitor resonant transitions. 

Two indirect detection methods have been developed in the fast-beam 

laser spectroscopy: 

Photodissociation Method 

This method was first used by Carrington and his co-workers4 in the 

fast-ion-beam infrared spectrum experiments. Two laser beams are used in this 
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scheme. One excites the molecules to an excited vibration-rotation state. while the 

other drives the molecules to a dissociative state from the excited level. The 

resonance transition then is monitored by detecting the dissociation fragments. 

Charge Exchange Method 

The method makes use of the vibrational state dependence of the charge 

exchange cross section between the ions under study and a neutral target gas. 

After interaction with the laser field. the ions pass through a target gas cell. where 

part of the ions in the beam are neutralized. When there is a resonant transition. 

the population redistribution between the two transition states changes the total 

charge-exchange cross section. By monitoring the attenuated ion current change 

between a resonance on and off. the resonance signal can be detected. In this way. 

Wing and his co-workers' have successfully observed the infrared spectra of several 

simple molecular ions. 

Usually the charge-exchange cross section of one vibrational state differs 

only slightly from that of another. The small resonance signal is picked up in a 

large background. so the charge exchange detection is less sensitive than the 

photodissociation method. Nevertheless. the later can only be used successfully near 

the dissociation limit. while the former does not have the limitation and requires 

only a very simple setup. Since the charge-exchange detection is used in our work. 

it deserves further discussion. 

Consider a simplified case where the projectile suffers only single 

collision in the cell. Assume an ion beam 10 enters a target gas cell of the length 

(X) and the target gas density (n). The ion current after passing through the cell is 

then 
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(4.12) 

where Uj and PI are the charge-exchange cross section and the population for the 

state i, respectively. When a transition occurs between two states a and b with the 

transition probability p, the attenuated current change ~I (i.e., the signal) results: 

(4.13) 

where ~P represents the initial population difference betweeen the states a and b. 

If the relative change in the cross section is small, as is usually the case, then: we 

can have 

(4.14) 

where U • I /2(ua -ub)' From (4.14) we see two important factors. First, S is 

proportional to ~u as expected; secondly, S is also proportional to the initial 

population difference ~P-Pa-Pb' A resonance transition between two nearly equally 

populated states will not change the population distribution and hence will yield no 

signal. This fact requires that the ion source produces the ions with a substantial 

population difference between the transition states. 

He2 + is known for its large charge-exchange cross sections with other 

molecules. The charge-exchange cross section of He2 + /N2 is about loA 2.64 The 

study of He2 + /K at 6 Ke V showed a cross section as large as 100 A 2.16 

Unfortunately, the cross sections for the individual vibrational states of He2 + have 
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not yet been studied. In an early HeH+ experiment,55 a 2% difference between two 

adjacent vibrational states was estimated. If that percentage holds true in He2 +, Au 

for He2 + would be fairly large. 

The charge exchange of Hez + with a target gas molecule T has two 

possible processes: 

He2 + + T ... Hez'" + T+ , 

He2 + + T ... 2He + T+ 

(4.15) 

(4.16) 

In process (4.15), He2 + captures an electron and becomes an excited helium dimer. 

He2 + in process (4.16) captures one electron and directly undergoes recombination 

dissociation into the repulsive ground state of He2 • The transition probabilities from 

He2 +(v) to He2 *(v') and to Hez can be partly characterized by Franck-Condon 

factors. The overlap integrals of the factors for these transitions would be different 

for various initial vibrational states. 16 Therefore. the differences in the cross 

sections for the different vibrational states are expected. The above argument is of 

course a plausible and partial one. We by no means intend in this dissertation to 

study the charge-exchange cross section other than to show the existence of such a 

state dependence of the cross section. Since no previous study on the subject 

exists, we do have to find an effective target gas by experiment. 
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CHAPTER 5 

APPARATUS AND THEIR PERFORMANCE 

5.1. Overview 

The original Doppler-tuned ion-beam experiment setup was built some 

years ago in our ion-beam laboratory. Following the first IR spectrum of HD+. the 

spectra of a few other important molecular ions. including HeH+. H3+ and their 

isotope substitutes. have been observed with this apparatus.66 Readers are referred 

to other pUblications for the detailed technique descriptions. 55•57 We will give only 

a brief description and some salient and new features of the apparatus in the 

following sections. 
I 

The overall experimental layout is illustrated in Fig. 5.1. The gas 

mixture of pure helium-3 and helium-4 is fed into the ion source at one end of the 

vacuum system. The ion source is a controlkd co-axial electron-impact type 

(designed in this group). The ions formed in the source are extracted. focused. and 

guided into the interaction region through a series of the electrostatic lenses and 

deflection plates. A frequency-stabilized CO infrared laser beam of fixed 

frequency propagates into the interaction region from the side and intercepts the ion 

beam in a very small angle (0.0\08 radians). A mass filter of crossed electric and 

magnetic fields (Wi en filter from Colutron Co.) down the beam line is installed to 

select only the ions under study. These ions pass through the target gas cell. The 

partly neutralized ion beam finally ends up in a Faraday cup. where a small 

current change between the laser on and off is detected. The vacuum chambers 

are differentially pumped. All gases from the ion source and the interaction 
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regions return to a recirculator, which cleans the helium gas mixture and returns it 

to the ion. source. The acceleration voltage is supplied by two high-voltage 

supplies, one of which is programmable. The voltage is measured with a high

accuracy digital voltmeter (HP 3456A) together with a precision voltage divider 

(Fluke Model 80E). 

The important operational parameters in a usual scan and the geometric 

data about the apparatus are listed in Table 5.1. 

5.2. Ion Source 

As we have seen in the previous chapter, the ion source in our 

experiment should be able to produce sufficient ion current with large population 

difference and little energy spread. The commerciaJ1y available ion sources of 

various types do not meet all these requirements. Therefore. a specially designed 

controlled coaxial electron-impact ion source was constructed for the ion beam 

experiment. The structure of the ion source is illustrated in Fig. 5.2. The 

construction detail can be found in the paper by O. Kyrala et al.68 The extension 

spac~rs in front of the source are essential. They form a necessary reaction 

chamber. where He2 + formation reactions take place. The length of the reaction 

chamber has to be just right to provide sufficient reaction time without much loss 

of the molecular ions. 

The gas fed into the ion source is an approximate 1: 1 mixture of 3He 

and 4He. Upon the impact of electrons. some of the helium atoms are excited to 

He'" and some are ionized to He+. These He'" and He+ then make subsequent 

associative collisions with He to form He2 +. The total ion beam current collected 

by the Faraday cup is about 300 nAt out of which only about 2% is the molecular 



TABLE 5.1. List of geometric and experimental parameters 

Parameters 

I. Ion source operating parametersD 

Ion source chamber pressure: 
typical value 

Corresponding reaction channel pressure 
Reaction channel length 
Filament power 
Electron bombardment voltage: 
Focusing electrode voltage (range) 
Source gas mixture. 3He: 4He (roughly) 
Typical beam currents obtained (at 6 kV): 

Cathode emission current 
Lifetime of cathode 

II. Ion beam line parameters 

Beam voltage 
Beam defining apertures: 

diameter 
separation 

Interaction length 
(laser-ion beam overlap) 

He+ 
He2+ 

Interaction region operation pressure 
Ion beam current noise 

III. Laser and laser beam parameters 

Cavity length: 
Output mirror (reflectance) 
Grating 

blazed @ 
efficiency 

Discharge tube i.d. 
Discharge length 
Cathode-anode voltage 
Discharge current 
Cooling temperature 
Spectral range 
Output power (single line. single mode) 

Value 

2.2x 1 0-4 Torrb 

2.3 Torr 
",1.0 cm 
",65 Watt 
450 V 
o to -130 V 
I: I 

300 nA 
6 nA 

40-60 rnA 
(normally) '" 2 month 

2 to 9.5 kV 

4.76 mm 
1.219 m 
",30 cm 

~5x I 0-6 Torrb 

~2x shot-noise limit 

1.5 m 
",95% 
I SO lines/mm 
6 p.m 
~ 90% 
12 mm 
1.l5m 
7 kV 
20 rnA 
-60DC 
5.1-6.4 p.m 
up to I Watt 
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TABLE 5.1. (continued) 

Frequency stability (free running) 
Frequency stability (single mode lock) 
Frequency stability (two mode lock) 
Laser gas mixture: 

total pressure 
partial pressure: CO 

N2 
Xe 
He 

Laser beam line optics loss 
Laser beam size (radius) at interaction region 

IV. Signal detection parameters 

Intersection angle between ion and laser beam 
Laser chopper frequency 
Target gas 
Target gas cell pressure 
Target gas chamber pressure 
Typical signal current / 3He4He+ current 

e!4 MHz/hr drift 
e!4 MHz 
e!0.3 MHz 

18-20 Torr 
6.24% 
6.26% 
6.26% 
balance 
~40% 
1.7 mm 

0.010825 radians 
1 kHz 
Helium 
0.3 Torr 
2.8xlO-4 Torr 
10 ppm 
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a The ion source operating parameters are usually adjusted to maximize the He2 + 
current. 
b The ratio of the reaction channel pressure to the ion source chamber pressure is 
estimated to be 10400. Ref. 68. 
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ion current. 

The ion source pressure and the energy of electron are the parameters 

affecting the ion production the most. Studying them can give us information about 

the ion formation and can indicate optimal operation conditions. The electron 

energy dependence of the ion productions is straightforward. Although the 

excitation and ionization of the helium atom depend on the electron bombardment 

energy to some degree. higher electron energy produces much larger electron current 

so as to yield more ions. So the electron voltage runs as high as 450 volts. 

Typical ion source pressure dependence of the ion currents I(He+) and 

I(He2 +) are shown in Fig. 5.3. Both ion currents rise with the increasing source 

pressure. The molecular ions are detectable only when the pressure is sufficiently 

high. There exists a pressure at which the ion currents reach the maxima. Beyond 

that pressure. both ion currents start to drop. 

In the last chapter. we mentioned that the two molecular ion formation 

processes have their characteristic pressure dependence. The Hornbeck-Molnar 

process is a two-body reaction. while the ion conversion is a three-body process. If 

we assume that both the densities [He*] and [He+] are directly proportional to the 

source gas pressure Pst we expect that 

[He*] ex Ps 2 • (5.1) 

and 

[He+] ex Ps 3 • (5.2) 

Now the experimental data show the He+ current (and possibly the concentration of 

He* as well) is not exactly proportional to the source pressure. The anomaly may 

result from the multi-ionizations by a single electron and/or ionizations by 

secondary electrons. So to analyze the pressure dependence. the ratio of I(He2 +) to 
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I(He+) is plotted against the source pressure, as shown in Fig. 5.4. The result (the 

solid line)- fits well to the Ps2 dependence line (dashed). In other words, 

n(He2 +) oc n(He+)Ps 2, which strongly suggests that, in our ion source, the three-body 

reaction is the dominant process producing the molecular ions. The associative 

process is not competitive because He* production at near 450 eV electron energy is 

not efficient. In addition, most of the excited states have a short lifetime and 

would radiate before collisions can occur (even considering the radiative trapping 

effect). 

The molecular ions formed in chemical reactions are usually in 

vibrationally excited states. The helium molecular ions formed in the ion 

conversion process can be as high as v-I 5.7 If the ions are widely distributed 

among many vibrational states, the population differences between individual 

vibration-rotation states will be very small. This could be fatal to our experiment. 

Fortunately, our operating ion source pressure is high. The ions suffer many 

collisions before extraction. The collisions can de-excite the vibrationally excited 

states. There are suggestions69 that the collisional relaxation is rapid, especially when 

electrons are present. 

The vibrational relaxation of He2 + due to collisions was indicated in 

earlier experiments. In a He2 + + He near-threshold collision cross-section study, 

Grossheim et al.64 found that the cross s~ction reached a constant when the ion 

source pressure was raised above '" 0.1 torr. This source-pressure effect was 

interpreted as the evidence of a nearly complete vibrational de-excitation. 

Incidentally, their ion source is also an electron-impact type. In an He2 + + K 

collision experiment,16 Barkhardt et a1. found similar evidence on the collisional 

relaxation. 
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Our ion source pressure is estimated to be as high as 2.5 torr. Under 

such an op_eration condition. the molecular ions formed in our ion source are very 

likely de-excited down to the vibrational ground state before extraction. This 

situation is advantageous for the observation of the fundamental band. since it 

creates a maximum population difference between states v-O and v-I. But. the 

complete relaxation. if it does occur. will prevent us from observing any hot-hand 

transitions. Lowering the pressure may ease the relaxation. but also yields much 

less ion current. 

5.3. Helium Gas Recirculation 

The beam machine has a fairly large gas flow rate. At full operational 

source chamber pressure of 2xlO-4 torr. the throughput is about 1.5 liter/hour. 

This kind of gas flow has to be kept continuous for months for resonance 

searching. SHe gas is expensive; at over one hundred dollars per liter. salvaging 

the used helium gas is necessary. We have built a helium recirculating system for 

this purpose. The exhaust gas from the ion-beam line diffusion pumps is 

continuously scavenged and fed back into the ion source through a purification trap. 

Figure 5.5(b) shows the structure of the trap. It contains 50 cc of 

activated charcoal. When cooled to liquid-nitrogen temperature. the charcoal 

absorbs strongly all but helium gas. One hundred cc of activated charcoal at 

liquid-nitrogen temperature can absorb 10 liters of air.70 A larger-grain molecular 

sieve (zeolite). about 50 cc. is also used at the fore-stage of the trap. It absorbs 

water and oil first. Otherwise. the charcoal can be choked and loses trapping 

efficiency. The trap can maintain its absorbing efficiency for two weeks. When 

the charcoal and molecular sieve have absorbed gases near their full capacities. or 
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are simply clogged. a reactivation procedure then follows. The trap is disconnected 

from the ion-beam gas line and then heated to 300°C for out-gassing. The process 

may take hours. so two traps were built for alternating use. 

Shown in Fig. 5.5(a) is the schematic of the recirculating system. The 

circulating pump is a helium-tight mechanical pump (Leybold-Heraeus D8A HEL 3). 

which also serves as the backing pump for the diffusion pumps of the vacuum 

chambers. The reservoir is used to store helium gas when the circulating line has 

to be open to air and to save the helium gas through a pressure relief valve (PRY) 

in case an over-pressure builds up in the system. 

Using the tunable Wien filter in the ion beam line as a mass analyzer 

shows only a small amount «0. I %) of hydrogen-bearing ions and traces of other 

impurities. Even a fragile dispenser cathode in the ion source can survive for two 

months. 

5.4. CO Laser and Its Frequency Stabilization 

The experiment requires a light source with stable and known 

frequencies. We use a cw sealed-off 12C160 laser built according to the design of 

Freed. 71 It consists of a I IS-em-long quartz discharge tube with a cooling jacket. 

The output mirror is mounted on a piezoelectric tuner (PZn and the other end 

mirror is a wavelength selecting grating. The cathode is cooled with flowing air 

and the laser medium is cooled down to -60°C with circulating methanol through 

the cooling jacket for maximum possible output. The pre-mixed CO laser gas (CO 

6.24%. N2 6.26%. Xe 6.26%. and He balance) is used for easy laser gas refreshing. 

This laser is capable of lasing at over one hundred wavelengths in the range of 5.2 

to 6 p.m. The single-line outputs vary from a tenth of a watt to one watt. 
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Because the laser power required for our experiment is relatively high and the 

Doppler-tuning range is relatively narrow. only part of the molecular transitions can 

be matched by laser lines with sufficient power. 

The construction of the laser is very sturdy. The supporting rods are 

made of low thermal expansion coefficient material (Invar) covered with thermal. 

acoustic. and magnetic shielding materials. The discharge current and the medium 

temperature are well controlled. These details assure a good frequency stability 

(4 MHz/hour) even without an active stabilization. 

Further stabilization of the laser frequency calls for a servo operation. 

This is realized by locking the laser frequency at some feature of the gain curve. 

One such place is the center of the gain curve (single-mode lock). But the center 

region is usually flat and insensitive to the frequency shift. When the laser gain 

curve is broader than the laser cavity mode spacing. two adjacent longitudinal 

modes can operate at the same time. The dip at the two-mode joining point is 

narrow. Locking the laser at this point (double-mode lock) allows much better 

frequency stability. 

The locking task is controlled and performed by a microcomputer.72 

which digitizes the laser power spectrum through a Fabry-Perot filter. In the 

single-mode lock scheme. the computer finds the height of the output spectrum and 

compares it with that of the previous scan. In the double-mode lock. the computer 

finds the heights of the two modes and compares them. If a deviation error occurs. 

a correction signal is sent to the laser PZT driver to adjust the laser cavity length 

accordingly to pull the frequency to the locking point. 

The instability of the double-mode lock is 0.5 MHz. Compared with 

5 MHz instability of the single-mode lock. the double-mode lock is preferable for 
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better precision. However, the power in each mode is considerably less than that 

in the single mode. Therefore, in the search for resonances, the single-mode lock 

was used to ensure the maximum laser power. But in determining a resonance 

frequency, the more stable and precise double-mode lock was used whenever the 

laser power was sufficient. In fact, more than half of the resonances were 

observed with the laser in the double-mode lock. 

The center frequency of the CO laser output is determined using the up

to-date molecular spectroscopic constants by G. Guelachvilli et al.63 They have 

measured more than 30.000 Doppler-limited spectral lines of the fundamental 11:+ 

electronic state of 12C160 and its isotopes using a high-information Fourier transform 

interferometer. These extensive sets of the transition lines were fitted to 35 

Dunham expansion coefficients. The rms deviation of the fit is 400 kHz. 

Therefore this set of Dunham coefficients can be used to derive accurate transition 

frequencies. 

5.5. Target Gas 

The detection part of the experiment is very simple in construction. It 

needs only a cell for the target gas and a Faraday cup to collect ions attenuated 

through the cell. Both the cell and the cup are in the line of the ion beam. 

As indicated in the formula (4.14), the difference of the charge exchange 

cross sections Au between two levels involved in the transition is crucial. The 

signal is proportional to the cross-section difference Au. One must choose a target 

gas which yields significant Au; unfortunately, such a gas is a prior unknown. We 

are not aware of any systematic study concerning the differential cross section of 

vibrational states, and we just had to find an effective target gas by experimenting. 
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While it sounds quite trivial. it is complicated by the fact that the resonance 

frequencies were also unknown to a large extent. Failing to find a signal in 

searching for the first resonance could be attributed to either a poor choice of the 

target gas with vanishing I:lu or searching at the wrong place. In fact. this is what 

happened in our 3He4He+ experiment. Somewhat arbitrarily. we used O2 and Ar 

first as the target gases. which both turned out to give no signals. 

To find the maximum possible signal. we used several common gases 

after finding the first resonance with nitrogen. He. H2• and CO were tested. but 

only He and N2 can give significant signal levels. It is interesting to note that 

using He and using N2 as the target gases have different signal signs. suggesting 

that I:lu for He and for N2 have different signs. A similar situation occurred in the 

D3 + experiment where helium target gas yields a reversed signal sign from those of 

other gases.73 One can understand this phenomenon only by the correct explanation 

of the charge-exchange mechanism. In this dissertation study. He is chosen as final 

target gas. 

There is an optimum attenuation magnitude of the ion current for a 

given target gas. One can easily find from formula (4.14) that the optimum 

condition is given by: 

(5.3) 

This corresponds to the ion beam current attenuation of 63%. The optimized signal 

is then given by 

- ) [I:luu) . S - 0.37 10 P (Pa -Pb (5.4) 

It is interesting to note that the optimalized signal strength is proportional to only 
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the relative cross-section change. In the actual experiment. the target gas pressure 

is adjusted -to obtain the maximum signal strength. 

5.6. Signal-to-Noise Ratio 

At this point. we have enough information to make a rough estimate of 

the expected signal-to-noise ratio (SIN) of a resonance signal. using (4.11) and (5.4). 

Because of the nearly complete vibrational relaxation. the higher state is empty. 

Pb -0. The lower-state population distribution among the rotational states can be 

estimated by assuming a rotational temperature. That is. 

2N+I [ BoN(N+I)] 
Pb • z;- exp - kT • (5.6) 

where Zr is the partition function of rotation. The exact rotational temperature of 

the ions from the ion source is unknown. A reasonable assumption is that the 

rotational temperature of the ions is in equilibrium with the ion source wall. which 

is in good contact with the vacuum-chamber wall cooled with circulating water. So 

the guess would be a little above the room temperature. say. 400 K. At this 

temperature. (5.6) yields a maximum value of 0.12 at N-5. 

Of course the relative cross section change is also an unknown. In a 

similar experiment on HeH+. it has been estimated to be a 2% change for 

HeH+/Ar.65 If we adopt this value for 3He4He+/He. and use a moderate laser 

output power of 0.5 watts. then the signal strength is found to be 3.1 x I 0-510, or 

6.2xlO-14 Amp. at 10-2 nA. 

The signal noise is shot-noise limited. 2 nA of the beam current with 16 

second integration time yield3 0.6xlO-14 A noise level. So taken together. the 
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theoretical signal-to-noise ratio is about 10. 

The actual noise is about twice that of the shot noise. So the observable 

signal-to-noise ratio should be less than 6. 
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In this dissertation work. we have done the precision measurement of the 

infrared vibration-rotation spectrum of the helium molecular ion. The isotopic form 

3He4He+ is studied for the allowed dipole transitions. The Doppler-tuned ion-beam 

laser-resonance technique was used. Nine transitions in the fundamental band have 

been measured to an accuracy of 0.0006 em-I. The main spectral observation and 

analysis will be discussed in this chapter. 

6.1. Experiment Procedure 

To be able to see a resonance signal. several conditions must be satisfied. 

First. the ion source should produce enough ions with large initial population 

differences. Secondly. the laser excitation should be sufficient to make a substantial 

population change. As discussed previously. these requirements are only marginally 

met in the sHe4He+ experiment. The small SIN needs a longer integration time. 

which lengthens the whole searching process. In addition. the theoretical prediction 

for the transition frequencies is rather poor. The best theoretical transition 

frequencies are good only to a few wave numbers. which is a large frequency 

range to search for in our experiment. Indeed. the kinematic compression renders 

the spectral Iinewidth narrow. only about 8 MHz. With a minimum integration 

time of 50 seconds across a linewidth. a complete search covering the entire two 

wave numbers requires continuous scanning for seven days. 
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On top of these. the effectiveness of a target gas could not be assessed 

before the _first resonance was found. As mentioned before. the first couple of 

target gases tried turned out. unfortunately. to give zero signals. Taken all together. 

the search for the first resonance signal proved to be extremely time-consuming and 

frustrating. Besides the careful experimentation. human patience. persistence. and 

confidence in the success of the experiment had to be endured at this initial stage. 

Once the first signal was seen. we could find a more effective target gas. 

We were also blessed by the fact that the molecular constants could be adjusted 

progressively using the frequency of each successive observed resonance to better 

predict the next transition. This process in fact converges fairly quickly. 

In a usual searching scan. a voltage step of 0.3 to 0.5 volts. which 

corresponds to about 2 MHz. with 16-second integration time. was used. After each 

resonance was found. a fine scan was then followed using a finer step-size and 

longer integration time. For these scans, operating conditions were carefully 

checked. When possible. the laser was set in the double-mode lock. where two 

copies of resonance signals were obtained. They were separated by the laser cavity 

mode spacing of 100 MHz. The actual resonance frequency is at the middle point 

of these two signals. 

Quite often. the laser output has two lines at the same grating position. 

Switching between the single-mode and the double-mode locks on one of two lines 

can isolate the real driving line. We first lock one of the two lines in the double

mode. Usually the other line will be in the single-mode off the center of the gain 

curve of this transition. If the resonance signal is of two-peaks, then the locked 

line is the driving line. Otherwise the other unlocked line is the driving laser line. 
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For some molecular transitions. there are two matching laser lines. If 

both laser !ines are strong enough. we can observe a molecular transition with two 

different laser transitions at different beam velocities. The consistency of the 

measured frequencies of the same molecular transition serves as a good check on 

the identification of the laser transitions as well as the assignment of the molecular 

transitions. We are fortunate to have three such molecular transitions. The 

discrepancies in the measured transition frequencies by different laser lines fall less 

than the overall experimental uncertainty. 

The resonance-searching scan is monitored by a chart recorder. The data 

of most resonance traces were also stored in a microcomputer-disk through the beam 

machine data acquisition system. They can be retrieved for trace reproduction and 

analysis. 

6.2. Resonance Lineshape 

The most striking feature of a high SIN resonance trace is the multi

peaked structure. Shown in Fig 6. I is the (1.7)-(0.6) transition. where two peaks 

are readily identifiable. The apparent separation is about 18 MHz. The similar 

structure also shows up in most of the observed transitions to some extent. In the 

(1.7)-(0.6) resonance trace. which has the strongest signal. ther.e is a possible third 

peak about 35 MHz lower in frequency than the first one. The observed splitting 

structure may originate from several possible sources: The vibrational-rotational 

level splitting by magnetic hyperfine interaction. the possible off-axis mode in the 

CO laser output. and even the anomalies in the ion-beam velocity distribution. 

The possibility of the splitting due to anomalies in the ion velocity 

distribution can be excluded from the following argument. Suppose a molecular 
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transition can be matched by two different laser lines with opposite Doppler shifts. 

i.e.. red and blue shifts. Let us scan the acceleration voltage in the way that 

always changes the molecular velocity from low to high. Now if there are two 

velocity groups in the ion-beam. the faster ion group will always be tuned into 

resonance first. no matter which direction the Doppler-tuning is. i.e.. the resonance 

patterns of the two scans will be similar. as shown in Fig. 6.2(a). On the other 

hand. if there are truly two different transition frequencies. the red Doppler shift 

tunes the higher frequency transition into resonance first while the blue Doppler 

shift tunes the lower frequency transition into resonance first. i.e.. the resonance 

pattern reverses its peak order as pictured in Fig. 6.2(b). In our experimental 

observation. the signals of the same molecular transition observed by two laser lines 

in the opposite tuning direction are not strong enough to show the splitting. 

However. in two different molecular transitions with the opposite tunings. we did 

observe the reversed patterns. 

We have discussed briefly the hyperfine structure of 3He4He+ in 

Chapter 3. The electron-spin nUclear-spin coupling is most likely the strongest. 

This interaction splits each rotational level into a doublet. The dominant peaks we 

see are apparently caused by such level splitting. We have calculated ab initio the 

hyperfine structure coefficients and the resulting level splitting. Since the hyperfine 

structure calculation and discussion are lengthy. we will devote the last chapter to 

them. The ab initio calculation predicts a splitting of 17 MHz in separation and an 

intensity ratio of 3: I. which is indeed in reasonable agreement with the 

experimental observations. 

The possible third peak shown in the (1.7)-(0.6) is not accounted for in 

the hyperfine structure analysis. Let's look into the possibility of higher order 
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transverse modes. The CO laser has the limiting apertures to suppress the higher 

transverse .!Dodes; however. the TEMlo mode may still be possible if the gain is 

high. There was such evidence in the previous Ds + experiment using the same 

laser.7s The mode spacing of transverse modes Av can be estimated by the 

following equation: 74 

(6.1) 

where L is the laser cavity length. Zo. ZI' and ~ are the position of the laser 

beam waist and the cavity mirror positions. For our laser. L-1.l5 m. ~-Zo-1.5 m. 

ZI-O. Av then is 24.8 MHz. The third peak is 35 MHz apart from the strongest 

peak. So based on the simple calculation. it is unlikely that the third peak is due 

to the laser off-axis mode. In the scan traces of other resonant transitions. this 

peak does not appear either because the signal is too weak or because the peak is 

not real at all. The latter is believed more likely. although confirmation needs 

further experimental investigation. 

Apart from the splittings. the individual peaks display a slight 

asymmetry. being skewed out on the high-voltage side. In fact. all the resonances 

observed with sufficient SIN exhibited this behavior to some degree regardless of 

tuning directions. As discussed above. such a situation arises from the anomalies in 

the ion velocity (energy) distribution. Collisions of the ions with the residual gas 

near source exit hole may be significant to cause such a behavior. 

The observed widths of the resonance peaks range from 6-12 MHz. 

which result from various sources such as the angular divergence of the two 
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intersecting beams. the initial ion kinetic energy spread from ion-molecular reactions. 

and unresolved hyperfine structures. 

6.3. Summary of the Observed Transitions 

In determining the resonance transition frequencies. the relativistic 

Doppler shift formula (4.1) has been used to convert the resonance voltages to the 

actual frequencies. Table 6.1 summarizes the observations. The reported resonance 

voltages in the table are actually the position of the stronger peak in each resonance 

trace. Among the nine observed molecular transitions. three of them were measured 

with two different laser frequencies. The obtained frequency values are consistent 

within 0.0003 cm-1 (9 MHz). 

The SIN's of the resonance signals observed with the single-mode locked 

laser lines range from 1.5 to 6. The variation comes from the initial population 

difference at a given rotation temperature. the transition strength. and the power of 

the driving laser line. We were not able to determine precisely the intensities of 

the individual laser lines due to multi-line output at the same grating positions. The 

overall trend is that the largest SIN centers about N .. 6. suggesting a rotation 

temperature of the ions about 500 K. With the double-mode locked line. the SIN's 

are often less than half that with the corresponding single-locked laser lines. 

All the nine observed transitions are the R-branch (N+ 1 +- N) in the 

fundamental band (v-O +- v-I). Several other transitions were searched for. 

including a few hot-band transitions. But no definite resonance traces were found. 

For the missing lines in the fundamental band. either there are no matching 12C16Q 

laser lines within the acceleration voltage limits of 2.S to 9.5 KY. or the matching 

laser line were inherently too weak or strongly absorbed by water vapor in the air. 
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TABLE 6.1. Summary of the observed 3He4He+ transitions 

CO laser transitions sHe4He+ transitions 

Transition Frequency Voltagen Transition Frequency 
(em-I) (V) (em-I) 

( 12.18)-( 11.19) 1784.3369 6413.3 (1.2)-(0.1 ) 1781.8394 
(12.12)-(11.13) 1808.2350 -6151.6 ( 1,4)-(0.3) 1810.7172 
(11.15)-(10.16) 1821.6192 -6612.5 ( 1.5)-(0,4) 1824.2118 
(10.21 )-(9.22) 1821.9837 -4883.8 ( 1.5)-(0,4) 1824.2120 
(10.18)-(9.19) 1834.5797 -5943.0 ( 1.6)-(0.5) 1837.0549 
(9.20)-(8.21 ) 1851.3846 4435.6 (1.7)-(0.6) 1849.2293 
(10.14)-(9.15) 1850.9230 2738.8 (1.7)-(0.6) 1849.2296 
( 10-11)-(9.12) 1862.8369 4230.4 (1.8)-(0.7) 1860.7190 
(9.12)-(8.13) 1884.3495 7072.0 (1.10)-(0,9) 1881.5800 
(8.16)-(7.17) 1893.5150 6154.4 (1.11)-(0,10) 1890.9187b 

(9.11 )-(8.12) 1888.3228 -6169.8 (1.11 )-(0.10) 1890.9188 
(8.15)-(7.16) 1897.6548 -3118.5 0.12)(-0.11) 1899.5091 

n A positive voltage indicates that the laser-beam and ion-beam are parallel; a 
negative voltage means anti-parallel. 
b The quoted (1.11)-(0.10) transition frequency 1890.9155 em-I in the publication (N. 
Yu and W. H. Wing. Phys. Rev. Lett. 59. 2056 (1987) ) is in error. The correct 
value is 1890.9187 em-I. Accordingly. the fitted molecular constants in the 
publication are also incorrect. Corrected values are given in this dissertation. 

They may be observed if a different isotopic form of the laser gas is used. The 

transitions at higher rotational levels are limited by their initial populations at our 

ion source rotational temperature. Failure to observe any hot bands can be 

attributed to the near-complete vibration~l relaxation at the high ion source 

pressure. Appropriate redesign of the ion source would be required to see higher 

vibrational states. 
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6.4. Uncertainties in Frequency Measurement 

There are several uncertainty sources in our frequency measurement. 

which can be sorted into two categories: the absolute calibration error of the laser 

frequency and the voltage. and the uncertainties due to the experimental condition. 

One of the largest uncertainties in frequency comes from the calibration 

of the laser frequency itself. The CO transition frequencies from the derived 

Dunham coefficients by Guelachvili et al. can be accurate to 3 MHz. However. the 

operating condition of the laser can shift the center of the gain curve; yet. a 

detailed investigation on the shift has not been done. A rather crude investigation 

on our laser suggested that the shift is largely due to the laser medium pressure.75 

Schneider et al. 85 has just made a measurement on the frequency shift of a CO 

laser due to laser gas pressure. Their results show a 0.3 MHz/torr dependence. 

Since our laser operated at pressure around 20 torr. an uncertainty of about 6 MHz 

is therefore assigned. The instability of the frequency-locking is about 4 MHz in 

the single-mode lock and about 0.4 MHz in the double-mode lock. as discussed in 

Chapter 4. 

The digital voltmeter readout of the acceleration voltage may not be 

exactly the ion kinetic energy. Many effects can contribute to an overall voltage 

offset. The ion-molecule reaction in the formation of He2 + can leave the products 

with sizable kinetic energies. Potential differences at plasma boundary in the ion 

source and a space-charge-induced potential are also possible. In addition. the 

voltage measurement circuit could have a voltage offset. It is possible to correct 

the system overall offset by a molecular transition driven by two laser lines in 

opposite directions. We were not able to conduct such an investigation because of 

the lack of such an observable molecular transition. But it should not be too 
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different from other molecular studies with the same system. The experiment on 

0 3+ ascribed an overall hypothetical contact potential of 1.8 volt.73 which is 

equivalent to 5-10 MHz depending on the acceleration voltage. 

Other uncertainties are in the determination of line centers (0.3 V) in the 

calibration of the voltmeter and the voltage divider (100 ppm). A quadratic sum of 

the above-stated uncertainties yields I-SO of overall measurement accuracy of 

0.0005 em-I. This is only 0.3 ppm of the transition frequency. 

6.5. Comparison with Theories 

It is useful to compare the available theoretical predictions with the 

experimental results even though the former is far less acc~rate. Most of the 

published papers on the ab initio calculation of the helium molecular ion only give 

the potential energies at a set of internuclear distances. Some did provide 

vibrational energy levels and others also calculated a few molecular constants. We 

have used LeRoy's LEVEL program to calculate the vibration-rotation levels using 

various potential curves. Here the theoretical transition frequencies from two most 

recent potential curve calculations by Maas et a1. and by Khan et a1. will be 

compared. 

Before making the comparison. we should make it clear what transition 

frequencies have been measured. The individual vibration-rotation levels are split 

because of the magnetic hyperfine interactions. Therefore the observed transitions 

are those between the split levels. which are different than the "pure" unsplit 

vibration-rotation transitions. The theoretical transition frequency. on the other 

hand. does not include the splitting at all. They are the "pure" vibration-rotation 

transitions. As we will see latter in Chapter 7. The differences in transition 
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frequency between the "pure" level transition and the split-level transition vary 

from 4 MHZ to 20 MHz. Since the theoretical accuracy is only at one wave 

number order. we do not distinguish them here. 

Listed in Table 6.2 are two sets of theoretical transition frequencies. 

together with the set calculated from the extrapolated experimental molecular 

constants by Ginter and Ginter. The exact transition frequencies calculated for a 

given potential curve depend to some degree on the interpolation method. as 

expected from the limited number of available data points for a potential curve. 

The variation is about I cm- l • Such variation suggests the best accuracy one can 

have from the calculation. To be consistent. the results of the cubic spline method 

are used throughout this dissertation. 

Khan et al.'s calculation is the best existing theoretical potential curve of 

the ground state of He2 +. The transition frequency prediction differs from those of 

our experiment by nearly 2 em-I. Interestingly. they differ by almost a constant 

offset. The limited basis set used in Khan et al.'s calculation may contribute to 

part of the discrepancy. However. the larger part may be corrected by the 

adiabatic correction which takes the coupling of the electron and nuclear motions 

into account. Such correction should be less than 2 cm- l ; thus. the theory is 

consistent with the experiment within its limitations. 

The adjusted potential of Maas et al. gives more nearly correct 

transition frequencies than does the ab initio potential of Khan and Jordan. 

suggesting that the adjusted potential curve has a better shape. The energy levels 

of Maas et al.'s unadjusted ab initio potential. which were also computed but are 

not shown in Table 6.2. are further off still. 



TABLE 6.2. Summary of the observed 3He4He+ transitions. Also given are theoretical and H~ Rydberg 
series extrapolation results. with their differences from the experimental values in parentheses. 

Experiment Theoryb 
Rydberg series 

Transition Frequencya Khan & Jordan Maas et al. extrapolationc 
(v .N Hvl.N") (cm-I) (em-I) (cm~ (cm-I) 

(I.2HO.1) 1781.8394 1780.18(-1.64) 1782.29(0.45) 1781.19(-0.65) 
(I.4HO.3) 1810.7172 1808.99(-1.73) 1811.08(0.36) 1810.10(-0.62) 
(I.5HOA) 1824.2118 1822.46(-1.75) 1824.55(0.34) 1823.62(-0.59) 
(I.6HO.5) 1837.0549 1835.28(-1.77) 1837.37(0.32) 1836.50(-0.56) 
(I.7HO.6) 1849.2293 1847.43(-1.80) 1849.54(0.31) 1848.71(-0.52) 
(1.8HO.7) 1860.7190 1858.91(-1.81) 1861.04(0.32) 1860.24(-0.48) 
(I.IOHO.9) 1881.5800 1879.74(-1.84) 1881.94{0.36) 1881.22(-0.34) 
(I.IIHO.IO) 1890.9187 1889.07(-1.85) 1891.33(0.41) 1890.62(-0.30) 
(I.12HO.II) 1899.5091 1897.65(-1.86) 1899.98(0.47) 1899.28(-0.23) 

a Fslimaled I-SD uncertainly is-O:OOO6 em-I. 
b Computed from interatomic polenlial points using cubic spline interpolation. Khan & Jordan is ab initio 
theory; Maas et aI. is experimentally-adjusted theory (see text). 
e Calculated from spectroscopic constants scaled from Ref. 38. 

co 
N 



TABLE 6.3. The fitted Dunham coefficients. 

Coefficient Fitted values 
(em-I) 

1832.75979(0.005)a 
-41.1 b 

8.39064843(0.004) 
-0.282365 16(0.002) 
-7. 79654x I 0-4(9.4x I 0-4) 

2.05565x 10-5(2.1 xl 0-5) 

-4.00793x I 0-8( 1.0x I 0-7) 

Scaled Rydberg values 
(em-I) 

1832.1 
-41.1 
8.390 

-0.281 
-6.9xI0-4 

1.5xlO-4 

a The numbers in parentheses are the fitting errors of the coefficients. 
b Y20 was held constant during the fitting at the value of Ref. 38. 

83 

It is surprising that the frequencies obtained from the molecular constants 

by Ginter and Ginter in 1967 can also fit well the observed frequencies. The 

original values of the molecular constants are for the molecule 4He2+. We used the 

scaling formula (3.6) to derive the corresponding constants for 3He4He+, which are 

listed in Table 6.3. 

Using the observed infrared transition frequencies. one can reduce a set 

of the molecular constants. We have fit our observed transition frequencies by a 

Dunham series containing one fixed and six adjustable coefficients. The fixed 

coefficient is Y20 because our observation is limited to only one band. Therefore. 

the set of the observed transition frequencies does not provide the information for 

the variation of the vibrational level spacings. The fitting result is in Table 6.3. 

The standard deviation of the fit is 0.0002 em-I. These fitted spectroscopic 

constants cannot be considered unique. because the lack of P branch v-O ... v= 1 

band data. and of data for other bands. leaves strong correlations among them. 
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Nevertheless. the coefficients should be useful in the prediction of the missing lines 

in the R bFanch of v-I ... v-o band. 

It should be mentioned here that we. wexe. Be. Ole. De. as well as (3e are 

given in Ginter's original paper of 1967. But including Pe in the calculation yields 

worse transition frequencies. In consistency with this fact. Huber and Herzberg76 

did not include (3e of He2 + in their publication of the compilation of the constants 

of diatomic molecules. They argued that this constant is not significant. 77 



CHAPTER 7 

HYPERFINE STRUCTURE 

7.1. Effective Hyperfine Interaction Hamiltonian 

85 

We have introduced the effective hyperfine Hamiltonian for the I state 

of 3He4He+ as 

The expressions for b(fj3)' c(rjJ), and 'Y(rjJ) are given in (3.9). In this effective 

Hamiltonian the electronic spin-orbit interaction does not appear because of the zero 

electronic orbital angular momentum. Additional terms, such as the nuclear-spin

molecular-rotation interaction, are believed to have much smaller contributions than 

the current experiment can resolve and, therefore, are also not included. 

Usually there is an important second-order effect in the s·N term.78 It 

accounts for the interaction between the electron spin and the electron orbital 

angular momentum induced by the molecular rotation through mixing the upper 11 

states with the I state. The calculation of the second-order term is rather involved. 

But for 3He4He+, the upper 1T states are anti-bonding and positioned far away from 

the ground state. According to the usual second-order perturbation theory, the term 

is expected to be small. In the similar case of H2 +, the second order has been 

calculated.53 The magnitude is much smaller than the first order "classic" nuclear-
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spin-rotation interaction 'Y. We believe it is also the case for the 'He4He+ ground 

state. 

To actually evaluate the Hamiltonian (7.1). further simplification is 

needed. We can separate the electron spin parts out of the electron coordinate 

averaging. For a one-electron system. the validity of such separation is obvious. 

since the wave function is a simple product of a spin wave function and an 

electron orbital wave function. For a system with more than one electron. the total 

wave function is anti-symmetrized by using a Slater determinant. It can be shown 

that. for a Slater determinantal wave function. the effective Hamiltonian can be 

written as 

Where S is the total electron spin of the molecule. A correct multi-electron wave 

function. however. has to be represented by a multi-configuration wave function. 

i.e .• a linear combination of Slater determinants. All configurations should have the 

same spin state. So the above expression also holds for a multi-electron molecule. 

The <>av is then effectively the "spin average" -- the net contribution from the 

unpaired electrons. We can now write 

Hhf - bS'J + cSz·lz + 'YS·N • (7.3) 

where 

(7.3a) 
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c(R) - ~gnJLoJLn < -3 ri35 >av. (7.3b) 

'Y(R) - 2Z~JLoJLn [~] k < ~~~ >av (7.3c) 

In these expressions ri3 is the unpaired electron from the helium-3 nucleus. They 

look the same as those of H2 +. 

The expression of the coefficient 'Y in (7.3c) for spin-rotation has only 

taken the rotation of the nuclei into account. For a multi-electron molecule. 

however. the inner-shell electrons rotate with the nuclei and hence have a similar 

contribution to the spin-rotation term. An expression for 'Y which takes into 

account the electron screening effect has been derived by Veseth.82 The actual 

calculation of the contribution from the electrons are complicated and. therefore. 

will not be pursued here. Instead. we make the approximation that the electron 

screening is complete. i.e .• Z-I in (7.3c). 

7.2. Coefficient Calculation 

To calculate the coefficients b, c, and 'Y (7.3). the first step is to obtain 

the electronic wave function. He2 + is a two-center multi-electron system. Solving 

the SchrMinger equation for such a system is a sophisticated quantum chemical 

problem. We follow the numerical MC SCF procedure developed by Adamowicz 

and McCullough.79 The computing algorithm is kindly provided by Adamowicz.8o 

The calculation is done within the BO approximation with the usual 

nonrelativistic Hamiltonian. The general MC SCF method has been discussed in 

Chapter 3. However. the numerical MC SCF method is different from the usual 

MC SCF approaches. In the latter approaches, the orbitals are represented by 
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truncated basis set expansions. As we discussed in Chapter 3. the truncation is an 

approximation of the complete flexible basis set. The errors induced by the 

truncation can sometimes be serious if an improper basis set is chosen. The 

numerical MC SCF approach avoids this deficiency by varying the orbitals 

numerically over the entire space. The result is essentially an exact MC SCF wave 

function for a given configuration list. 

The numerical calculation was initiated at the Hartree-Fock level near the 

equilibrium distance. Then a list of important configurations were added with some 

initial orbital guess. We have performed computations with 4. 7. and 18 

configurations. The choice of a configuration list is to include those configurations 

important for the electron correlations. We finally content ourselves with 31 

configurations (see Appendix A). which form a quite saturated configuration list. 

The energy convergence is set at O.5xIO-7
• The convergence of the luu orbital is 

paid special attention. since this orbital affects the spin-averaging the most. To 

speed up the calculation at other internuclear distances. we change the distance 

progressively using the previous orbitals as the initial orbitals. For a 

31-configuration list. the computation CPU time for one internuclear distance is 

about 2 hours on the SCS-40 computer on the University of Arizona campus. 

Note that the hyperfine structure coefficients can be related directly to 

other physical quantities. It is not difficult to find that b(R). c(R). 'Y(R) are related 

to the density I ¢(03)12. the electric field E3(R). and the electric field gradient 8E3(R) 

( .. 8E3/8R) (along the nuclear axis) of the unpaired electron at the helium-3 nucleus. 

The relationships are: 



89 

b(R) • 8e gn PoJ.Ln [ S; I ~(Os)12 - oE~R) ]. (7.4a) 

c(R) • ~gnPoJ.Ln [ -~ 8E3(R) ] • (7.4b) 

and 

'Y(R) - 2Z8e PoJ.Ln [~] Es(R) 
(7.4c) R"" 

In the actual calculation. the density. the field. and the field gradient 

were computed first and then converted to the hyperfine coefficients. The final 

~orking formula for the conversion read: 

b(R) • -406.4537 [ 8; I ~(03)12 OE~R) ]. 

c(R) _ -1219.3613 oE;R) , 

'Y(R) - 111.907 Z E~R) 

In deriving the conversion factors. we have used the following constants:81 

Se .. 2.002319 

Sn - -4.25524 

Po - 9.274015xlO-21 erg/gal,lss 

Pn - 5.050787x I 0-24 erg/gauss 

(7.5a) 

(7.5b) 

(7.5c) 

The coefficients have been calculated at 18 internuclear distances. 

Adding more points on either side does not affect the results of the vibrational 

averaging for the first two vibrational states. The results. along with those physical 

quantities at these points. are listed in Table 7.1. 
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TABLE 7.1. Values of the electronic hyperfine coefficients for 3He4He+ and the 
related electronic properties from which the coefficients have been derived. 

R I ¢(03) I 2 E3(R) -8Es(R) -b(R) -c(R) -'Y(R) 
(a.u.) (a.u.) (a.u.) (a.u.) (MHz) (MHz) (MHz) 

1.51178 1.39791 0.1724 0.03493 4752.92 21.30 12.76 
1.6 1.41923 0.1483 0.02551 4827.43 15.55 10.37 
1.70075 1.43431 0.1242 0.01804 4880.30 11.00 8.172 
1.79524 1.44244 0.1047 0.01353 4908.90 8.249 6.527 
1.85 1.44503 0.0947 0.01166 4918.09 7.109 5.731 
1.9 1.44636 0.0864 0.01030 4922.53 6.280 5.087 
1.92 1.44636 0.0832 0.009821 4923.00 5.988 4.848 
1.94 1.44662 0.0802 0.009427 4923.96 5.747 4.624 
1.95 1.44644 0.0787 0.009101 4923.42 5.549 4.516 
2.0 1.44609 0.0717 0.008326 4922.38 5.076 4.010 
2.04963 1.44512 0.0652 0.007724 4919.20 4.709 3.558 
2.1 1.44383 0.0592 0.007274 4914.90 4.435 3.152 
2.2 1.44018 0.0486 0.006739 4902.58 4.109 2.472 
2.35 1.43273 0.0358 0.006445 4877.27 3.929 1.705 
2.45 1.42732 0.0289 0.006477 4858.84 3.949 1.319 
2.6 1.4177 0.0203 0.006563 4826.17 4.001 0.875 
2.83447 1.4029 0.0103 0.006837 4775.65 4.168 0.408 
3.30688 1.3743 -0.002 0.007329 4678.20 4.468 0.067 

Listed in Table 7.2 are the potential energies from our 31-configuration 

calculation. Other theoretical energies at corresponding points are also listed for 

comparison. Our potential energy curve is not the lowest because of a shorter 

configuration list. However. what concerns us the most here is the orbital density 

at one point - the position of the nucleus helium-3. The numerical orbitals can 

have better local quality than the usual Slater or Gaussian-type orbitals. since the 

numerical orbitals are determined by solving Fock equations exactly for each 

numerical point. We feel that our wave function density I ¢(Os)1 should be a fairly 

good value. 
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TABLE 7.2. The potential energy curve of the 31-configuration calculation and the 
corresponding energies by Khan and Jordan. 

Energy (hartree) 
R 31-conf. Khan and Jordan Difference 

1.511781 -4.93157 -4.93262 0.001040 
1.6 -4.95289 

1.700753 -4.96967 -4.97060 0.000920 
1.79524 -4.97976 -4.98062 0.000858 

1.85 -4.98362 
1.9 -4.98611 

1.92 -4.98686 
1.94 -4.98747 
1.95 -4.98771 

2 -4.98861 
2.049627 -4.98887 -4.98957 0.000698 

2.1 -4.98859 
2.2 -4.98676 

2.35 -4.98171 
2.45 -4.97742 
2.6 -4.97023 

2.834467 -4.95860 -4.95880 0.000191 
3.306878 -4.93789 -4.93782 -0.00007 

The averaging of the coefficients over the nuclear motion is relatively 

easy. Again the vibrational-rotational wave function is calculated using the Cooley-

Numerov method with the 31-configuration potential curve. The experimentally 

observed hyperfine structures are due to the variation of the coefficient b over 

different vibrational-rotational states and the level spliting by c and 'Y. 

Consequently the coefficients are averaged for individual vibrational-rotational 

states. Table 7.3 contains the vibrationally averaged values of b, c, and 'Y for the 

first two vibrational states. One can see from the table that the changes are small 

over different vibrational states, being only a few percent. The changes for 

different rotational states are even smaller. 
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TABLE 7.3. The 3He4He+ hyperfine constants for the first two vibrational states. 
The constants are given in MHz. 

b c 

N v-O v-I v-O v .. I v-O v-I 

0 -4911.28 -4894.36 -4.894 -5.185 -3.494 -3.333 
1 -4911.28 -4894.32 -4.892 -5.182 -3.491 -3.330 
2 -4911.11 -4894.16 -4.887 -5.177 -3.485 -3.325 
3 -4911.11 -4894.16 -4.880 -5.170 -3.477 -3.316 
4 -4911.01 -4894.06 -4.871 -5.160 -3.465 -3.305 
5 -4910.88 -4893.89 -4.860 -5.148 -3.450 -3.291 
6 -4910.71 -4893.69 -4.846 -5.134 -3.433 -3.272 
7 -4910.51 -4893.46 -4.830 -5.117 -3.413 -3.254 
8 -4910.25 -4893.23 -4.812 -5.098 -3.390 -3.232 
9 -4909.98 -4892.93 -4.793 -5.077 -3.364 -3.207 
10 -4909.68 -4892.56 -4.771 -5.054 -3.336 -3.180 
11 -4909.32 -4892.20 -4.748 -5.029 -3.305 -3.150 
12 -4908,95 -4891.76 -4.724 -5.002 -3.272 -3.117 

As a check of our procedure, we have also evaluated the similar 

coefficients for H2 + and compared them with previous calculations54 and with those 

derived experimentally. 56 The comparison is shown in Table 7.4. Our results 

agree with the best published values and also agree with the experimental values. 

7.3. Matrix Elements 

Now it is necessary to discuss the manner in which the various angular 

momenta are coupled. For the ground state of 4He3He+, the electron spin-orbit 

interaction vanishes to the first order. The ground state then follows closely to 

Hund's case (b) in which the electron spin is quantized in the laboratory space. 

The hyperfine structure coefficient calculation shows that the value b is much 
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TABLE 7.4. Comparison of our calculated hyperfine constants b, c, and 'YB (in 
MHz) of H2 + with the existing values. Only the values of a few v's and NoaO are 
listed in the table to show the agreement. But the agreement for others is similar. 

v 

0 
I 
2 
4 
7 
8 

0 
I 
2 
4 
7 
8 

0 
1 
2 
4 
7 
8 

Present calculation 

b value 

881.8729 
860.2997 
840.4686 
805.5176 
763.7270 
752.4479 

c value 

128.8063 
120.6330 
112.8595 
98.3202 
78.3043 
71.9423 

'Y value 

46.4389 
43.5945 
40.8873 
35.7732 
28.6651 
26.3831 

Previous calculationb 

881.5466 
860.0168 
840.2068 
805.2852 
763.5969 
752.3384 

128.7307 
120.5634 
112.7937 
98.2518 
78.2618 
71.9142 

46.4066 
43.5664 
40.8544 
35.7577 
28.6495 
26.3738 

ExperimentC 

804.065 
762.494 
751.271 

98.034 
78.074 
71. 733 

a The notation dl has been used instead of 'Y for the first order spin-rotation 
coefficient in the H2 + literature. However 'Y is generally used for the spin rotation 
interaction. d usually has a different meaning. See Ref. 51. 
b Ref. 50. 
c Ref. 56. 

larger. which means that the electron-spin-nuclear-spin coupling is the strongest. 
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The electron spin S couples first to the nuclear spin I to form a vector 0: 

O-I+S. 

The resulting 0 then couples to the molecular rotation N. yielding the total angular 

momentum F: 

F-O+N. 

This coupling scheme is categorized by Townes and Schawlowso as the case (bps). 

Formally. the hyperfine levels are constructed by evaluating the matrix 

elements in certain basis and diagonaJizing the Hamiltonian matrix. We have 

adopted the case (bps) coupling scheme and therefore use the I (SI)G.N.F > as a 

basis. In this basis the S'I is already diagonal and is by far the largest term. The 

choice of the I (SI)G.N.F > is a good basis. Merely the expectation values (diagonal 

elements) represent a very good approximation of the hyperfine interaction energy. 

Diagonizing the entire Hamiltonian seems hardly necessary. 

On the I (SI)G.N.F > basis. some of the matrix elements are easy to work 

out. Others require lengthy manipulation. One has to have a good grasp of the 

angular coupling scheme and formalism. Many authors have discussed the problem 

in detail. Good examples are given by Frosch and Foley.51 Mizushima.59 Edmond83 

and others. To avoid a lenghty discussion here. we will leave the mathematics out. 

All the required matrix elements. in fact. either have been given or may be derived 

from elements listed by Frosch and Foley.51 We will use those given by Dalgarno.52 

Therefore. if we define A - A(A+ I). we have 

I ---
< S'I > - '2 ( G-S-I ) • (7.6a) 



< S'N > _ ( o+s-f){ F-O-N ) 
40 

[ 
3(~S)2 _ (0+21+25) ] [( F-N-O){F-N-O+l) + 20(l-2N) ] 

o 4(4N-3)(40-3) 

+ (j:S)2 + (i+S)(I-20) + 0(0-1) 
2(40-3) 

7.4. Hyperfine Structure in the IR Spectrum 
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(7.6b) 

(7.6c) 

Even without the explicit calculation. one can now have a picture of the 

hyperfine levels. S·( is the dominant interaction which splits each vibrational-

rotational level into a doublet with 0 values 0 and 1. Other smaller terms then 

further split G ievei into sub-levels of smaller separations. The hyperfine energy 

level scheme is shown in Fig. 7.1. Each vibrational-rotational level splits into an 

upper singlet and a lower triplet. The F sub-level order is reversed because of the 

negative magnetic moment of helium-3. 

To construct the theoretical hyperfine spectrum. one has also to know the 

selection rules for transition as well as the transition intensity. The transition 

intensity is proportional to the square of the transition dipole moment p. 

p. .. < v.(SI)O.N.F.MFI p. I v'.(SI)O'.N'.F'.MF' > • (7.7) 

where p. is given in (3.2). So again we have to evaluate the matrix element 

(v.(SI)O.N.F.MFI R I v'.(SI)O'.N'.F'.MF'), The actual procedure for doing this will 

not be given here since it is long but straightforward. The idea is to consider the 

R as a tensor and to use the Wigner-Eckart theorem.59•s4 The matrix element can 

then be written as a product of a reduced matrix element and a series of 3-j and 
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Fig. 7.1. The magnetic hyperfine level scheme for the (0,6) 
and (1,7) levels of 3He4He+. The allowed transitions and the 
approximate relative intensities are also indicated. 
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6-j symbols. Most of the reduced matrix elements and 3-j and 6-j symbols have 

been worked out and tabulated. Therefore we can have the following: 

selection rules: 

Av • ±l, 

AN • ±l, 

AF - 0, ±l ( not 0 .... 0), 

AG .. 0, 

and the relative intensity for N - I .... N hyperfine level transitions: 

F - I .... F: 

(N+F+G+ I )(N+F+G)(N+F-G)(N+F-G-I) 
(2N+ I )(2N-I )(2F+ I)F 

F .... F: 

(N+F+G+ I )(N+F-G)(F-N-G)(N-F-G-I) 
(2N+ I )(2N-1 )(F+ I)F 

F + I .... F: 

(N-F+G)(N-F+G-I )(F+G-N+ I )(N-F-G-2) 
(2N+ I )(2N-1 )(2F+ I )(F+ I) 

(7.8) 

(7.9) 

(7.10) 

The above expressions for the relative intensity have been averaged over space 

orientation. The relative transition intensities for (1,N+ 1) ... (O,N) transitions have 

been calculated and are given in Table 7.5. The strongest transitions are those 

with AN ... AF. Other transitions are much weaker and therefore may not be seen 

in the experiment. The spin-flip transitions will not occur because the magnetic 

interaction with the laser field is too weak in the context. 

To simulate the observed spectrum in our experiment, we assume each 

Iineshape is a Gaussian, with the experimental Jinewith of 7 MHz. Figure 7.2 

shows the theoretical spectrum of (1,7) ... (0,6) transition. By comparing this 
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TABLE 7.5. The relative intensities of the magnetic hyperfine transitions ~F-O. 
± I in the N-I .. N IR spectrum. 

Relative intensities 

G - I G - 0 
N F F-I .. F F"F F-I .. F F-I .. F 

I I 0.0 0.00 0.000 1.3 
I 2 1.3 0.00 0.000 2.4 
2 I 0.9 0.67 0.044 1.6 
2 2 1.2 0.00 0.000 1.6 
2 3 1.6 0.00 0.000 1.9 
3 2 1.4 0.27 0.008 1.7 
3 3 1.5 0.00 0.000 1.7 
3 4 1.7 0.00 0.000 1.9 
4 3 1.6 0.14 0.002 1.8 
4 4 1.7 0.00 0.000 1.8 
4 5 1.8 0.00 0.000 1.9 
5 4 1.7 0.08 0.001 1.9 
5 5 1.7 0.00 0.000 1.8 
5 6 1.8 0.00 0.000 1.9 
6 5 1.8 0.06 0.000 1.8 
6 6 1.8 0.00 0.000 1.8 
6 7 1.8 0.00 0.000 1.9 
7 6 1.8 0.04 0.000 1.9 
7 7 1.8 0.00 0.000 1.9 
7 8 1.9 0.00 0.000 1.9 
8 7 1.8 0.03 0.000 1.9 
8 8 1.9 0.00 0.000 1.9 
8 9 1.9 0.00 0.000 1.9 
9 8 1.9 0.03 0.000 1.9 
9 9 1.9 0.00 0.000 1.9 
9 10 1.9 0.00 0.000 1.9 
10 9 1.9 0.02 0.000 1.9 
10 10 1.9 0.00 0.000 1.9 
10 II 1.9 0.00 0.000 1.9 
II 10 1.9 0.02 0.000 1.9 
II II 1.9 0.00 0.000 1.9 
II 12 1.9 0.00 0.000 1.9 
12 II 1.9 0.01 0.000 1.9 
12 12 1.9 0.00 0.000 1.9 



99 

spectrum with the observed one in Fig. 6.1. we see the close resemblance between 

the theoretical spectrum and the observed one. The strong transitions of AF - AN 

have approximately the same transition strength. But the G-I triplet lines are 

separated by only 2 MHz. They are not resolved in the experimental spectrum. 

Therefore. the spectrum looks like two peaks with the apparent intensity ratio of 3 

to 1. 

To compare the theoretical spectrum splitting with the observed splitting. 

the accurate peak separation in the observed spectrum has to be found. This 

means a thorough analysis of resolution and lineshape. In section 6.2 we discussed 

the possible factors producing the observed lineshape. The line-shape is not a pure 

Gaussian or Lorentzian and is asymmetric. so the line center will depend somewhat 

on the modeling function. The mostly low SIN of our observed resonance traces do 

not allow a full lineshape analysis. On the other hand. we have tested several 

modified Gaussian functions to fit a resonance trace. The peak separations thereby 

obtained deviate little from those obtained by just using the simple Gaussian 

function. Consequently. we fit the resonance traces only by a Gaussian function 

with the height. width. and line center as fitting parameters. For (1.7)-(0.6) line. the 

fitted peak separation is 17.8 MHz. The fitting error in the position is about I 

MHz on the average. We believe it is also the actual measurement error. Our 

calculation predicts a separation of 17.3 MHz. which is in very good agreement 

with the experiment. A better agreement calls for improvement in both experiment 

and theory. It is an experimental challenge to reduce the line width to less than a 

few megahertz to fully resolve the individual lines. 
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APPENDIX A 

THE CONFIGURATIONS FOR MCSCF WAVE FUNCTION FOR He2 + 

The following configurations are given in the Slater determinental form. The Greek 
letters Ol and {3 represent two different spin states of the preceeding orbital. The 
superscript 11+11 or II_II indicates the m value for the rr and {) orbitals (not the usual 
symmetry property for U orbital). 

1. IlugOl IUg{3 IUuOlI 

2. 12ugOl 2ug{3 IUuOlI 

3. 12uuOl 2uu{3 IUuOlI 

4. 13ugOl 3ug{3 IUuOlI 

5. 13uu Ol 3uu{3 Iuu Oll 

6. Ilrrg +Ol lrrg +{3 luuO/I + Ilrrg -0/ lrrg +{3 luuO/I 

7. II rru +Ol I rru +{3 I Uu Oll + II rru -0/ I rru +{3 I Uu 0/1 

8. IluuOl luu{3 2uuO/I 

9. IluuO/ luu {3 3uuO/I 

10. I lUg 0/ 2ug Ol 2uu{31 - 11 ug Ol 2ug{3 2uu 0/1 

11. 211 ug{3 2ug 0/ 20'u 0/1 - 11 lUg Ol 2ug{3 20'u 0/1 - I lUg 0/ 2ug Ol 2uu{31 

12. II00gOl 30'gOl 30'u{31 - 110'gO/ 3ug{3 3uuO/I 

13. 211ug{3 3ugO/ 3uuO/I - I 1 O'g 0/ 3ug{3 30'uO/I - IlugO/ 3ugO/ 3uu{31 

14. II00gO/ Irrg +0/ lrru +{31 + 11ugO/ Irrg -0/ lrru +{31 - IlugOl lrrg +{3 lrru-I 

- IlugO/ Irrg +{3 Irru +1 

15. 2110'g{3 Irrg + Irru -I + 21 1ug{3 Irrg - Irru +1 - 110'gO/ Irrg +{3 Irru-I 

- IlugO/ lrrg +{3 lrru +1 - IlugOl Irrg +0/ lrru +{31 - 11ugOl lrrg -0/ lrru +{31 

16. II ug Ol 2ug{3 1 Uu 0/1 - II O'g 0/ 2ug 0/ I uu{31 

17. 211ug{3 2ug 0/ 1 O'u 0/1 - I lUg 0/ 20'g{3 Iuu Oll - Ilug Ol 20'g 0/ luu{31 

18. IlugO/ 100g{3 20'uO/I 

19. 14ugO/ 4ug{3 I O'u 0/1 

20. II ug Ol lug{3 3uu Oll 

21. IlugO/ IUg{3 4uuOlI 
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22. IluuO! luu(3 4uuO!I 

23. 12ugO! 2ug(3 4uuO!I 

24. 121Tg +O! 21Tg +(3 luu O!I + 127Tg -O! 27Tg +(3 I UU O!I 

25. 121Tu +O! 21Tu +(3 luu O!I + 121Tu -O! 27Tu +(3 luu O!I 

26. IlugO! 27Tg +O! 21Tu +(31 + IlugO! 21Tg -O! 21Tu +(31 - IlugO! 27Tg +(3 21Tu-1 

- IlugO! 21Tg +(3 21Tu +1 

27. 211ug(3 21Tg + 27Tu -I + 211ug(3 27Tg - 27Tu +1 - IlugO! 21Tg +(3 21Tu-1 

- IlugO! 21Tg +(3 21Tu +1 - IlugO! 27Tg +O! 21Tu +(31 - IlugO! 21Tg -O! 27Tu +(31 

28. 116g +O! 16g +(3 IUuO!I + 116g -O! 16g +(3 IUuO!I 

29. 116u+0! 16u+(3 IUuO!I + 116u-0! 16u+(3 lUuO!I 

30. IlugO! 16g +O! 16u +(31 + IlugO! 16g -O! 16u +(31 - IlugO! 16g +(3 16u-1 

- IlugO! 16g +(3 16u +1 

31. 2110'8(3 16g + 16u -I + 211ug(3 16g - 16u +1 - IlugO! 168 +(3 16u-1 

- IlugO! 16g +(3 16u +1 - IlugO! 16g +O! 16u +(31 - IlugO! 16g -O! 16u +(31 

102 
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