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ABSTRACT 

The infrared vibrational-rotational spectra of the deuterated 

triatomic hydrogen molecular ions, H2D+, HD2+, and D3+ have been observed 

with the Doppler-tuned ion-beam laser spectroscopic method with 

collision detection. Triatomic hydrogen molecular ions are produced in a 

coaxial electron-impact ion source. Next, the ions are accelerated and 

formed into a beam of several keV energy, which is then intercepted at a 

small angle by a frequency-stabilized CO laser beam. The energy of the 

ion beam is adjusted to Doppler-shift an ion transition into resonance 

with a nearby laser line. On resonance, the laser light stimulates the 

transition to take place. If the resonating states differ in population, 

the laser-induced transition produces a net population transfer. The 

occurrence of population transfer is detected by monitoring the 

transmission of the ion beam through a gas target after laser 

interaction. The transmission through the target is dependent upon the 

ion beam population distribution and, therefore, the laser-induced 

transition can be detected by detecting the change of the transmission 

of the ion beam. A mass analyzer before the target gas facilitates the 

mass identification of the observed transitions. 

We have measured 45 D3+ transition frequencies, 9 H2D+ tra~sition 

frequencies, and 31 HD2+ transition frequencies, all between 1650 and 

2000 cm-1, to better than :!:O.0005 cm- 1 or :!:OD3 ppm. The identifications 

of the quantum numbers are still in progress. This study should greatly 

help the search of H3+ and H2D+ ions in interstellar medium. 

ix 



CHAPTER 1 

INTRODUCTION 

This dissertation describes the first high-precision infrared 

spectroscopy of the deuterated triatomic hydrogen molecular ions H2D+, 

HD2+, and D3+. The Doppler-tuned, ion-beam laser spectroscopic method 

was used in making the measurements. The triatomic hydrogen molecular 

ion consists of three nuclei, arranged in an equilateral triangular 

configuration, and two electrons. There are four radioactively stable 

isotopic variants: H3+' H2D+, HD2+' and D3+. The infrared rotational

vibrational spectra of H3+ and D3+ were first observed by T. Oka and by 

our group, respectively, in 1980. We observed both H2D+ and HD2+ ions 

thereafter. 

The_Hist~of the Triatomic Hydrogen Molecular Ion 

Ions with mass-to-charge ratio 3 were discovered by J. J. 

Thomson 1 in 1912 during experiments on hydrogen with his cathode ray 

tube (CRT) apparatus. He identified those ions as H3+. He hypothesized 

that H3 is a stable gas from which H3+ can be formed by ionization.2 In 

1916, A. J. Dempster3 found that in a hydrogen discharge of high pressure, 

the H3+ ion was the dominant ion. He proposed that H3+ was produced by 

the collision between H+ and H2. T. R. Hogness and E. G. Lunn,4 in 1925, 

proposed and studied the following ion-molecule reaction: 

(1.1 ) 

which is the first ion-molecule reaction studied experimentally, and is 

1 



2 

also the dominant production channel of the H3+ ion in a discharge and in 

interstellar space. 

On the theoretical side, C. A. Coulson5 made the first 

theoretical calculation on the electronic structure of H3+ in 1935 and 

concluded that the H~+ ion should exist in stable equilateral form with 
::> 

a nuclear distance of about 0.85 R, and that all excited electronic 

levels are unstable. J.~. Hirschfelder et al.6 did a series of 

calculations on H3 and H3+ during 1936 and 1938, which also confirmed 

Coulson's conclusion. In 1936, H. Eyring, J. O. Hirschfelder, and H. S. 

Taylor7 did the first calculation of the rate of reaction (1.1), which is 

the first theoretical calculation of reaction rate for any ion-molecule 

reaction. However, until 1957, there had been very little experimental 

and theoretical work done on the structure of the molecule. H. Eyring8 

remarked that "the neglect of H3+ was the scandal of modern chemistry." 

Since Eyring's remark, a considerable amount of theoretical work 

has been done on the H3+ electronic ground state.9 Its structure was 

determined to be an equilateral triangle with bond distance about 0.875 

R. Also, ion-molecule reactions involving the production, destruction, or 

other participation of H3+ have been extensively studied, both 

experimentally and theoretically; for instance, the reaction cross 

section of (1.1) was first measured to be -100 R2 at room temperature by 

v. H. Gutibier 10 in 1957; the mobility of the H3+ ion in hydrogen gas was 

measured first by M. Saporoschenko 11 in 1965. There has been, however, 

very little experimental work done on the structure of this molecule 

because of the low density of ions in any laboratory environment. 
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A careful spectroscopic examination of a hydrogen discharge 

plasma by G. Herzberg12 in 1967 showed nothing in the visible or the uv 

range that could be attributed to the H3+ ion. Technological 

breakthroughs in the areas of electronics, computer science, and 

molecular beams and the evolution of laser sources in the last decade 

have spurred the spectroscopic studies (both theoretical and 

experimental) on molecular ions. 

The first careful ab initio calculations of the vibration-

rotational spectra of H3+ and its deuterated species were carried out, by 

G. D. Carney and R. N. Porter in 1976 13- 15• The first experimental 

determinations of the geometric structure of H3+ were done by three 

different groups 16 in 1978. The structure was determined to be an 

equilateral triangle with a bond distance between 0.9 and 1.2 R. In 1979, 

G. Herzberg 17 observed the Rydberg spectra of H3 and D3. The first 

spectroscopic measurements of H3+ and D3+ were made by T. Oka 18 and our 

group 19 in 1980; and the spectra of the other two stable isotopic 

variants, H2D+ and HD2+, were made by our group20,21 in 1981. 

The Importance of the Triatomic Hydrogen Molecular Ion 

Historically, stable atoms and molecules containing one or two 

electrons were crucial to the development of modern quantum theory, 

since only they are simple enough in structure to permit highly precise 

comparisons of the predictions of theory with the results of experiment. 

The triatomic hydrogen molecular ion H3+ is the simplest well

bound polyatomic system; it consists of three nuclei and two electrons. 

It plays a role in the chemistry of polyatomic species analogous to H2+ 
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or H2 in the chemistry of diatomic ions or molecules. Its Born-

Oppenheimer potential-energy surface and other geometry-dependent 

properties can be calculated in detail and with relatively high accuracy. 

Ab initio calculations of the H3+ vibration-rotational spectrum can 

therefore serve as a prototype for similar calculations on many-electron 

polyatomic molecules. Therefore, it provides a test ground of 

theoretical calculation techniques applicable to complicated molecules. 

Molecular ions also play an important role in the chemistry of 

dense molecular clouds in the interstellar medium,22,23 which are 

believed to be the site of protostar formation. It appears from detailed 

computer models of cloud chemistry that the observed abundances of 

simple interstellar molecules can be reproduced by sequences of ion

molecule reactions.24 

Because of the high stability of H3+' the ion-molecule reaction 

(1.1) is exothermic with !:::.E = 1.79 eV, even though it starts from 

strongly bound diatomic species. The cross section for this reaction is 

-500 82 for conditions in the interstellar space. Therefore, the 

reaction (1.1) is extremely efficient; and H3+ and its isotopes, rather 

than H2+ and its isotopes, are the dominant hydrogenic molecular ion both 

in a hydrogen discharge and in molecular clouds. The H3+ ion plays a 

crucial role in chemical reactions which are responsible for the 

productions of molecules in the interstellar medium. 

efficient proton donor through the reaction 

H 3 + + X + HX+ + H2 • 

It acts as an 

( 1.2) 

Thus, fc~' example, t.he important and abundant molecular ions HCO+ and 

HNN+ are mainly produced through reaction (1.2) with X =CO and N2' 
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respectively. Since the proton affinities of CO and N2 are even higher 

than that of H2' these reactions are exothermic. The cross sections of 

these reactions are similar to those for Eq. (1.1). In fact, Eq. (1.2) 

with X = CO is believed to be the chief destruction mechanism of' H3+ in 

interstellar space because of the large abundance of CO. The role of' 

H3+ as the proton donor is so universal that as many as 70 reactions of 

the type of Eq. (1.2) were considered in Suzuki's treatment25 of chemical 

reactions in molecular clouds. 

At first glance, it might seem that H2D+ would be much less 

abundant than H3+ because the cosmic [DJ![H] abundance ratio is 

approximately 2x10-5• However, it is widely accepted that pronounced 

isotopic fractionation can occur in the interstellar medium, based on the 

different zero-point energies for H- and D-containing molecules. Hence, 

[DJ![H) abundance ratios in specific molecules differ dramatically (by 

some four or five orders of magnitude in the case of the [DCO+]/[HCO+] 

rati026 ,27) from the cosmic abundance ratio. H2D+, which is produced 

mainly by the reaction, 

in dense interstellar clouds, is believed to be the major intermediate 

species in the chain of fractionation reactions, and is probably present 

in substantial quantities. Despite the large abundances of H3+ and H2D+ 

in the interstellar clouds, they have not yet been identified in the 

interstellar medium.28,29 

Apart from its intrinsic interest, isotopic fractionation is 

important as a systematic correction which must be applied to the [DlI[Hl 

abundances observed in molecules in order to obtain the true cosmic 
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[D]/[H] isotopic abundance ratio. Models of interstellar clouds are 

strongly dependent on the assumed cosmic abundance ratio.22,30 The 

production of deuterium is a sensitive parameter in the evolution of the 

early universe 31 in the "standard" big bang models.32 According to the 

"standard" big bang models, the density of the universe at the time of 

the big bang determined how much deuterium was actually produced. If 

the universe was very massive and therefore very dense, most deuterium 

would have crushed into He. Conversely, if the universe was relatively 

low in mass, some deuterium would have survived to the present day. It 

is believed that deuterium could only have been created during the first 

fiery minutes of the big bang. The cosmic [D]/[H] abundance ratio can 

thus be used to infer the matter density in the early universe33 and its 

future. Therefore, the determination of the abundance of deuterium, 

relative to ordinary hydrogen, and the test of its cosmological origin 

have been two key tasks of observational astrophysics. Current 

measurements 34 ([DJ![H) -2x10-5) lead to an open (that is, ever-expanding) 

universe in the standard big bang models. 

The interstellar media contain most of the mass of the universe. 

A careful map of H3+ and H2D+ in the galaxy should yield a more reliable 

[D]![H] ratio and therefore more accurate model for the evolution of the 

universe. 

Summary of Chapters 

A brief review of the structure of the energy levels of the 

triatomic hydrogen molecular ion H3+ and its deuterated species is 

presented in Chapter 2. Chapter 3 recounts the experimental studies 
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that have been carried out on the structure of H3+. The principles and 

apparatus of the Doppler-tuned ion beam spectroscopic method used in 

present work are briefly reviewed in Chapter 4 and 5. The remaining 

chapters (Chapters 6 and 7) present the experimental results and the 

analysis done to date. 



CHAPTER 2 

THE STRUCTURE AND SPECTRUM OF H3+ 

In this chapter, I will briefly review the theoretical works on 

the structure of H3+ and the properties of' the infrared spectra of H3+ 

and its deuterated species. 

Electronic Structure of H3+ 

Numerous ab initio calculations9 have been carried out for the 

electronic states of H3+. The equilibrium ground electronic state has 

been determined to be an equilateral triangle with H-H bond distance (re ) 

of 1.65-1.66 a.u. (or.873-.878 R) and a total energy (Ee) between -1.34 and 

-1.35 a.u. (or 36.46 and 36.74 eV). The most accurate potential surface 

was given by C. E. Dykstra and W. C. Swope.35 The surface was calculated 

at the level of a full configuration expansion using a large basis set of 

63 contracted Gaussian functions. The bond distance and total energy 

given by this surface are 1.6504 a.u. (or .87335 ~) and -1.342784 a.u. (or 

-36.53940 eV), respectively. 

The most extensive theoretical study on the excited electronic 

states of H~+ was done by L. J. Schaad and W. V. Hicks.36 
oJ 

They did 

configuration interaction calculations with a Gaussian-type basis for the 

lowest five electronic states of each symmetry 1A', 3A', 1 A", and 3A". 

Figure 2.1 shows the potential energy curves for H3+ in the D3h geometry 

(or the equilateral triangular configuration). All geometries with bond 

lengths between 1.2 and 3.6 a.u. were examined. They found that all 

8 
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excited electronic states are unstable, except for the 1 3A' energy 

surface which contains a stable state. Ahlrichs, Voltava, and Zirz37 

also confirmed this bond-excited level with a more accurate calculation. 

This level is a linear (instead of equilateral triangular) symmetric 3L~ 

level with energy equal to 1.11568 a.u. (or 30.35953 eV) and bond lengths 

of 2.lJ568 a.u. (or 1.300 R). It is stable by only -0.013lJ3 a.u. (or 0.36SlJ5 

eV) with respect to dissociation to H2+ (X2I:g+) + H(1s). The state is 

computed to have vibrational frequencies of 1233 cm- 1 (symmetric 

stretch), 826 cm- 1 (asymmetric stretch), and 715 cm- 1 (degenerate 

bend).37 Due to the different geometries, the transition from ground 

state to this state will be very difficult to observe spectroscopically. 

The reader is referred to Herzberg's Molecular Spectra and 

St.!:!:!.cture38,39 for an explanation of the symmetry classification and 

labeling of electronic states. 

The total energy Ee (-36.5394 eV) of H3+ is the formation energy 

of H3+ from three protons and two electrons. Subtracting from this 

value the Rydberg energy (2x13.598lJ eV) of formation of two hydrogen 

atoms and the dissociation energy (De) (lJ.7626 eV) of H2,lJO we obtain the 

dissociation energy (De) of H3+ into a proton and H2 of -lJ.5800 eV, which 

is as large as the dissociation energy (De) of H2. This shows the high 

Here De is the energy from the minimum of the 

potential-energy surface to the dissociation limit which is different 

than the energy from the ground vibrational-rotational state to the 

dissociation limit (or DO). For comparison, Table 2.1 lists the 

dissociation energy and the equilibrium bond distance for both H2 and 

H3+· 
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TABLE 2.1. Dissociation energy (from potential minimum) De and· bond 
distance for H2 and H3+' 

Molecule 

H + 
3 

Dissociation energy D (eV) 
e 

4.7626 

4.5800 

Bond distance R (i) 
e 

0.7414 

0.8734 

Vibrational Structure of H3+ 

The triatomic hydrogen molecular ion has four radioactive stable 

isotopic variants: H3+' H2D+, HD2+' and D3+' The homonuclear variants 

H3+ and D3+ are symmetric-top molecules of D3h symmetry, while the 

heteronuclear variants H2D+ are asymmetric-top molecules of C2v 

symmetry. A11 of them have three vibrational modes: the symmetric 

breathing mode "1' the symmetric bending mode "2' and the antisymmetric 

bending mode "3' as shown in Fig. 2.2. For H3+ and D3+' the "2 and "3 

modes (or "E mode) are degenerate and optically (infrared) active, while 

the "1 mode (or "A mode) is not optica11y active. For H2D+ and HD2+' a11 

modes are infrared active. 

The most extensive and accurate calculations on the vibrational 

levels of those four isotopic variants were performed by Carney and 

Porter in Refs. 13 and 14. Figure 2.3 shows the calculated vibrational 

energy levels for them. Their fundamental vibrational energies and the 

zero-point energies,41 are listed in Table 2.2. 
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Fig 2.3. Vibrational energy levels of (a) H3+' (b) D3+' (c) H2D+, and (d) 
In (a) and (b), the levels are denoted by (n , n , t) where t = nE, nE-2, nE-4, 
1 or O. In (c) and (d), the levels are denoted ~y (nI , n2 , n3). In all cases, 
symmetries of the levels are also given. 
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TABLE 2.2. 1 Calculated fundamental vibration frequencies and zero-point 
energy (cm- ) of H3+ and deuterated H3+· 

Molecular "1 "2 "3 Zero point 
ion energy 

H + 3185 2516 2516 4345 
3 + 

3000 2203 2329 3963 
H2D 
HD + 

2 2742 1961 2072 3548 

D + 
3 2307 1826 1826 3100 

One has to note that Carney and Porter's calculation is a 

careful clamped-nuclei calculation (so called first Born-Oppenheimer 

approximation42 ), in which the potential-energy surface was determined by 

fixing the nuclei in space and then solving the vibrational Hamiltonian 

using the determined potential-energy surface. The potential-energy 

surface they used in the calculation is a 5th degree SPF (Simons-Parr-

Finlan) expansion43 of the CI (configuration interaction) potential-energy 

surface, which gave re = 1.6574 a.u. and Ee = -1.335184 a.u., instead of 

the best potential-energy surface obtained by Dykstra et al.35 Since the 

calculated spectra are sensitive to the potential-energy surface, 

especially for the light H3+ ion and its isotopic variants, it is 

difficult to estimate the accuracy of their calculations. As for the 

corrections, e.g., adiabatiC, nonadiabatic, and relativistic corrections to 

the Born-Oppenheimer approximation, none has been estimated to date. 
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Rotational Energy Levels for ~-!nd D3+ 

Since the rotational energy levels for symmetric and asymmetric 

tops have completely different structures, I will treat them in separate 

sections. The simpler structure of symmetric top will be described in 

this section. 

The rotational state of H3+ or D3+ in the ground vibrational 

state can be specified by the two quantum numbers, rotational angular 

momentum J and its projection onto the symmetric axis K(-J~K~J). The 

rotational term energy can be formulated as 

where Band C are the rotational constants, and DJ' DJK' and DK are the 

centifugal correction constants. For a planary symmetric top molecule, 

the following relations hold approximately 

C::2B, 
2 

(2.2) 

Neglecting the nuclear spin wave functions, the K=O states are 

nondegenerate whereas K~O levels are doubly degenerate (since F(J,K) = 

F(J,-K)). The rotational states are denoted by J and IKI, conventionally. 

However, we have to take the nuclear spin functions into account for the 

statistical weights because they form an integral part of the total 

eigenfunction which follows different statistics for nuclei of different 

spins. The arguments and results can be found in Ref. 44. Table 2.3 

shows the results for H3+ and D3+' and Fig. 2.4 shows the rotational 

level str'ucture of D3+ in the ground vibrational state. 
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TABLE 2.3. statistical weights of the rotational levels of H3+ and D3+ 
in the ground vibrational states. 

H + 
3 

D + 
3 

K a multiple 3, but not 0 4 11 

K not a multiple of 3 2 8 

k = 0, J = even 0 10 

k = 0, J = odd 4 

In the doubly degenerate vibrational state the quantum number 

G=K±.I!. remains a good quantum number where .I!. , the vibrational angular 

momentum quantum number, equals 1 for the doubly degenerate vibrational 

state. The formula for the rotational term values can be taken as 45 

F(J,G,U,s) = BJ(J+1) + (C-B)(G2+1) 

where 

- 2CI;; - DJJ2(J+1)2 - DJKJ(J+1)(G2+1) - DK(G4+6G2+1) 

+ nJ J(J+1) + ~(3G2+1) + .1 s 0a3B(J-1)J(J+1)(J+2) 
2 

Apart from the usual constants (B, C, DJ , DJK, and DK), I;; is the Coriolis 

coupling constant that splits levels with nonzero K in the presence of 

vibrational angular momentum, q is the .I!.-doubling constant, nJ and nK are 

centrifugal corrections to the term -2CI;;, qJ is a centrifugal correction 
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to q, 0G3 is the kronecker symbol (=1 for G=3, otherwise 0), and B is a 

splitting constant for G=3 levels. The index U, which can be +1 or -1, 

gives the upper and lower components of the two levels with the same G 

involved in ~-doubling. For G=J or J+1, there is only one component in 

which the sign of U is such that UZ < 0, i.e., U =-sgn Z. The zero of the 

energy is the pure vibrational energy gj_ven by J=O, G= 1, U=-sgn Z. For 

H3+ or D3+' Z l,s negative. 

For G=O, the ~-doubling term in the abov~ formula becomes 1/2 

Ulq J(J+1) + qJ J2(J+1)21, where U=+1 and -1 give the upper and lower 

components, respectively. Instead of using the U classifi.cation, the 

levels can be treated according to their symmetry properties. The~-

doubling term is then 

where X(C 2) is the group character for rotation by 1800 about any 2-fold 

axis; thus, the A', levels of even J and the A'2 J evels of odd J have a 

positive sign before the braces, while A', levels of odd J and A'2 levels 

of even J have a negative sfgn before the braces, since q is negative for 

H3 + and D3 +. 

To the approximation employed in l!:q. (2.3) the G def!:eneracy for 

G~O is only lifted for G=3. The two split components are given by the 

value + 1 and -1 of the index s, whj ch is chosen so that X(C2) = (-1)Js • 

Thus the A, levels of even J and A2 levels of odd J have s=+1, while the 

A, levels of odd J and A2 levels of even J have s=-1. The components 

can be distinguished by their statistical wej,ghts (10:1 for A1:A2 in D3+' 



23 

In Fig. 2.5 the lowest rotational levels in the "E vibrational 

mode of D3+ are sketched to scale in an energy level diagram in order to 

illustrate the relative magnitude of the various splittings. 

Rotational Energy Levels for H2P+ and HD2+ 

The rotational energy levels for asymmetric rotors are more 

complex than for symmetric rotors. For rigid rotors, the Hamiltonian 

H = A P 2 B P 2 + C P 2 
x + Y z 

(2.6) 

can be solved by using symmetric rotor representation and Wang's 

transformation.45 Angular momentum J is the only good quantum number. 

Some of the energy levels can be expressed in closed algebraic form. 

The energy levels of a rigid rotor have been tabulated according to 

asymmetry parameter 

K = (2B - A - C)/(A - C) (2.7) 

in the Appendix of Ref. 44 for J up to 12. The rotational states of an 

asymmetric rotor are denoted by JKaKc or JK_1K+1 or J T where T = Ka -

Kc or K_1 - K+1' The symmetry properties and statistical weights of the 

rotational levels in the ground vibrational state of H2D+ and D2H+ are 

gi ven in Table 2.4. 

The real molecules, especially light ones like H2D+ and HD2+, are 

non-rigid. Including the lowest order distortion coefficients, the 

Hamiltonian becomes 47 

(2.8) 

where flJ' flJK' flK' ISJ , and ~ are the quartic distortion coefficients, 
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TABLE 2.4. Symmetry properties and statistical weight of the rotational 
levels of H2D+ and HD2+ in the ground vibrational state. 

Parity w.r.t. 
C2v 

e e + 

e 0 + 

o e 

o 0 

Statistical 
weight 

1 

1 

3 

3 

HD + 
2 

Parity w.r.t. 
C2v 

+ 

+ 

Statistical 
weight 

6 

3 

6 

3 

which can be derived from the harmonic vibrational frequencies (w1 and 

w2) of H3+ or D3+ by normal coordinate analysis; and the energy levels 

can be obtained by diagonalizing the Hamiltonian. The above discussion 

is valid for the rotational levels in the ground vibrational state. 

The structure of the rotational energy levels in the fundamental 

vibrational state of the symmetric and anti-symmetric bending modes is 

more complicated due to the strong Coriolios coupling between them. The 

analysis of the structure in this case is painstaking. To date, we still 

do not know how to do it. 

Selection Rules for Vibrational-Rotational Transitions 

Selection rules for H3+ and D3+ are 

/).J = ±1,O 

(2.9) 

/).(K - ~) = 0 or G = K • 

Note, there is an extra selection rule posed by symmetry properties of 
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the rotation wave functions, i.e., only transitions between A1 and A2 

levels are allowed. 

i 
For H2D+ and D2H+, the selection rules are dependent on which 

vibratonal mode is excited and also the orientation of the three 

principal axes (A, B, and C-axes). The A-axis of H2D+ is along the C2 

axis on the molecular plane, while the A-axis of D2H+ is perpendicular to 

the C2 axis. For the B-axis, the situation is just reversed. From Fig. 

2.2, the vibrating dipole moments for the \11 (symmetric breathing) mode 

and the \12 (symmetric bending) mode are along the symmetric axis, while 

the vibrating dipole for the \13 (anti-symmetric bending) mode is 

perpendicular to the symmetric axis. Therefore, transitions of H2D+ from 

ground vibrational state to \11 and \12 modes and transitions of D2H+ from 

ground vibrational state to the \13 mode form the so-called type A band, 

and they obey the following selection rules: 

t:.J = 0, ±1 ; J = 0 +/+ J = 0 

(2.10) 

+ + ++ - + and + - ++ - - , 

while the rest of the transitions form B-type bands, and obey the 

following selection rules: 

t:.J = 0, ±1 J = 0 +/+ J = 0 

(2.11 ) 

+ + ++ - - and + - ++ - + • 



CHAPTER 3 

EXPERIMENTS ON THE STRUCTURE OF H3+ 

This chapter reviews the limited experimental results on the 

structure of the H3+ ion. Since this dissertation involves the structure 

of the deuterated H3+ ions (through spectroscopic interaction) rather 

than reaction properties and collisional interactions, the area of ion-

molecule chemical reactions involving H3+ will not be mentioned in this 

chapter except peripherally, as needed in the discussion of the ion 

source in Chapter 5. 

In contrast to the extensi ve theoretical studies on the 

electronic structure of H3+ (see Chapter 2), the experimental works have 

been meager. According to the theory, all the low-lying excited 

electronic states in the equilateral triangular configuration are 

dissociati ve. This explains why the optical spectrum of H3+ in the 

visible and uv regions has never been observed, e.g., a careful 

spectroscopic examination of hydrogen discharge by G. Herzberg 12 did not 

reveal any spectrum assignable to H3+' 

Various experiments have been carried out to determine the 

binding energy DO of H3+ (or the dissociation energy of H3+ into H2 and 

H+, or the proton affinity of H2)' R. J. Cotter et al.48 determined that 

DO(H3+) = 4.37±O.05 eV and DO(D3+) = 4.50±O.05 eV by analyzing the 

measurement of the threshold for the reaction of H20+ with hydrogen to 

27 
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form H3+ (and the analogous reaction with deuterated species). 

Observation of proton transfer reactions in a flowing afterglow by J. A. 

Burt et al.49 yielded DO(H3+) = 4.4 eVe Analysis of the threshold for 

collision-induced-dissociation of D3+ or H3+ with noble gases (e.g., He) 

at low kinetic energy (0-30 eV) 

(3.1) 

gave DO(D3+) = 4.8 eV by Leventhal and Friedman,50 and DO(H3+) = 4.3±0.1 5 

eV Do(D3+) = 4.4±0.1 5 eV by Harris et al.51 The study by Leventhal and 

Friedman also showed that H3+ produced in H2+-H2 collisions may be 

formed with as much as 2 eV internal energy, and that high source 

pressures are required for deexcitation (for more details, see Chapter 

5). 

More recently, Goh and Swan52 studied the other collision-

induced dissociation process of 750-2000 eV H3+ with He 

H3+ + He -.. H2+ + H + He, (3.2) 

which gave a value of 4.4±0.3 eV for DO(H3+)' In their experiment, the 

energy required to raise the ground state H3+ ion to an intermediate 

unbound state (namely 1E' state) was also determined to be 19.3±O.4 eVe 

B. Peapt and K. T. DOlder53 did a measurement of the cross 

section for the formation of protons by collisions between electrons and 

vibrationally de-excited H3+ for energies between 15 and 22 eV in 1974. 

From the thresholds of the cross section, they determined the lowest two 

electronically excited states (3E' and 1E') have energies 15 and 19.2 eV 

above the lowest vibrational ground state. 

All the experimental values of binding energy and electrical 

excitation energies are consistent with theoretical calculations. Table 
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3.1 lists the experimental data along with the best theoretically 

estimated values for comparison. 

TABLE 3.1. Experimental and theoretical results of the electronic 
structure of H3+ an~ D3+' 

Experimental 
results 

Theoretical 
results 

Binding 
H3+ 

4.37±0.05 

4.4 

4.8 

4.3±0.15 

4.4±0.3 

4.311 

energy (eV) 
D3+ 

4.50±0.05 

4.4±0.15 

4.388 

Excitation ener~ (eV) 
1E' E' Ref 

48 

49 

50 

51 

19.3±0.4 52 

19.25 15.0±0.2 53 

19.2 14.9 

The collisional inelastic energy loss experiment using ion beams 

is an indirect technique for determination of molecular spectroscopic 

constants, such as vibrational intervals. 54 F. Petty and T. F. Moran 

measured the H3+ vibrational frequencies in 1970 by studying the 

inelastic energy loss spectrum from collisions 

for H3+ at 16 eV kinetic energy. Since the inelastically scattered ions 



30 

have less kinetic energy than those that are elastically scattered, 

conversion of translational to internal energy must occur, and the 

vibrational and/or rotational excitation of H3+ is the only process which 

can account for the observed inelastic energy loss (S2 eV). 

The experimental results gave "A = 3350±200 cm- 1 and "E = 

2800±150 cm- 1, which agreed with the theoretical calculations of R. E. 

Christoffersen.
55 

However, the observation of the infrared spectrum of 

18 1 H3+ by Oka gave "E = 2521 cm- , and the most reliable theoretical 

vibrational intervals are "A = 3185 cm- 1 and "E = 2516 cm- 1• In order 

56 
to account for the difference, recently Carney analyzed the spectrum 

with the selection rule of ~J=+1 for collisional excitations to "E 

vibration and brought the experimental "E down to 2515±150 cm-1, which 

was then consistent with Oka's result. 

Observation of the Geometry of H3+ 

The first experimental determinations of the geometry of the H3+ 

ion were carried out by three different groups (Argonne, Lyon, and 

Rehovot) in 1978.16 They took H3+ ion beams of a few MeV, used them to 

bombard a target foil (-100 ft of carbon), and looked at the dissociation 

fragments that emerged after the foil. This method has been used 

successfully to determine the geometry of H2+, HeH+, OH+, OH2+, CH+, and 

3He2+.57 

A~t the high-speed molecular ion bombards the target, its binding 

electrons are stripped off within a few angstroms after penetrating the 

front surface of the foil. That leaves a light cluster of atomic ions 

(protons for H3+) that remain correlated in space and time as they 
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progress through the foil. The ions repel each other apart in a "Coulom b 

explosion," dumping their initial potential energy into center-of-mass 

kinetic energy. So emerging from the foil, one has fragments with both 

the original beam velocity and a component from the Coulomb explosion. 

This component causes a shift in the laboratory energy and angle of each 

fragment; the shift depends on the orientation of the incoming molecular 

ion. Therefore, analysis of the fragments emerging from the foil reveals 

information about the geometrical structure of the molecular ion. The 

trajectory analysis must take into account the phenomenon known as a 

"polarization wake." The wake is an electron density oscillation induced 

in the target foil by the passage of the charged particles. 

Let us consider the following three cases for H3+' First, the 

molecular plane of the incoming H3+ is parallel to the foil; the 

laboratory energy of the protons is unshifted, but they will receive an 

angular deflection by 8e. Second, the molecular plane of the incoming 

H3+ is perpendicular to the foil and one H-H bond is parallel to the 

fOil; the leading or trailing proton will not be deflected, but its 

laboratory energy will be shifted by 8E. Third, if one of the H-H bonds 

is perpendicular to the foil, two of the three protons will be deflected 

by eO; the remaining one by 290, In the absence of any wake effects and 

mul tiple scattering, and if there is no spread in the bond distance dO' 

one would expect 

89 = u/v 

8E = 2 Muv 

u 
eO = '2-;' (3.6) 
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where M is the proton mass, v is the beam velocity, and u = (2e2/Mdo) 1 /2. 

By analyzing the distribution of 68, 6E, and 80, one can determine the 

most probable bond distance and the variations of bond distance due to 

vibrational motion. All three experiments revealed an equilateral 

triangular structure for H3+. The Argonne group measured the 68 and 6E, 

and determined the most probable value of bond distance to be 0.97±0.03 

ft. The Lyon group determined the most probable value of bond distance 

to be 0.95±0.06 A by analyzing distribution of 80 • The Rehovot experiment 

photographed the three protons directly on photographic emulsion; this 

measured the spatial correlations between all three protons of each 

cluster. From an analysis of 350 photographs, the most probable bond 

distance is estimated to be 1.2±O.2 ft. The relatively large errol' in this 

experiment is due almost entirely to the uncertainty in the distance 

between the foil and the photographic emulsion. 

The experimental bond distance is larger than theoretical value 

(0.873 ft). This is due to the incident molecular ions being populated in 

a range of vibrationally excited states. 58 A theoretical analysis of the 

bond distance distribution with the vibrational population calculated by 

Smith and Futrell59 agrees with experimental values quite well. 

Obs~"yation_~~Rydbe7Jt~.E~<?.tra _£.~.!I.3-~1l.<U2.3 

H3 is not a stable polyatomic molecule in its ground state; 

however, its Rydberg states can be stable bound states since the core, 

H3+' is stable. The transitions between H3 (and D3) Rydberg states were 

first observed in an ordinary hollow cathode discharge tube through H2 

17 45 60 or D2 at 1 Torr pressure by G. Herzberg in 1979. ' , The spectra are 
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strengthened when the cathode is cooled to liquid nitrogen temperature 

but do not occur in the positive column of the same discharge. The H3 

(or D3) molecules are formed by ion-electron recombination in the 

hydrogen discharge plasma, in which the H3+ (or D3+) is the most abundant 

ion. 

Since adding a loosely bound electron to the highly stable H3+ 

core will not change the molecular geometry much, the analysis of the 

Rydberg spectra of H3 and D3 will indirectly reveal the structure of H3+ 

or D3+' A comparison between the rotational constants of H3, D3, and 

corresponding core ions, H3+' D3+' manifests this fact. Table 3.2 lists 

the rotational constants of H3' D3' and H3+' D3+' H3+ is considered to be 

the most abundant ion in diffuse interstellar clouds. In these clouds it 

is subject to electron-ion recombination, and therefore it seems possible 

that the Rydberg spectra might be observed in such clouds. 

B 
o 

c 
o 

43.620 

20.331 

H b 
3 

44.642 

22.491 

aTheoretical values from Ref. 15. 

21.934 

10.443 

bAverage values of the results in Refs. 45 and 60. 

Ob~~"'y~~!.~ of ~~~nfra!:.~~ Spectru~~~ H3+ 

22.112 

11.097 

The infrared v2 band of H 3+ was observed by T. Oka in 1981.18 A 

direct infrared absorption method combining a liquid-nitrogen-cooled 
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multiple-reflection discharge cell and a difference-frequency infrared 

radiation source was used for this observation. The multiple reflection 

dc discharge cell was 2 m long and was cooled with liquid nitrogen. The 

difference-frequency laser system developed by Pine 61 was used as the 

infrared tunable source. By mixing radiation from an AI" ion laser 

(frequency VA) and that from a tunable dye laser ("0) in a temperature 

controlled LiNb03 crystal, Oka obtained an infrared radiation source with 

the power of 1-2 lM whose frequency.(vA-"o) was tunable over the range 

of 4400-2400 cm- 1• The frequency of the infrared radiation was 

modulated by modulating the frequency of the AI" ion laser with an 

amplitude of -400 MHz at a frequency of 2.5 kHz. The absorption signal 

was detected by a phase sensitive detector using an InSb detector. The 

discharge ce1l was operating at a hydrogen pressure of Torr and 

current densities about 60 mA/cm 2• The density of H3+ is estimated to 

be -3x1010 cm- 1, and the translational and rotational temperature of H3+ 

is estimated 
o 

to be about 200 K, since the H3+ ion survived many 

collisions with H2 and thermalized with the latter in the discharge cell. 

A continuous scan of the region between 2800-2460 cm- 1 produced 

nine transitions assigned to H3+' which were predicted by Watson using 

the rotational constants from the ab initio results of Carney and 

15 Porter. Subsequently, six more transitions were observed close to 

their predicted positions. Later, Oka found 15 more lines orignated from 

higher rotational states by cooling the discharge with ice water. 

The observed linewidth was about 0.01 cm- 1 (or 300 MHz) which 

should be compared to the 0.0005 cm- 1 (or 15 MHz) linewidth in our 

measurements, and the observed transitions are summarized in Table 3.3. 
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Table 3.3. Observed frequencies of the v2- band of H3 + 

Transition Frequency 
-1 (cm ) 

v2 (J, IK-,Q, 1)1 II+(J ,k) 
a Fitb Observed , 

(5,1)1 +(4,1) 3029.823 3029.947 

(5,2)1 +(4,2) 3024.547 3024.468 

(7,6)II+(6,6) 3015.240 3015.184 

(5,3)1 +(4,3) 3014.358 3014.471 

(5,4)1 +(4,4) 3008.115 3007.792 

(6,5) II + (5,5) 2956.072 2956.321 

(4,0) +(3,0) 2930.163 2930.079 

(4,1)1 +(3,1) 2928.351 2928.255 

(4,2)1 +(3,2) 2923.361 2923.345 

(4,3)1 +(3,3) 2918.026 2918.292 

(5, 3)n+(4 ,3) 2894.610 2894.611 

(5,4)II+(4,4) 2894.488 2894.419 

(4,3)II+(3,3) 2829.923 2829.713 

(3,1)1 +(2,1) 2826.113 2826.047 

(3,2)1 +(2,2) 2823.136 2823.439 

(3, 2)II+(2, 2) 2762.068 2761. 982 

(2,1)1 +(1,1) 2726.219 2726.308 

(2,0) +(1,0) 2725.898 2725.805 

(2,1)II+(1,1) 2691.444 2691.486 

(3,3) +(3,3) 2561.493 2561.532 

(2,2) +(2,2) 2554.664 2554.603 



Table 3.3. (continued) 

(2,1)1 +(2,1) 2552.987 

(1,1) +(1,1) 2545.418 

(1,0) +(1,0) 2529.724 

(2, 1)U+(2, 1) 2518.207 

(3,0) +(3,0) 2509.075 

(3, 1)U+(3, 1) 2508.131 

(3,2)U+(3,2) 2503.347 

(4,2)U+(4,2) 2492.534 

(0,1) +(1,1) 2457.90 

aFrom Ref. 29. 

b From J. K. G. Watson (private communication) 

36 

2553.038 

2545.357 

2529.783 

2518.215 

2509.194 

2508.115 

2503.501 

2492.393 

2457.143 
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The accuracy of the measurements is about 0.005 cm- 1 (01"150 MHz) which 

should be compared to the accuracy of 0.0004 cm- 1 (or 12 MHz) in our 

measurements. 

A least-squares fitting to the observed spectrum was made by 

Watson to yield the molecular constants; the results are given in Table 

3.4. The agreement between experimental and theoretical values is quite 

excellent, showing the reliability of ab initio calculations for H3+. 

The experimental constants of H3+ play an important role in the 

assignment of the observed transitions of D3+' since one can derive the 

corresponding constants for D3+ by simple scaling laws from H3+ and 

predict the spectrum. The reader is referred to Chapter 6 for detailed 

analysis. 

Observation of the Infrared Spectrum of H3+ at its Dissociation Limit 

Recently, A. Carrington et a1.62 observed the infrared spectrum 

@-10 jJIIl of H3+ at the dissociation limit. The spectrum arises from 

transitions between bound levels lying below the H2 + H+ dissociation 

limit and metastable levels lying above. The existence of metastable 

levels is due to the centrifugal energy barrier arising from rotation of 

the H3+ molecule. 

Our experimental method was used by them in this observation. 

Instead of using the CO laser and collision detection method, they used a 

C02 laser and detected the transitions by monitoring the H+ ions formed 

through rotational predissociation. 113+ ions are formed in an electron 

impact ionization source by reaction between H2+ ions and H2. So far 

they have recorded more than 300 lines (with a density of -100 



TABLE 3.4. Experimental molecular constants of H3+.a 

Upper 
state 

Ground 
state 

"2 = 2521.0240 cm- 1 

B' = 44.2040 cm- 1 

C' = 19.1444 cm- 1 

, 4- 1 C 1;; = -19.015 cm 

DJ = 0.0486 cm- 1 

DJK = -0.0874 cm- 1 

Dr( = 0.0460 cm- 1 

q = -5.383 cm- 1 

qJ = 0.0211 cm- 1 

8 = 0.0028 cm- 1 

nJ = 2DJK = -0.1748 cm-
1 

TlK = 4Dr( = 0.1840 cm- 1 

B" = 43.6196 cm- 1 

C" = 20.3310 cm- 1 

Dj = 0.0477 cm- 1 

" DJK = -0.0800 cm- 1 

oK = 0.0385 cm- 1 

(2516.08 cm- 1) 

(43.843 cm- 1) 

(19.735 cm- 1) 

(-18.516 cm- 1) 

(-4.846 cm- 1) 

(43.224 cm- 1) 

(20.565 cm- 1) 

aFrom J. K. G. Watson (private communication). 
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lines/cm- 1), and believe that the total spectrum accessible to them 

might well contain over 30,000 lines (over -230 cm- 1 frequency range). 

No resonance lines were observed when the electron impact source was 

replaced by a plasmatron ion source operated at source pressures two to 

three orders of magnitude higher. This shows that vibration-rotational 
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levels near dissociation limit are populated by the ion-molecule 

reaction, and are depopulated by collisions occurring in the plasmatron 

source. 

The interpretation of the observed spectrum will be quite 

different from the vibration-rotation spectra for H3+ and D3+ in their 

lowest vibrational states. At the present time, very little appropriate 

theory exists. It seems likely that the complexity of the observed 

spectrum arises from a breakdown of some of the normal vibration

rotation selection rules, as well as from a high density of levels (near 

the dissociation limit). However, their observation will stimulate the ab 

initio calculation of the H2+H+ energy surface at the dissociation limit, 

and also the theoretical investigation of the structure of polyatomic 

molecules at the dissociation limit. 

In addition to H3+' they have observed similar spectra for D2H+ 

and D3+. For D2H+ there are two possible modes of photodissociation, to 

either D2+H+ or HD+D+. The spectrum of D2H+ could be observed only by 

detecting H+ ions, but not D+ ions. This can be explained by the fact 

that the D2(v:O)+H+ dissociation limit is lower than the HD(v:O)+D+ limit 

by 372 cm-', mainly because of the difference in zero point energies 

between D2 and HD. The spectrum of D3+ was considerably weaker than 

that of H3+' presumably because of the higher density of vibration

rotation levels and consequently lower populations. 



CHAPTER 4 

EXPERIMENTAL METHOD 

Molecular ions play an important role in such diverse systems as 

the upper atmosphere, the aurora, flames, electrical discharge, and in 

extraterrestrial regions, e.g., interstellar clouds and comet tails. This 

is a simple consequence of the facts that ion reactions are among the 

fastest known chemical processes. This also explains the difficulty of 

studying molecular ions. In general, ions are short-lived in the 

laboratory because they either recombine with electrons or rapidly 

diffuse to the walls of their containers under the influence of small 

electric fields. Therefore, it is very difficult to produce significant 

quantities of molecular ions for experimental study. 

To date, 58 positive molecular ions have been studied 

spectroscopically in a gaseous state with rotational resolution. Most of 

the observations are the electronic emission spectra in a visible region. 

Only seven IR vibrational-rotational spectra (HD+, 63,64 HeH+, 65,66 

H3+,18,62 H2D+,20 D2H+,21 D3+,19 and CH+67) have been reported. This is 

due to another hindrance of vibrational-rotational spectrosopy, i.e., the 

relatively poor performance of radiation detectors in the infrared region 

compared to the visible region. The status of molecular ion 

spectroscopy was reviewed by R. J. Saykally and R. C. Woods in the Annual 

Review of Physical Chemistry in 1981.68 

40 
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The Doppler-Tuned Ion Beam L~~er-SE~ctros£opic Method 

The basic concepts of the Doppler-tuned ion beam laser-

spectroscopic method can be summarized as follows: 

+ hv +. k' x- (parent ions) -~~""I X- -.;.;..-.-..... product ion 

~1 ____________ k~2 ________ ~~r:: molecule 

The parent ions X± are the ions under spectroscopic study. They are 

produced in an ion source such that the ions have substantial population 

differences among internal states. Next, the ions are accelerated and 

formed into a beam of a few keV energy. They then interact with a fixed 

frequency laser beam in a free space at small angle or collinearly. The 

ions are Doppler tuned into resonance with the laser beam by sweeping 

the ion energy. On resonance, the laser radiation drives the transitions, 

resul ting in a net population change between the two states involved. 

The ions, after interaction with the laser beam, X±·, are subjected to a 

suitable process that leads to formation of either a product ion (of 

different mass) or a neutral molecule, possibly also of a different mass. 

By monitoring the changes in the intensity of the surviving 

parent ion beam, or the product ions (or neutral molecules), one can 

detect the transition. Usually, there is no way to distinguish the 

product from the parent ions (X±) and the laser-activated ions (X±·); 

unless the production rates k, and k2 are different. In our experiment, 

we employed a collisional detection mechanism, which takes advantage of 

the vibrational-state dependent collision cross section, to monitor the 

resonance. Other detection mechanisms have been revj.ewed by A. 
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carrington69 and include two-photon (or multi-photon) absorption leading 

to dissociation, predissociation after transition, and ion-molecule 

reactions. I will briefly discuss some of the significant aspects of 

this spectroscopic method in the following sections. 

Ion Source Population Distribution 

Ions that are present in the beam enjoy a collision-free 

environment. Therefore, vibrational and rotational relaxation can be 

neglected. Consequently, the ions retain the internal excitation they 

acquired in the source during the effective beam lifetime. In the case 

of direct ionization of neutral molecules by single-electron impact; e.g., 

HD+, the ions produced are populated according to the Franck-Condon 

vibrational and Maxwell-Bol tzman rotational factors and therefore have 

substantial internal energy (i.e., appreciable population of excited 

electronic or vibrational states) and population inequalities. For 

molecular ions which are produced by ion-molecule reactions in the 

source operated at an intermediate pressure, e.g., HeH+, H3+' etc., the 

ions usually possess considerable internal energy. This may be 

advantageous or not, depending on the spectroscopic study we wish to 

perform, e.g., it is the essential requirement for Carington's experiments 

on the transitions (either bound-to-bound or bound-to-quasibound) near 

. . + 64 + 66 + 67 + 62 the dissoc1at10n limit for HD, HeH, CH, and H3 • 

In the study of the diatomic molecule ions, since the spectra are 

easy to analyze and sometimes the calculation is accurate enough (e.g., 

HD+ and HeH+) so that the identification is possible even if one only 

observes a small part of the spectrum, one would prefer the ions have 
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substantial internal energy so that one could access to more transitions. 

However, the situation is completely different for polyatomic molecular 

ions. Usually, the spectra of polyatomic molecules are much more 

complicated than those of diatomic molecules and there are no good 

theoretical calculations. Therefore, it is very difficult to assign the 

observed transitions without covering a large portion of the spectra. 

Even for neutral molecules with known population distribution (usually 

Maxwell-Boltzman distribution), the spectra of many molecules are still 

too complicated to be analyzed. One common way to simplify the spectra 

is to lower the temperature by direct cooling or supersonic jet such 

that only the few lowest energy levels are populated. For the ions 

produced by ion-molecule reaction which contain a substantial internal 

energy; several bands will be observed, and the spectra will by no way 

be understandable. Without knowing the population distribution (which is 

true in most cases), one cannot even know which bands are observed. This 

puts a limitation on the Doppler-tuned ion beam laser-spectroscopic 

method for exploring unknown spectra, especially polyatomic molecular 

ions. 

Fortunately, one can overcome this problem somewhat for H3+ and 

its isotopic variants by operating the ion source at high soupce 

pressure. This will be discussed in the next chapter. 

Doppler Tuning 

Molecular ions of mass less than 20 amu travel at a velocity of 

about 105 m/sec after being accelerated to a few kilovolts. If a laser 

beam is collinear with the ion beam, there will be a large Doppler shift. 
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This shift can be varied easily by sweeping the accelerating voltage, so 

that it is possible to obtain a spectrum with a fixed wavelength laser. 

The Doppler-shifted laser frequency f', seen by ions in the beam, 

is given by 

f' = f [.!.....::.-~ cos A.] 
/1 - 82 

(4.1 ) 

where 8 = u/c and u is the speed of the molecular ion, e is the 

laboratory angle between the ion velocity and the laser beam direction, 

and f is the laser frequency in the laboratory frame. 

For a small interaction angle e :: 0, the Doppler shift is 

approximately (neglecting the sign) 

with 

6.f = If' _ fl :: f u 
c 

(4.2) 

.!:!:: .!J2E =J2 ev, (4.3) 
c c M Mc2 

where V is the ion beam voltage and M is the mass of ion. The 

fractional Doppler shift for triatomic hydrogen molecular ions is shown 

in Table 4.1. 

Fast ion-beam spectroscopy also has the ability to obtain sub-

Doppler resolution due to the narrowing of the velocity distribution in 

an ion beam when it is accelerated. This arises very simply from the 

fact that a population of lons with an energy spread 6.E that is 

extracted from an ion source and accelerated to an energy E maintains 

this energy spread 6.E; however, since E :: Mv2/2, the velocity spread at 

an energy E»6.E is substantially reduced from its value before 
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TABLE 4.1. Fractional Doppler shift for triatomic hydrogen molecular 
ions. The useful range of our machine is 1.5-10 kV. 

Molecular Fractional Doppler shift 
Ions 1.5 kV 10 kV 

H + 
3 

1.03 x 10-3 2.67 x 10-3 

H D+ 
2 8.94 x 10-4 2.31 x 10-3 

HD + 
2 8.00 x 10-4 2.07 x 10-3 

D + 
3 

7.30 x 10-4 1.89 x 10-3 

acceleration. A physical explanation of this effect is that the ions 

having large initial velocities spend less time in the accelerating 

electric field and therefore gain less velocity than the initially slower 

ions. It is easy to show that the velocity spread is reduced by a factor 

B=..! TiE:..! fiE 
2\JF: 2~;V 

(4.4 ) 

and the translational temperature is reduced by a factor of 

c = 1 
4 

t\E 1 
: 

E 4 
(4.5) 

where t\E is the kinetic energy spread of the ion bearu. For example, an 

ion beam with a 1 eV energy spread has at 3 keV laboratory energy a 

velocity spread similar to a temperature of about 10 K. One has to note 

that acceleration does not cool the vibrational and rotational 

temperature discussed in the preceding section. The width of the 

resonance (FWHM) in this study is about 15 MHz at a transition frequency 

laser interaction of 1800 cm- 1 (or 54 THz), which corresponds to a 

translation temperature of 10 K. 
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Laser Power Requirement 

The beam fluxes produced in our laboratory range from 109 -

1012/sec, depending on the species. Taking into acount the partition of 

populations between vibrational and rotational levels, the population 

difference between any two levels connected by dipole-allowed 

transitions may be well below one hundredth of the total beam current. 

Therefore, detection of the transition requires a substantial change of 

population~ due to interaction of light. Consequently, a laser source is 

almost always required to drive the transition, and the laser intensity 

at the interaction region should be at least roughly equal to the 

saturation intensity. The saturation intensity Is (in W/m 2) of a 

transition with dipole moment ~ (in C-m) is given by70 

(4.6) 

where /).w is the spectral width of the transition at zero power. For 

H3+' transition dipole moment ~ :: 0.2 Debye (or 6.7x10-31 C-m), the 

saturation power is approximately 6.5x103 W/m2 for /).w =15 MHz. For a 

Gaussian laser beam with a beam spot size Wo of 1.7 mm, the total power 

is approximately 45 mW, assuming that the maximum intensity at the beam 

center is equal to Is. If the size of the ion beam is roughly 1 mm at 

the interaction region, the total power required is roughly three times 

higher, in order to saturate the transition of most ions. The above 

calculations apply to our experimental set-up. 

This moderate requirement of laser power limits the wavelength 

coverage of this machine. Until now, only CO
2
, CO, and color center 

lasers have suitable power for this spectroscopic method. Their 
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spectral coverages are listed in Table 4.2. The laser used in this study 

was a CO laser', which has good frequency coverage for the spectra of 

deuterated triatomic hydrogen molecular ions. 

TABLE 4.2. Spectral coverage by various lasers 

Lasers 

Color center 

Indirect Detection Scheme 

Spectral coverage 
(in J.lm) 

9 - 12.2 

5 - 6.5 

2 - 3.0 

(in cm- 1) 

820 - 1100 

1500 - 2000 

3300 - 5000 

The density of the ions in the beam produced by our apparatus is 

For such a small number of ions, to detect 

directly the absorption of electromagnetic radiation, especially infrared 

radiation, is almost hopeless. It seems inevitable that indirect methods 

for detecting the spectroscopic transitions are always required. A 

collisional detection mechanism that takes advantage of vibrational-

state dependent collision cross sections was used in the present 

experiment. 

After interaction with the laser beam, the ion beam 1s mass 

analyzed and the selected species passes through a gas target and then 

is collected in a Faraday cup. The detection mechanism is based on the 

fact that the transmission of the ion beam through the gas target is 
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dependent upon the vibrational-state population distribution of the ions 

in the beam. In passing through the gas target the ion beam is 

attenuated by a variety of mechanisms. For the case of H3+ (and also 

its isotopic variants), the main mechanisms in the several keV energy 

range are charge-exchange neutralization followed by dissociation into 

neutral fragments and direct collisional dissociation into a neutral and 

a charged fragment. In our apparatus, the Faraday cup collects most of 

the heavy dissociation fragments due to the large receiving solid angle, 

therefore, the charge-exchange neutralization will be the dominant 

attenuation mechanism for the beam current in our experiments. Lar-ge-

angle scattering should also attenuate the beam current, however, it is 

negligible. 

It seems to be generally true that charge-exchange and collision 

cross sections involving a molecular ion have some dependence on the 

vibrational state of the incident ion. The success of observing 

rotation-vibration spectra of HD+ and HeH+ manifests this effect. This 

phenomenon has also been observed in several collision experiments 

involving different molecular ions. Several workers have observed that 

changes in their ion source operating parameters introduce systematic 

changes in measurements of cross sections involving H3+. By using a 

cold-cathode Penning discharge ion source, McClure 71 observed that the 

charge exchange and dissociation cross sections of H3? ions with beam 

energy between 3 and 100 keV incident on a H2 gas target decreased with 

increasing source pressure. Williams and Dunbar 72 observed a similar 

change for beam energy between 2 to 50 keV with an electrodeless 

discharge-type ion source. In another experiment, Chambers 73 used an rf-
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excited ion source, and observed that the cross sections increased with 

increasing source magnetic field for beam energy between 5 and 50 keV. 

Those "ion source effects" can be attributed to ions in different states 

having different collision cross sections. Experiments50,5~,74,75 have 

shown that the internal energy of H3+ produced by the reaction (1.1) is 

very high, and the collision after its production is an effective way to 

decrease its internal energy. More collisions will bring more ions lnto 

ground vibration state, and if the cross section for ground vibration 

state ion is smaller, then the averaged cross section should be smaller. 

One can understand easily why the cross section is smaller for the 

ground vibrational state ion by the following classical picture: the 

size of the molecule is generally larger when it is in higher vibration 

states. However, in our experiment we have seen that the cross section 

difference between two adjacent vibrational states can have either a 

positive or negative sign, depending on the beam energy and target gas 

used. 

The way in which the variation of a cross section with a 

vibrational state can be used as a detection mechanism can be seen by 

the following arguments. The signal is the change of current due to the 

laser when the ion beam is in resonance. Since the laser changes only 

the populations of the two levels, connected by the transition, there is 

no contribution to the signal from ions in other states. Now, suppose 

these two states have fractional populations Pa and Pb. Then, the 

currents that survive the gas target are 

P 
-nQ,O'a 

Ia = Io ae 

Ib = Io Pbe-nQ,O'b, (4.7) 
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whel~e Io is the total ion current, n is the density of the target gas, ~ 

is the length of the gas cell, and O'a' O'b are the colUsional cross 

sections of states a and b, respect:J.vely. Here all collisional processes 

except for the charge-exchange orocess of interest are neglected. With 

a different population, such as that induced by stimulated transition due 

to interaction with the laser beam, the surviving currents are 

~ = Io ~ e-n~O'a 

Note, due to the conservation of the number of ions, 

(4.8) 

(4.9) 

Now, the signal is the difference in beam current collected when 

the laser beam is turned on and off. rhat is, 

S = (~ + Ib) - (Ia + Ib) 

= Io<Pci - Pa) [e-n~O'a - e-n~O'bJ (4.10) 

= IoP( Pb - Pa ) [e -n~O'a _ e -n~O'b" 

where P is the transition probability due to the laser beam. Eq. (4.10) 

shows that the signal vanishes if either (Pb - Pa ) = 0 (i.e., no initial 

population difference) or (O'a - O'b) = 0 (i.e., no difference in cross 

sections). 

Estimate of Search Speed 

The search speed of a spectrometer is determined by two factors: 

signal-to-noise ratio and linewtdth of the resonance. The sj.gnal current 

can be determined by Eq. (4.10), and the beam noise actually measured at 
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the Faraday cup has been determined experimentally to be about a factor 

of two higher than the theoretical shot noise 12eIl1f, where I is the 

average beam cUT'rent measured and f::.f is the bandwidth of the measuring 

electronics. Since the population distribution is unknown and the values 

of the cross sections are rarely known, Eq. (4.10) is not very useful in 

the signal-to-noise calculation. The linewidth of the resonance is 

determined by the velocity spread of the ion beam, power broadening, and 

the linewidth of the laser beam. The major contribution comes from 

velocity spread Experimentally, for a typical D3+ transition, the 

signal-to-noise ratio is about 5 with 4-second integration time, and the 

linewidth is roughly between 15 and 20 MHz. 

Now, let us estimate the search speed of this special 

spectrometer. In order to detect the resonance with SNR = 5, we need to 

scan throurzh the resonance at least 5 points for 4-second integration 

time, i.e., 20 seconds, or roughly at a speed of 1 MHz/sec. Therefore, 

for a range of 500 cm- 1 covered by the CO laser. it will take 500x30x103 

secs, or about five and a half months to scan through it with the 

experiment running 24 hours a day. 

The slow search speed of the Doppler-tuned ion beam laser

spectroscopic method makes exploration for unknown spectra very 

difficult. Up until now, most of the experiments using this method are 

dealing with ions with known spectra. In fact, this work is the first to 

explore the possibility of applying this method on unknown spectra. 



CHAPTER 5 

EXPERIMENTAL APPARATUS 

A schematic diagram of the physical apparatus involved in our 

measurement is given in Fig. 5.1. A beam of molecular ions is crossed by 

a nearly collinear cw fixed-frequency CO laser beam. The CO line 

frequency is Doppler tuned into resonance with a nearby transition by 

sweeping the beam-accelerating voltage. After interaction with the CO 

laser beam, the ions are partially charge-exchange neutralized by 

collision with gas in a target chamber. A resonance is observed as a 

modulation in the surviving ion beam current upon chopping the laser 

beam at 1 kHz frequency. This apparatus can be considered as an 

optical-frequency analogue of a molecular-beam electric-resonance 

spectrometer. The method and apparatus have been described in detail in 

J. J. Spezeski's 76 and D. E. Tolliver's 77 dissertation. I will discuss only 

the modification of the apparatus since the HeH+ work and the aspects 

related to triatomic molecular hydrogen ions. However, for the reader's 

convenience, experimental parameters will be summarized in Table 5.3 at 

the end of this chapter. 

Ion Source 

In our experiment, a useful ion source should (i) produce 

moderate beam currents (~10-9 A), (li) have low beam current noise, (iii) 

have low beam energy spread, (iv) have small 01" constant energy offset, 

and (v) have substantial population difference. + The H 3 ion has been 

52 



r- -, 
ION SOURCE----;-[~.J.~------, 
EXTRACTOR LENS II; 71 r.-II VOLTAGE 

SWEEP 
I 

CONDENSER LENS ! I: : I 
DEFLECTION PLATES <k:H', I ' 

COLLIMATOR LENS ! I: :1 

CO LASER
BEAM 
FOCUSING 
OPTICS 

I 
I 

LASER BEAM __ ~I----iHH--+--t
CHOPPER 

INTERACTION REGION---r--

POWER METER - I 

FOCUSING LENS : I: : I 
DEFLECTION PLATES ,{;±.!-I'!I 0 
ANALYSER MAGNET -Vl'I[ 31 
GAS TARGET I: =r® 

! °2 
I I 

FARADAY CUP ~__ __J 

VACUUM CHAMBER / 

MICRO
COMPUTER 

INTEGRATING 
VOLTMETER 

LOCK-IN 
AMPLIFIER 

53 

FIG. 5.1 Doppler tuned ion beam laser resonance method schematic. 
-- The laser beam direction can be reversed so that it is nearly anti
parallel to the ion beam. Not shown are two long-coil pairs which can
cel transverse components of the laboratory magnetic field. 
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obtained from cold-cathode Penning diSCharge,71 arc diSCharge,78 radio

frequency diScharge,72,73 direct-curreJ1t discharge tube,79 and single-

. 5053628081 electron-1m pact sources. ' , , , Radio-frequency and arc sources 

are not suitable because of large energy spread, energy offset, and beam 

current noise. A direct-current discharge tube and single-electron impact 

source do not produce enough current. 

The source we used is a modification of the source used in the 

spectroscopic study of HD+63 and has been described previoUSly.82 This 

source employed controlled bombardment by a focussed electron beam from 

a Pierce gun. The HD+ ions were produced by single-electron-impact 

ionization in a channel within the electron-gun anode and extracted 

rapidly to avoid gas-phase reactions. 

The single-electron-impact production mechanism cannot be used, 

+ + however, for molecular ions such as H3 and HeH , whose corresponding 

neutral species do not exist as stable compounds; rather these species 

must be produced by ion-molecule reactions. The single-electron-impact 

source was modified by adding two anode spaces to the 

ionization/reaction channel in order to introduce gas-phase reactions 

within the ionization/reaction channel in a controlled manner. The 

details of the ion source design are shown schematically in Fig. 5.2. Its 

performance details have been published before,83 and it was used for 

+ 65 the spectroscopic observation of the HeH spectrum. 

+ In the study of the D3 spectrum, we used pure deuterium (CP 

grade) supplied by Matheson; while for the study of H2D+ and 

used primary mixtures from Matheson: [H2l:[D2' = 65 % :35 % for 

[H
2

':[D
2
J = j5 % :65 % for HD2 +. The gas was fed into the jon source after 
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purification by a hot palladium leak. the palladium leak breaks hydrogen 

molecules into atoms which then randomly recombine into molecules after 

they diffuse through the leak; therefore, the gas going into the ion 

source for the study of H2D+ and HD
2+ will contain HD as well as H2 and 

D2• 

The production mechanism of H + or D3 + ions is electron-impact 3 _ 

ionization of H2 or D2 

- + * - (5.1 ) e + X2 + (X2 ) + 2e X = H or D 

followed by the gas-phase reaction 

+ * + * (X
2

) + X2 + (X
3

) + X X = H or D , (5.2) 

* where ( ) denotes a vibrationally excited molecule. The principal 

destruction reaction for H3+ is collisional dissociation with H2 or 

electrons: 

* (H +) X H+ " X 3 + + + 2 + X = H2 or e 

or 

+ * + (H3 ) + X + H2 + H + X X = H2 or e (5.4 ) 

The H
3

0} (or D3 +) produced in reaction (5.2) is vibrationally excited, due 

to the large energy difference (>-1.7 eV) between the reactants and the 

products. A statistical mode174 which assumes a random distribution of 

energy among the vibrational and translational states of the products 

shows a broad distribution of energy states of "3+ (or D3 +). A finite 

probability exists for ions to have from 0 eV up to nearly dissociation 

limit. Several experiments,50,74,75,S4 in addition to the observation of 

the IR spectra of H3 + and its deuterated species at their dissociation 

62 limit, support this result. Those experiments also showed the 

collisions of the excited H3 + (or D3 +) with "2(D2) to rapidly deactivate 
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the vibrational excitation. Leventhal and Friedman50 concluded that the 

internal energy is de-excited in 1 to 4 collisions, while Smith and 

Futrel174 concluded that complete deactivation appears to occur after 5 

+ to 10 collisions. In fact, one can produce a beam of H3 ions in the 

ground vibrational state by operating the ion source at high 

pressure.53,84 Some authors 71-73 have noticed "ion source effects" in 

their H + 
3 

collision experiments, presumably owing to changes in 

vibrational excitation caused by changes in the ion source pressure. 

Leventhal and Friedmen50 introduced the ratio H2+ to H3+ and H2+ 

current (R=i{H2 +)/i(H
3 
+ + H2 +)) as a measure of the number of collisions 

by the relation 

n = -J1.n R (5.5) 

and, therefore, a measure of the degree of de-excitation of H3 +. They 

obtained values of R as low as 0.02 when the source pressure exceeded 

2x10-2 Torr. Their experiment also showed the H3+ ions were in ground 

vibrational level when R reached 0.02. However, their argument is only 

good for sources with localized H2 + production at low source pressure 

(~.02 Torr) such that the production of H + 
2 

by reaction (5.4) is 

negligible. For our source, the operation pressure <0.6 Torr) is much 

higher and the bombarding electrons with energy ~300 eV can penetrate 

into the ionization/reaction channel such that H2+ can be produced even 

+ at the ion exit hole. Therefore, the number of H3 -H2 collisions in the 

source is much larger than that given by Eq. (5.5). A similar situation 

occurred in Peart and Dolder's source.53 They had to operate their 

source at pressure greater than 0.1 Torr in order to reach the lowest 

value of R. They measured absolute cross sections, for energies between 
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15 and 22 eV, for the formation of protons by collisions between 

electrons and H3+. From the sharp threshold of the excitation function, 

they concluded that the H3+ ions had negligible internal energy. The 

normal operating pressure for our source (0.6 Torr) is several times 

higher than theirs; we believe that the dominant ions in the H + beam 
3 

produced by our source are in the ground vibrational state. 

The performance of the source with pure hydrogen gas is shown in 

Fig. 5.3 for electron bombardment voltage at 300 V. The ratio of H3 + to 

H2 + currents increases to a constant (=0.1) with increasing pressure. 

This ratio also increases with decreasing electron energy. 

With a mixture 

+ + + 
H2D, HD2? and D3 • 

reactions: 

+ of H2, D2, and HD, our source can produce H3 ' 

H2D+ can be produced by the following five 

H + 
2 + D2 + H D+ + D 

2 
(5.6) 

(5.7) 

(5.8) 

(5.9) 

H + 
2 +HD H D+ 

2 + H 

HD+ + H2 H D+ 
2 + H 

HD+ +HD H D+ 
2 + D 

D + H + 
2 + 2 

H D+ 
2 + D (5.10) 

and similarly for HD2 +. It is believed that either H2D+ or HD2 + (like 

H3 + or D3 +) has highly excited energy after production and can be de

excited efficiently by collisions with D2, H2, or HD. The above discussion 

on vibrational population still holds. 

As far as rotational temperature is concerned, we have not found 

any theoretical or experimental studies in the literature. The 

rotational temperature could be much higher than the source temperature 

o (=350 K) or extremely non-thermal. 
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co _~~. and Frequency C.overage 

The laser we use is a stable cw sealed-off 12C160 laser built 

according to the design of Freed.85 The cavity consists of a PZT-mounted 

coupling mirror having 3-m radius at one end and a wavelength-selective 

diffraction grating at the other end. The cavity length i.s 1.5 meters. 

The gain medium was a 115-cm-long discharge cooled between -30 to _500 C. 

The laser was filled with a mixture of 13.4% N2; 3.2% CO, 8.1 % Xe, and 

75.3 % He at 18.6 Torr. The cathode was cooled by compressed air. At 

shorter wavelength, the laser cathode prefers more cooling. The gain 

profile width of each line (-120 MHz) is slightly larger than the spacing 

(100 MHz) between two longitudinal modes. The laser is capable of 

operating on over one hundred lines in the range 5.1-6.4 ~ (or 1550-1975 

cm- 1). Power in an individual line ranges from a few mW up to more than 

1 W. The 12C160 laser lines tend. to occur in pairs with a spacing of ~ 4 

cm- 1 in one region (frequency ~ 1800 cm- 1), and tend to occur in singles 

with a spacing ~ 2 cm- 1 otherwise. For the heaviest species D3+ (which 

has the smallest tuning range), each line can be approximately tuned by 

±(1.5-3.7)cm-1, there are some gaps which cannot be covered in the range 

of 1550-1975 cm- 1 with beam voltage between 1.5 to 10 kV. For lighter 

species (H3+' H2D+, and HD2+) the situation is better due to a larger 

Doppler-tuning range. In fact, we could fill most gaps by using other 

isotopes of CO, e.g., 13C160 in our laser. 

There are usually two, or occasionally three, CO molecular lines 

lasing at a given grating position. In order to lock the laser at the 

center of a particular line (thereby reducing the laser frequency 
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uncertainty), a filter is needed to select the line to be locked. In the 

experiment, a small part of the laser output is beam-splitted into a 

scanning Fabry-Perot, and the filtered laser line is monitored by a 

thermoelectrically cooled PbSe detector. Two locking loops were employed 

for active locking; one of the loops lo'cked the scanning Fabry-Perot to 

the line we wanted to lock, the other loop locked the laser to the 

maximum or minimum of the power of this line. 

Locking to the maximum of the filtered line corresponds to 

locking at its center and lasing occurs on one longitudinal mode (called 

single-mode locking later). Locking to the minimum corresponds to lasing 

on two longitudinal modes at equal distance from the center (called two-

mode locking later). Due to the sharper gain profile for 2-mode 

operation, the latter gave us better stability ($100 kHz) than the 

former. We usually employed the 2-mode locking for final precision 

measurement of molecular intervals. Up until 1981 the locking was done 

by two phase-sensitive detectors with laser cavity and Fabry-Perot 

lengths dithered at different frequencies with small amplitudes. 

Currently, we use a microcomputer to do the lOCking, which does not need 

to dither the laser cavity and Fabry-Perot lengths; it therefore reduces 

the laser linewidth. The digital locking also has a higher succe~s rate 

than the analog locking. The details of the analog and digital locking 

86 
will be published elsewhere. 

The Choice of Target Gas 

The efficiency of the collision detection depends on the target 

gas used. As shown in Eq. (4.10), the larger the difference between the 



62 

cross sections for t.he two levels connected by the transition is, the 

larger the signal will be. Therefore, one way to increase the efficiency 

is to experiment with different target gases and pick the one that gives 

the strongest signal. Also, the initial choice of target gas is very 

important. If you use a target gas which gives you zero differ'ence (e.g., 

N2 for this work - see later) in the cross section, you will never find 

any transitions. 

For this dissertation study, we chose Ar to start looking for 

resonances. Experiments 72 have shown that the charge exchange and 

+ dissociation cross sections for H3 ions of 2- to 50-keV energy incident 

upon At' are larger compared to H2 and other inert gases (He, Ne). It is 

natural enough to assume that the larger the cross section is, the 

+ larger the difference is. We began to search for D3 transitions around 

1760 cm- 1 with Ar target gas set such that the D3+ beam was attenuated 

to 75 % level. After a 24-hour search, we saw the first transition. 

Fixing the source conditions (this defines the population 

distribution), we optimized the signal strength by varying the 

attenuation. Then, we did the same experiment for other common gases. 

We have tried the following gases: Ar, He, H
2
, N

2
, CO, CO2, O2, C

4
H

6
, 

CH
3
0H, CH

3
CO, and C

2
H

S
OH. The relative optimized signal sizes are listed 

in Table 5.1. One may notice that the He gives you an opposite signal 

compared to other gases, and N2 gives you a zero signal. Also, for all 

target gases (except He), the signal at resonance corresponds to a 

decrease of beam current. 

The final choice of target gas is oxygen. The reason that we did 

not use ethanol (C
2
H

S
OH) is that the attenuation of beam current is not 
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TABLE 5.1. Relative optimized signal strength for various target gases. 

Target gas Optimized signal w.r.t. ° a 2 

°2 1.0 

C4H6 (1,3-Butadien) 0.9 

CH30H (Methanol) 0.9 

CH
3

CO (Acetone) 0.9 

C2H50H (Ethanol) 1.1 

N2 0.0 

H2 0.7 

CO2 0.5 

CO 0.5 

Ar 0.3 

Heb -0.4 

a The signal at resonance with 02 target corresponds to decrease in the 
beam current. 

bThis is not the optimized signal strength for He. The limit of fore line 
pressure (- 200 11) did not allow us to increase the He pressure to the 
optimized value. 

stable, which could be due to its low vaporizing temperature and high 

vapor pressure at room temperature. 

Then, we tried to maximize the signal-to-noise ratio by adjusting 

the ion source pressure. In the actual experiment, we always optimized 

the beam current of the specific lon under study by ad.1usting the ion 

source conditions at the optimized source pressure. 
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Multiplex Advantag~ 

We further increased the searching speed by operating the 

spectrometer in a new fast-scan mode in addition to the traditional 

slow-scan mode. In the fast-scan mode, the line-selective grating in the 

CO laser was replaced by an infrared mirror, causing laser oscillation on 

approximately 15 molecular CO lines. The spectrometer thereby achieved 

a "multiplex advantage," scanning 15 segments of the spectrum 

simultaneously and reducing the mean search time between resonances by 

about the same factor. Our resonance search procedure consisted of two 

stages. First, the spectrometer was operated in the fast-scan 

(mul tiline) mode in order to find the resonances. This step determines 

the resonance beam voltage but does not identify the particular CO laser 

Une driving the transition. Second, the spectrometer was operated in 

the slow-scan (single-line) mode in order to identify the individual CO 

laser line. 

The multiline laser we used was a Freed's stable laser without 

the line-selective grating. The grating end was vacuum-sealed by a CaF2 

Brewster window, and an NRC infrared plane mirror with ER.2 coating 

(reflectivity =99.4'f,) was installed to form the laser cavity with the 

output coupling mirror. The overall cavity length is 165 cm, instead of 

150 cm for a single line laser. The mount of the end mirror has to be 

attached to the main structure of the laser to reduce the fluctuation in 

the cavity length, and the short optical path between it and the 

Brewster window has to be sealed off with a small amount of desiccant 
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to reduce disturbance from air turbulence and also absorption from water 

vapor. 

The power output of this laser is roughly 4.5 W at _400 C. It 

tends to lase on 15-20 lines in a cascade scheme, and the spectral 

distribution has a sensitive dependence on the cavity length. The 

possible laser lines are listed in Table 5.2. The laser cavity length 

can be stabilized by locking it to the peak power' of a str'onger' line, 

using the method described previously. The cascade mechanism leads to 

some lasing transitions which are not lasing in a single-line laser.87 

TABLE 5.2. Possible laser transitions in a multiline CO laser cooled at o -40 C. 

Vibrational band Laser transitionsa 

5_4b 

6-5 

7-6 

8-7 

9-8 

10-9 

11-10c 

12_11c 

a This is not a conclusive list. 

bThis line did not lase in the single-line laser. 

cWeaker output compared to other bands. 

19b 

18, 19, 20 

18, 19, 20 

17, 18, 19 

17, 18, 19 

17 

17, 18 

18 
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We analyzed the spectral content of the multiline laser output 

by directing the laser beam into a one-meter Czerny-Turner 

monochromator (CT-103, manufactured by Interactive Technology) after it 

interacts with the ion beam. A PbSe detector and phase sensitive 

detector (using the same chopper reference used for signal detection) 

were used to detect the laser beam through the monochromator. In this 

way, we knew the laser spectral distribution while we searched for 

resonances. 

Automation of the Experiment 

The sweep of the beam voltage and collection of the signal was 

controlled by a microcomputer, as shown in Fig. 5.1. The beam voltage 

supply consisted of a Fluke 0-10 kV regulated supply (Model 410B) 

floating above a Kepco operational power supply (Model OPS-2000). The 

operational power supply is configured as a high volage op-amp with 

constant input voltage and resistance and variable feedback resistance. 

The variable feedback resistor is a precision, 40-turn potentiometer 

turned by a stepping motor which is controlled by the microcomputer. 

The maximum range of voltage swept by the Kepco op-amp is 1000 volts. 

Therefore, one had to set the Fluke voltage manually after each 1 kV 

scan. In order to increase the scan range by the controlled computer, 

we installed another stepping motor on the kV knob of the Fluke supply, 

and modified the control program such that after each 1-kV scan the 

computer could turn the beam voltage up or down by 1 kV. In this way, 

we could have the computer scan over several kilovolts. However, due to 

the residual magnetic field, space charge effect, and imperfections of 
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the ion beam optics, we cannot cover the full useful beam voltage range 

(1.5-10 kV) with fixed settings and deflection plates. We are able to 

scan over 3 to 8 kV range without readjusting the beam focussing and 

steering, and do the lowest range (1.5-3 kV) with a scan of 1 kV (or even 

less). 



TABLE 5.3. Summary of experimental parameters 

Items 

I. Ion source operating parameters 

Ion source chamber pressure: 
typical value 
useful range 

Typical ionization/reaction channel pressure 
Filament power 
Electron bombardment voltage: 

typical value 
Focusing electrode voltage (range) 
Source gas mixture, H2:D2 (%) 

Typical beam currents obtained (@5 kV): 

Cathode emission current 
Lifetime of cathode 

II. Ion beam line parameter 

Total beam current 
Beam vol tage 
Beam defining apertures: 

diameter 
separation 

Interaction length 
(laser-ion beam overlap) 

D3+ 
H2D+ 
HD2+ 

Interaction region operation pressure 
Ion mass analyzer resolution 
Ion beam current noise 

III. Laser and laser beam parameter 

Cavity length: 
single-line laser 
multi-line laser 

Output mirror 
Grating (single-line laser) 

IR end mirror (multi-line laser) 

Value 

2.5x10-5 TorS 
1 to 10x10- Torr 
0.6 Torr 
50-BO W 

450 V 
o to -130 V 
0: 1 00 for D3+ 
65:35 for H2D+ 
35:65 for HD2+ 

500 nA 
250 nA 
250 nA 
20-BO mA 
>-1 month 

::to1 1JA 
1.5 to 10 kV 

4.76 mm 
1.219 m 
=30 cm 

-6 =3x10 Torr 
>-1 up to amu=16 

~2x shot-noise limit 

1.5 m 
1.65 m 
reflectance =95% 
150 lines/mm 
blazed @ 6 llm 
efficiency >- 90 % 

reflectance =99.4 % 
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TABLE 5.3. (continued) 

Discharge tube i.d. 
Discharge length 
Cathode-anode voltage 
Discharge current 
Cooling temperature 
Spectral range 
Out put power: 

single line, single mode 
multiline 

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

total pressure 
partial pressure: CO 

Xe 
N2 
He 

Lifetime of gas fill 
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/total beam current 

12 mm 
1.15 m 
7 kV 
20 mA 

o -30 to -50 C 
5.1-6.4 ]..lID 

up to 1 W 
::4.5 W 
::4 MHz/hr drift 
~ 1 MHz 
~ 100 kHz 

18.6 Torr 
0.6 Torr 
1.5 Torl' 
2.5 Torr 
14.0 Torr 
~ 1 month 
:: 25 % 
1.7 mm 

0.010825 radians 
1 kHz 
02 
0.1 Torr 
1x10-4 Torr 
10 ppm 
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CHAPTER 6 

EXPERIMENTAL RESULTS AND ANALYSIS: D + 
3 

The infrared vibrational-rotational spectrum of the ground 

electronic state (1 A,) of the D3+ molecular ion has been observed using 

the Doppler-tuned ion beam laser spectroscopic method. Forty-five 

6 -1 resonances between 1 50 and 1950 cm have been measured to a precision 

-1 of 0.0004 cm or 0.22 ppm. Eight of them have been reported in Ref. 19. 

These experimental results will be presented and analyzed in this 

chapter. 

Our high-precision technique entailed significant search problems 

because of the large uncertainties associated with the initial 

theoretical estimates. In our initial search procedure, the beam voltage 

was incremented in steps of 0.375 V (2.2 to 4.5 MHz, depending on beam 

vol tage) with an integration time of 8 sec per step. Searches for 

transitions were made beginning with a single-line laser around 1760 

-1 , cm based on Carney and Porter s ab initio calculations. The first 

transition was detected within 24 hours with Ar target gas. After a 

rough optimization of source conditions and target gas pressure, we were 

able to find 8 transitions within .0 cm- 1 range (consistin~ of two ranges 

4 -1 separated by roughly twice B rotational constant or 0 cm ) in 2 weeks. 

The results have been published in Ref. 19 with some preliminary 

identifications by Car-ney and Porter. Later, we found 4 more transitions. 

70 
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Since then, we have carefully optimized the signl'll-to-noise ratio by 

experimenting with target gases and have introduced the multiplex 

advantage in the search (see Chapter 5). We found 33 new transitions 

within 2 months after the study of H
2

D+ and HD2 + (which will be 

described in the next chapter). 

As mentioned before. there are usually two or three CO lines 

lasing at a grating position. During the initial search, the laser was 

locked to the peak of the weaker laser line. After each resonance 

vol tage was detected, we had to identify the CO line which drove the 

resonance. Two methods were used to identify the driving CO line. One 

was to lock each laser line at 2 longitudinal modes and scan around the 

resonance voltage to see whether or not two copies of the resonances 

occur. Since the laser was previously calibrated with a monochromator, 

we knew the laser line by the calibrated grating position. In order to 

assure the calibration, we checked the laser wavelengths with the 

monochromator occasionally. The other way was to detect the same 

transition with a second laser line at different line voltage. Usually, 

the second method was used in the identification of the laser line. 

After the laser line was identified, a more careful scan was 

made to acquire data for measurement. For these scans, the beam line 

was carefully optimized and the magnetic field in the interaction region 

was carefully zeroed. Most final scans were done with a step size of 

0.125 or 0.2 volts and integration time of 4 to 64 secs, depending on the 

strength of the resonances. In most final scans, the laser line was 

locked at two longitudinal modes slmul taneously to assure higher 

accuracy and stability. For the cases in which the laser could not be 
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locked at two-mode, it was locked to its peak (single-mode locking). A 

typical resonance signal is shown in Fig. 6.1. The typical signal-to-

noise ratio was about 15 in a total integration time of 10 minutes. 

Some careful scans show that there is a weak resonance peak 

nearby one resonance peak when the laser is locked at two-mode. The 

peak is due to the second transverse (TEM10) mode. The CO laser has 

limiting apertures to suppress the higher transverse modes; however, it 

can still lase at TEM 10 mode when the gain is high. An average of six 

scans yields a separation of 22±2 MHz bet ween TEMoo and TEM 1 0 which 

agrees very well with the value (25 MHz) estimated by the following 

equation88 

b.v = c 
27TR. ( 

-1 z2 tan 
zo 

- tan -1 

for our laser cavity z2 = Zo = 150 cm and z1 = O. 

(6.1 ) 

In fact, the resonance in Fig. 6.1 does display a slight 

asymmetry, being skewed, out on the high voltage s,ide. All the 

resonances observed exhibited this behavior to some degree. Apparently 

this is not due to hyper fine spUttings, however, since the observed 

asymmetries are always on the higher voltage side of the resonance, 

regardless of whether the laser is directed parallel to (Doppler down-

shifted) or antiparallel to (Doppler up-shifted) the ion beam. Such a 

situation probably arises from an asymmetrical distribution of initial 

ion velocities. 
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Da~a Analysis 

The output of the experiment is a chart recorder trace. The 

beam voltages at the beginning and at the end of the run were measured 

and recorded, providing an accurate voltage calibration for the chart 

recorder trace. Some experimental outputs are also recorded on floppy 

disks for later analysis. 

The resonance voltages which will be used in Eq. (4.1) for 

calculating transition intervals are determined differently for a scan of 

two- or single-mode locking: 

1. for a two-mode scan, the center voltage of each resonance 

peak is determined and the average is used in calculation, and 

2. for a single-mode scan, the center voltage is determined and 

used in the calculation. 

The center voltage can be determined to within ±O.15 volts (corresponding 

to about 1 to 1.5 MHz, depending on beam voltage) "by eye." This 

uncertainty has been verified by a BASIC program which finds the centroid 

of the resonance. 

Potential Offset 

There are effects which can cause the ions to have an energy 

different from the measured beam voltages. Examples might be a 

potential difference at plasma boundary in the ion source, space-charge

induced potentials both in the ion source and in the ion beam itself, and 

kinetic energy of ions produced by ion-molecule reaction.89 Another 

possible source of the potential offset is the voltage measurement 

system which consists of a Fluke Model 80E voltage divider and Model 
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887AB differential voltmeter with an overall accuracy of 100 ppm. The 

potential offset can be studied by observing several transitions each 

with several different laser lines, .and adjusting a hypothesized contact 

potential offset to obtain consistency. 

For simplicity, we assume that the potential offset is a 

constant plus a small voltage dependent contribution which was 

subsequently found to be negligible. Seven pairs of measurements, each 

consisting of measurements at parallel and antiparallel beam directions 

of the same transition with two different laser lines, are used in the 

present analysis. Two methods are used to determine this constant 

potential offset. The offset voltage for each pair of measurements is 

determined and averaged in the first (or averaging) method, which gives 

an offset of +1.86±0.13 volts. In the second method, a constant offset 

is added to all the measured voltages and the square of the difference 

between measurements of each pair are minimized by adjusting this 

constant offset. This least-squares fitting method gives us an offset of 

+ 1.85±O. 13 volts, wh:tch agrees very well with the averaging method. The 

small uncertainty (±0.13 volts) in the results verifies the assumption of 

constant offset at the beginning. The results are shown in Table 6.1, 

and the agreements between different measurements on the same 

-1 transition are under 0.0001 cm after applying this offset. 

The +1.85 volts offset is then applied to four other pairs of 

measurements, listed in Table 6.2. Three of those four pairs consist of 

two measurements on the same transition at the same beam direction. 

Since the difference between two measurements done at the same beam 

direction is small, due to the same sign of Doppler shift, they are not 



TABLE 6.1. Summary of the study of potential offset for D3+' 

12 16 . CO-Laser transit10n D + I . . 3 on trans1t10n 

Assurneda Measured b UncorrectedC Potential b d Corrected ' Corrected 

(v' ,N')-(v",N") frequency resonance frequency offset resonance frequency 
(crn-1) voltage (crn-1) (V) voltage (crn-1 ) 

(V) (V) 

(11,12)-(10,13) 1833.5262 -4251.25 1831.2741 -4253.10 1831.2736 
+1.72 

(11,13)-(10,14) 1829.5899 +2379.50 1831. 2730 +2381.35 1831. 2737 

( 9,20)-( 8,21) 1851.3842 -3137.35 1849.4305 -3139.20 1849.4299 
+2.05 

(10,15)-( 9,16) 1846.8855 +5331. 75 1849.4293 +5333.60 1849.4298 

( 9,20)-( 8,21) 1851.3842 -3137.35 1849.4305 -3139.20 1849.4299 
+1.74 

( 9,21)-( 8,22) 1847.1185 +4399.70 1849.4295 +4401.55 1849.4300 

(10,13)-( 9,14) 1854.9269 -4061.10 1852.7000 -4062.95 1852.6995 
+2.01 

(10,14)-( 9,15) 1850.9226 +2589.00 1852.6987 +2590.85 1852.6994 

( 9,17)-( 8,18) 1863.9893 -3216.95 1861.0776 -6879.65 1861.0772 
+1.83 

(10,12)-( 9,13) 1858.8982 +7805.20 1861.0767 +3862.55 1861.0772 
-..J 
(T\ 



TABLE 6.1, Continued 

( 9,17)-( 8,18) 1863.9893 -3216.95 1861. 9975 -3218.80 1861. 9969 
+1.91 

(10,12)-( 9,13) 1858.8982 +7805.20 1861.9965 +7807.05 1861. 9969 

( 9,17)-( 8,13) 1863.9893 -3216.95 1861. 9975 -3218.80 1861.9969 
+1. 75 

( 9,18)-( 8,19) 1859.8198 +3850.30 1861.9964 +3852.15 1861.9970 

Average +1.86±0.13 

aTaken from Ref. 90. The assigned uncertainty was ±O.OOOI cm-1• 

bBeam direction is parallel for negative voltages and is anti-parallel for positive voltages. 

c Frequency calculated from measured resonance voltage. 

dThe least-squares fit result is used here (see text). 

~ 
~ 



TABLE 6.2. List of measurements not used in D3+ potential offset study. 

12 16 . C Q-Laser transit10n + .. D3 Ion trans1t10n 

Assumed Measured Uncorrected Corrected Corrected 
(v' ,N' )_(vlt ,Nit) frequency resonance frequency resonance frequency 

(cm-1) voltage (cm-1) voltage (cm-1) 
(V) (V) 

(10,22)-( 9,23) 1817.7208 +2698.40 1819.5012 +2700.25 1819.5022 

(ll, 16)-(10, 17) 1817.5840 +3128.45 1819.5014 +3130.30 1819.5019 

(10,21)-( 9,22)a 1821. 9831 -4043.25 1819.8005 -4045.10 1819.8000 

(11,15)-(10,16)a 1821.6186 -2805.25 1819.8008 -2807.10 1819.8002 

(10,17)-( 9,18)a 1838.7137 -3624.20 1836.6283 -3626.05 1836.6278b 

(10,18)-( 9,19) 1834.5792 +3499.90 1836.6262 +3501. 75 1836.6268 

(10,15)-( 9,16)a 1846.8855 -5998.00 1844.1912 -5999.85 1844.1908 

( 9,21)-( 8,22)a 1847. ll85 -7079.80 1844.1911 -7081.65 1844.1908 

~aser locked at single mode 

bNot used in final result (see text). -...J 
00 



used in the present analysis. 
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The only pair left consists of two 

measurements on the same transition at both beam directions; however, it 

is also excluded from the analysis. For this transition, one of the 

laser lines (10,17)-(9,18) used in the measurement has a nearby 

absorption line which is (15,20)-( 14,19) co molecular line at frequency 40 

MHz higher. Therefore, the gain profile for (10,17)-(9,18) is higher at 

the lower frequency side and its peak is moved to the lower frequency 

side of the line center. The single-mode locking, which locks the laser 

to the peak of its gain profile, will give us lower laser frequency than 

the center. Since the position of the peak of the gain profile depends on 

laser operation conditions, the measurement done with this line will not 

be used in the final transition frequency measurement. However, the 

discrepancy of the two measurements will be reduced if we take this into 

account. This nearby absorption is also responsible for the unstabi1ity 

of the two-mode operation, i.e., the laser would not run two modes 

simultaneously at this molecular line even if its gain is high enough. 

Ion Source Pressure Effect on Measured Resonance Voltage 

We have done several careful scans for two transitions at 

different ion source pressures. The purpose is to check any dependence 

of resonance voltage, linewidth, and signal strength on source pressure. 

The dependence of the signal strength on source pressure may also be 

useful for identification of the transition. This dependence on source 

pressure may be different for high and low rotational levels, if the 

rotational population distribution is non-thermal. 
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It is found that the measured resonance voltages increase 

roughly linear with source pressure, while the line widths are 

approximately the same over the whole range of pressure. This effect, 

combining the result of the last section, presents an interesting 

situation: the "true" resonance voltage could not be obtained by 

extrapolating the measured resonance voltage to zero ion source 

pressure. In this case the constant potential offset at zero source 

pressure is 2.05 volts. The measured resonance voltages are fitted to a 

linear function of source pressure, as shown in Table 6.3, which gives a 

-5 slope of 0.08 volts per x10 Torr source chamber pressure. All the 

careful runs were taken at roughly the same source pressure 

(2.5±0.3x10-5 Torr): and thus the voltage offset calculated in the 

previous section includes this effect; only a negligible (±0.03 V) 

uncertainty would result from the range of pressures used. 

Summary of the Experimental Results 

The experimentally observed transition frequencies are presented 

in Table 6.4, along with the CO laser frequencies, corrected resonance 

vol tages, linewidths, and resonance intensities (ppm of the ion beam 

current). The + 1.85 volts offset voltage is added to the measured 

resonance voltages to calculate the corrected resonance voltages, which 

then are used in Eq. (4.1) to calculate the transition intervals. The 

resonance intensities are expressed in ppm of the ion beam current. Due 

to the unknown saturation factor (the laser power is at partial 

saturation region), population distribution and detection efficiency 

(which may depend on the transition and beam voltage), those numbers are 
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TABLE 6.3. Ion source pressure effect. The measured resonance voltages 
are fitted to a linear function of source chamber pressure. 

a) Transition 11 1, frequency = 1888.0654 cm- 1 

Source cha~ber pressurea 

(x10- Torr) 

1.15 
2.00 
4.00 
5.60 
7.80 
9.80 

Measured resonanceb 

voltage (volts) 

+6775.10 
+6775.15 
+6775.30 
+6775.60 
+6775.55 
+6775.80 

Fitting slope = 0.08±0.02 volts/10-5 Torr 

b) Transition 112, frequency = 

Source cha~ ber' press ure a 
(x10- Torr) 

1.1 
2.0 
4.0 
6.2 
7.8 

10.1 

-1 
1811.6918 cm 

Measured resonanceb 

voltage (volts) 

+4438.80 
+4438.80 
+4439.00 
+4439.15 
+4439.30 
+4439.50 

Fitting slope = 0.08±0.02 volts/10-5 Torr 

~uncorrected ion gauge reading. 

b 
uncertainty = ±0.15 volts. 



TABLE 6.4. Summary of the measurements of D3+ vibrational-rotational transition frequencies. -- The 
value used for the D3+ mass is 6.041756848(66) amu (Mc2=5927.906 MeV) as calculated from data given 
by Ref. 91. 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 16 . C O-laser transit~on 

(v' ,N' )-(v" ,Nil) 

(16,20)-(15,21) 

(16,20)-(15,21) 

(17,13)-(16,14) 

(16,19)-(15,20) 

(15,15)-(14,16) 

(15,15)-(14,16) 

(16, 8)-(15, 9)a 

(13,19)-(12,20) 

(14,12)-(13,13) 

(13,18)-(12,19) 

(12,14)-(11,15) 

Assumed 
frequency 

(cm-1) 

1676.8904 

1676.8904 

1679.2899 

1680.8786 

1721.3650 

1721. 3650 

1722.6043 

Corrected 
resonance 
voltage 

(V) 

+3172.45 

+3202.25 

+6603.35 

+2989.60 

-6560.35 

-6496.45 

-4383.35 

1755.2747 +4431.25b 

1757.8963 +1560.85b 

1759.3361 +5114.60b 

1800.3990 +3296.75 

+ I .. D3 on trans~t~on 

Observed 
frequency 

(cm-1 ) 

1678.6717 

1678.6801 

1681. 8642 

1682.6119 

1718.7388 

1718.7517 

1720.4558 

1757.4786 

17 59.2059 

1761. 7095 

1802.3487 

FWHM 
(MHz) 

15 

16 

15 

15 

16 

17 

16 

15 

18 

15 

17 

Resonance 
intensity Identification 

(ppm) (J ,K)d_(J, IK-tl )trr 
6.0 

7.2 

1.7 

1.6 

4.0 

0.6 

5.4 

l.cf 

1.4c 

1.8c 

3.3 

(2,0)-(1,0) 

(2,1)-(1,1) 

(2,2)-(1,2) 

(1,1)-(0,1) 

(Xl 
N 



TABLE 6.4. Continued 

12 (11,19)-(10,20) 1805.2859 -6784.80 1802.4850 17 1.9 

13 (12,14)-(11,15) 1800.3990 +4657.85b 1802.7167 15 1.0c (7,6)-(7,6)n 

14 (11,19)-(10,20) 1805.2859 -3290.85 1803.3348 21 1.5 

15 (12,11)-(11,12) 1812.1026 -2940.10 1810.2514 18 2.7 

16 (12,12)- (11,13) 1808.2344 +4349.15b 1810.4837 16 0.9c (6,5)-(6,5)II 

17 (11,18)-(10,19) 1809.4175 +1928.85b 1810.9161 15 1.5c (6,0)-(6,0) 

18 (11,18)-(10,19) 1809.4175 +2498.65b 1811.1232 15 1.1c (6,1)-(6, 1) II 

19 (11,18)-(10,19) 1809.4175 +4440.65b 1811. 6920 18 9.4 (6,2)-(6,2)n 

20 (10,22)-( 9,23) 1817.7208 +2700.25 1819.5022 18 1.3c (5,1)-(5,1) II 
(11,16)-(10,17) 1817.5840 +3130.30 1819.5019 17 1.5c 

21 (10,21)-( 9,22)a 1821. 9831 -4045.10 1819.8000 19 0.6 
(11,15)-(10,16)a 1821.6186 -2807.10 1819.8002 22 0.7 

22 (11,16)-(10,17) 1817.5840 +4325.45 1819.8387 15 1.3c (5,2)-(5,2)n 

23 (11,16)-(10,17) 1817.5840 +4931.55 1819.9916 16 1.5c (5,3)-(5,3)n 

24 (11,13)- (10,14) 1829.5899 -6974.75 1826.7119 15 2.1 

25 (11,13)-(10,14) 1829.5899 -5765.45 1826.9731 15 2.7 

26 (11,13)-(10,14) 1829.5899 -5756.75 1826.9750 16 3.1 
00 
w 



TABLE 6.4. Continued 

27 (11,12)-(10,13) 1833.5262 -4253.10 1831.2736 20 8.5 (3,2)-(3,2)n 
(11,13)-(10,14) 1829.5899 +2381.35 1831. 2737 20 6.5 

28 (10,18)-( 9,19) 1834.5792 -2709.15 1832.7801 19 4.0 

29 (10,18)-( 9,19) 1834.5792 +3501.75 1836.6268 22 17.3 

30 (10,18)-( 9,19) 1834.5792 +6714.55 1837.4151 17 0.6 

31 (10,16)-( 9,17) 1842.8158 -3409.55 1840.7885 18 0.7 

32 (10,15)-( 9,16)a 1846.8855 -5999.85 1844°11908 18 0.5 
( 9,21)-( 8,22)a 1847.1185 -7081.65 1844.1908 16 0.4 

33 ( 9,21)-( 8,22) 1847.1185 +2113.70 1848·17200 18 5.6 
i 

34 ( 9,20)-( 8,21) 1851.3842 -3139.20 1849:4299 17 7.0 
(10,15)-( 9,16) 1846.8855 +5333.55 1849.4298 18 17 .8 
( 9,21)-( 8,22) 1847.1185 +4401.55 1849.4300 18 5.6 

35 (10,13)-( 9.14) 1854.9269 -4062.95 1852.6995 17 2.6 
(10,14)-( 9,15) 1850.9226 +2590.85 1852.6994 18 10.0 

36 (10,12)-( 9,13) 1858.8982 -7677.05 1855.8305 15 4.1 

37 ( 9,17)-( 9,18) 1863.9893 -6879.65 1861.0772 19 1.0 
(10,12)- ( 9,13) 1858.8982 +3862.55 1861.0772 22 0.6 

38 (10,12)-(19,13) 1858.8982 +5913.65 1861.5948 15 1.1 

00 
~ 



TABLE 6.4. Continued 

39 ( 9,17)-( 8,18) 1863.9893 -3218.80 1861. 9969 19 5.6 
(10,12)-( 9,13) 1858.8982 +7807.05 1861. 9969 15 2.3 
( 9,18)- ( 8,19) 1859.8189 +3852.15 1861.9970 17 2.0 

40 ( 9,18)-( 8,19) 1859.8198 +4411.35 1862.1497 15 1.1 

41 ( 9,18)- ( 8,19) 1859.8198 +6549.40 1862.6592 17 1.0 

42 ( 9,18)- ( 8,19) 1859.8198 +7500.60 1862.8585 16 1.7 

43 ( 9,15)- ( 8,16) 1872.2313 +6653.25 1875.1122 17 1.2 

44 ( 8,18)-( 7,19) 1885.1378 +6776.80 1888.0654 16 1.0 

45 ( 7,17)-( 6,18) 1914.7714 +6334.60 1917.6463 16 0.9 

aLaser was locked at single-mode. 

b Accuracy = :0.5 volts 

~ultiply the intensity by 4 in order to compare with other intensities. These scans were done 
before careful optimization. 

d Lower state. 

e Upper state. 

<Xl 
U1 
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not an accurate account for resonance strength. 

Full widths at half maximum (FWHM) of the resonances ranged 

from 15 to 22 MHz (corresponding to rougly a width of 2 to 3 volts in 

the beam voltage). A major contribution to the obsered linewidths is the 

kinetic energy spread in the ion beam which arises from the ion-molecule 

reaction and also the space-charge potentials in the ion sou roe and ion 

beam. Experiments 89 have shown that the kinetic energy spread of the 

+ + H3 produced from H2 -H2 reaction could be larger than 1 eVe Sma'ller 

contributions include laser power broadening, laser 1inewidth, the 

angular divergences of the two intersecting beams and transient 

broadening effect. Hyperfine str'ucture, estimated to be less than 1 MHz, 

is unreso1 ved. 

Frequency Measurement Uncertainties 

A1 though the transition frequency measurements are very 

reproducible, there are still errors in the calibration of them. Table 

6.5 lists estimated contributions to the transition frequency measurement 

uncertainty. 

The largest contribution to the calibration error is the laser 

frequency uncertainty. The principal cause is due to the shifts of the 

laser frequency with operating conditions. Assuming a value of 5 

MHz/Torr pressure shift obtained by Laguna_Aya1a,92 an uncertainty of 10 

MHz due to operating conditions is assigned. Lesser contributions arise 

from the uncertainty in laser stabilization and in the laser 

spectroscopic data.90 



TABLE 6.5. Estimated contributions to experimental uncertainties. -- Assumed beam energy is 4000 eV 

-1 7 
and assumed transition frequency is 1900 cm - (5.7x10 MHz). 

Item 

Laser frequency uncertainty 
(stabilization accuracy) 

Laser frequency uncertainty 
(spectroscopic data) 

Laser frequency shifts with 
operating conditions 

Potential offsets uncertainty 

Beam voltage calibration 

Line center estimate from chart 

Quadratic sum 

Assumed 
value 

3 MHz 

5 MHz 

10 MHz 

'0.15 V 

(100 ppm) 

0.15 V 

Contribution 
in MHz 

3 

5 

10 

1.3 

3.5 

1.3 

12.2 

Fraction of 
Contribution transition 

in cm-1 frequency 

1.0x10 -4 5.2xl0 -8 

1.7x10 -4 8.8x10 -8 

3.3xl0 -4 18.0x10 -8 

0.4xl0 -4 2.1xl0 -8 

1.2x10 -4 6.1xl0 -8 

0.4x10 -4 2.1xl0 -8 

4.0x10 -4 2.2x10 -7 

00 ...... 
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Another contribution includes the uncertainty in the line-center 
Q 

estimate, potential offsets, beam voltage measurements, and interaction 

angle. The resulting calibration error is about 12 MHz or 0.0004 cm- 1 

which is within 0.22 ppm of the transition frequency. 

Identifications of the ObservedTl~ansitions 

As mentioned in Ch. 5, most of the D3+ ions produced in oursource 

at our experimental conditions are in ground vibrational states. We 

expect to detect the fundamental band of the degenerate v2-mode. There 

are several experimental results to support this: 

1. The resonance signals have the same sign for all the 

observed transitions, and the sign corresponds to a decrease in the beam 

current. 

2. The resonance signals never reverse sign at pressure higher 

than the normal experimental value. 

3. The density of the observed transition is roughly the same as 

the density of transitions predicted for the fundamental v2-band. 

Since the measured resonance intensities are not an accurate account of 

resonance strength, and there are some gaps in the frequency coverage, 

the identification of our observed transitions is more difficult than 

Oka's observed spectrum of H3 + in which the measured intensities follow 

the thermal equilibrium intensities and frequency coverage is complete 

without gaps. 

Adjusted ab initio Results 

The first attempt of identifications was carried out by Carney 

and porter. 15 They diagonalized the Born-Oppenheimer Hamil tonian for 
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nuclear motion in the product basis of the pure-vibrational 

eigenfunctions and the symmetric-top eigenfunctions in real form. The 

vibrational-rotational Hamiltonian for bound nuclear motion can be 

expressed as a matrix in the pure-vibrational eigenfunction basis:93 

Hnm = EnSnm + 1/2 Anm J x
2 

+ 1/2 BnmJ y2 + 1/2 Cnm Jz2 

+ 1/2 D (J J + J J ) + i F J z ' nm x y y x nm (6.2) 

where J is the rotational angular-momentum operator whose components 

are referred to a molecule-fixed coordinate system with origin at the 

center of mass. For an equilateral X3 molecule, z-axis is perpendicular 

to the molecular plane and x-axis is bisecting an x-x bond. The 

quantities E S ,A ,B ,C ,D ,and F are the elements of the 
II nm nm nm nm nm nm 

vibration rotation constants matrices, or are the elements of the pure 

vibrational energy operator Hand inerti"!l tensor operators, A, B, C, 

distortion operator D, and Coriolis operator F in the basis of pure 

vibrational eigenfunctions W , which were obtained with ab initio Born-
n - ---

Oppenheimer potential energy surface. Therefore, En is the nth pure

vibrational eigenenergy, the off-diagonal elements of Anm' Bnm' Cnm , and 

D produce the centrifugal distortion effect and l-doubling resonance, nm 

and F is the coriolis coupling that splits levels with non-zero k in 
nm 

the degenerate vibrational mode. 

The calculated spectrum is sensitive to the potential-energy 

surface. In their calcul~tion, Carney and Porter used a CI surface for 

computational convenience instead of the best calculation of a 

potential-energy surface obtained by Dykstra et al.35 The principal 

errors in the calculation are in the pure vibrational transition 
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frequency "0 (calculated to be 1826.391 cm- 1) and in the equilibrium 

internuclear distance Re (calculated to be 1.65737 ao). The errol" in "0 
is additive and the error in Re enters as a factor of the rotational 

constants (0.: 1/Re
2 ). Thus, we can adjust the ab initio line frequency" 

by 

"adj = 1"("-"0) + "0 + IS" 

= rv + (1-r )" + IS" o 

(6.3) 

2 where r = (R liRe). ca c 
-1 ) An excellent fit (0.03 cm maximum errol" was 

obtained on foul" transitions for IS" = 8.937 cm- 1 and 1" = 1.016394. The 

adjusted ab initio and experimental results for those foul" transitions 

are listed in Table 6.6. Carney and Porter, then, assigned these 

transitions accordingly. 

TABLE 6.6. Results of Carney and Porter's assignments. 

------------------------------------------------------------------------------------------------------------------------
Transition Ab Initioa Adjustedb Observed 

r po(2)A
1 1749.826 1757.5035 1757.4786 

p 
P 1 (2)E 1751.499 1759.2046 1759.2059 

PP
2

(2)F: 1730.937 1761.6836 1761.7095 

PP
1
(1)E 1790.295 1802.7192 1802.7167 

aTaken from Ref. , 5. 

bObtained by using IS" = 8.963 cm- 1 and r = 1.016791. These results are 
slightly better than Carney and Porter's fit. 
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Molecula~ Constants App~oach· 

The molecula~ constants of D + 
3 

we~e scaled f~om 

91 

H + 
3 

experimental constants using the isotope relations by Watson. The 

approximate isotope relations are listed in Table 6.7. Then, Watson made 

a prediction of the D3 + spectrum by adjusting "2 to agree approximately 

with observations and Porter's assignments. His calculation showed that 

all the rQ(6,K) lines fo~m a group between 1810.9 and 1813.0 cm- 1 They 

a~e fairly well separated from other lines and agree well in position 

with the four unidentified observed transitions published in Ref. 19. 

TABLE 6.7. Approximate isotope relations for molecular constants of an 
equilateral X

3
• 

------------------------------------------------------------------------------------------------------------------------
Items 

Rotational constants (B,r.) 

Co~iolis coupling constant (~) 

Centrifugal distortion 
constants (D J,D JK,DK) 

~-doubling constant (q) 

Cent~ifugal co~rection for 
~-doubling constant (qJ) 

SpJitting constant (6) 

Relationa 

cc ll-1 

all is the reduced mass, which equals 1/3 of X mass. 

-1 d These lines are calculated about 22 em lower than Carney an 

Porter's adjusted frequencies. Watson attributes this to the truncation 
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of their basis set. The main contribution to centrifugal distortion in V
2 

comes from interaction with the ground vibrational state and with the 

next higher vibrational states v 1+V2 and 2V
2

• However, the latter two 

states are not included in their basis, so the V 2 levels are not pushed 

down by interaction with them. In Watson's calculation, this effect is 

included by the effective value of the centrifugal distortion constants. 

Later, by adjusting three constants (V
2

' B, and q) and reassigning 

one of Porter's assigned transitions, he can fit 13 transitions to an 

error within -1 
0.225 cm • His results are listed under preliminary 

identification in Table 6.4. However, the predictfon based on his least-

squares fitted constants does not reproduce some of the observed 

transitions. Therefore. the assignment needs to be revised. Final 

identification of the observed transitions is in progress and will be 

reported soon. 



CHAPTER 7 

EXPERIMENTAL RESULTS AND ANALYSIS: H D+ AND HD + 
2 2 

Nine resonances of H2D+, and thirty-one + resonances of HD2 

between the range of 1750 and 2000 cm- 1 have been observed and measured 

-1 + to a precision within 0.0005 cm or 0.3 ppm. The results of H2D have 

been reported in Ref. 20. The quantum numbers of the observed 

transitions have not yet been unambiguously identified. 

Experlmental Results and Data Analysis 

The experimental procedure and method of data analysis have been 

described in the last chapter, only the results will be discussed here. 

+ The study of D3 transitions shows a constant potential offset 

(+1.85 volts) and source pressure shift (+0.08 volts/10-5 torr) on the 

measured resonance voltage. One expects to see similar effects here, 

however, only the potential offset of HD2 + has studied up to now. The 

results of potential offset are lis ted in Table 7.1. The potential 

+ offset +2.30 volts is different from the D3 result. Since the offset 

depends on the source pressure, the difference may be due to this 

pressure effect. The source chamber pressure was measured by an 

ionization gauge and the reading (without correction by gauge factor) was 

kept roughly the same for all the experimental scans. It is possible 

the pressure is different for different gas mixtures even though the 

gauge reading is the same. The other possibllty is that the kinetic 

energy distribution may be different for different ions89 since they are 

93 



TABLE 7.1. Summary of the study of potential offset for HD2+. 

12C160 L . . - aser trans1t1on HD + I . . 2 on trans1t10n 

Measured Corrected 
Assumed resonance Uncorrected Offset resonance , Resonance 

(v' ,N' )-(v" ,Nil) frequency voltage frequency voltage voltage frequency 
(cm- l ) (V) (cm- l ) (V) (V) (cm-1) 

( 9,18)-( 8,19) 1859.8198 0-3867,92 1857.4330 -3870.22 1857.4323 
2.24 

00,13)-( 9,14) 1854.9269 +4271.20 1857.4317 +4273.50 1857.4324 

( 9,18)-( 8,19) 1859.8198 -3106.63 1857.6806 -3108.93 1857.6798 
2.55 

(10,13)-( 9,14) 1854.9269 +5155.85 1857.6971 +5158.15 1857.6797 

( 8,18)-( 7,19) 1885.1378 -3292.99 1882.9055 -3295.30 1882.9047 
2.50 

( 9,13)-( 8,14) 1880.3427 +4345.70 1882.9039 +4348.00 1882.9046 

( 8,15)-( 7,16) 1897.6545 -3220.55 1895.4322 -3222.85 1895.4314 
1.98 

( 8,16)-( 7,17) 1893.5147 +2399.20 1895.4307 +2401.50 1895.4316 

average 2.32±O.26 

least-squares fit 2.30±0.16 
\0 
.p. 
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produced by different channels of ion-molecule reaction (1.1). 

+ + The observed H2D and HD2 transitions are presented in Table 7.2 

and 7.3, respectively. The potential offset of +2.30 volts is used for 

+ HD2 • An average of the potential offset of D3+ and H2D+, +2.1 volts, is 

used for H
2

D+, and an uncertainty of 0.5 volts is assigned to it. Due 

to the higher uncertainty in the potential offset, and the higher 

frequency per unit volt (since the mass is smaller), the uncertainty of 

the frequency measurements is slightly higher than for D3+. The 

assigned uncertainty for H
2

D+ is 0.00045 cm-1 (2.4 ppm) and for HD2 + is 

-1 0.0004 cm (2.2 ppm). 

+ The observed linewidths for H2D resonance ranges from 12 to 16 

+ MHz and for HD2 resonances ranges from 8 to 15 MHz. The contributions 

to the linewidths are similar to D3+. 

Identincation of the Spectra 

Due to the + same reasons as for D 3' we believed that the 

transitions we observed are between ground vibrational state and first 

vibrational states. Since the band center (refer to Table 2.2) of the 

transitions to the symmetric stretching mode (", band) is far away from 

the region our spectrometer can cover, most of the observed transitions 

lie in the "2 and "3 bands. However, due to the strong coupling between 

these two modes, the analysis of the spectra is very difficult. Some 

preliminary results are presented here. 

H D+ Spectrum 
2 

The preliminary results, based on ab initi,£ calculations by 

Porter and carney,95 indicate that the rotational quantum number J of 



TABLE 7.2. Summary of the measurements of H2D+ vibrational-rotational transition frequencies. -- The 
value used for HD2+ mass is 4.029203330(30) tMc2=3753.2092 MeV) as calculated from data in Ref. 91. 

12 16 . CO-laser trans1tion H + I .. 2D on trans1t10n 

Corrected a 

Assumed resonance Observed Resonance 
No. (VU,JU)-(VL,JL) frequency voltage frequency FWHM intensity 

(em-I) (V) (cm-1 ) (MHz) (ppm) 

1 (10,18)-( 9,19) 1834.5792 4992.10 1837.5737 12 1.9 

2 (10,18)-( 9,19) 1834.5792 5379.00 1837.6876 12 0.8 

3 ( 8,17)-( 7,18) 1889.3424 5371.55 1892.5414 16 1.5 

4 ( 8,17)-( 7,18) 1889.3424 5426.48 1892.5577 14 3.8 

5 ( 8,16)-( 7,17) 1893.5147 3215.90 1895.9949 14 2.2 

6 ( 8,16)-( 7,17) 1893.5147 4186.40 1896.3448 13 1.1 

7 ( 6, J.9)-( 5,20) 1931. 6929 3147.20 1934.1960 12 2.5 
7 ( 7,13)-( 6,14) 1931.4053 3912.65 1934.1960 13 2.4 

8 ( 7,13)-( 6,14) 1931.4053 5007.90 1934.5628 13 2.0 
8 ( 6,19)-( 5,20) 1931. 6929 4136.75 1934.5629 13 2.7 

9 ( 6,15)-( 5,16) 1948.7270 5363.25 1952.0240 13 3.7 

aThe laser beam was antiparallel to the ion beam in all cases. An offset of 2.1 volts is added to 
the measured resonance voltage. 

\0 
0\ 



TABLE 7.3. Summary of the measurements of HD2+ vibrational-rotational transition frequencies. -- The 
value used for H2D+ mass is 5.035480089(45) amu (Mc2=4690.5576 MeV), as calculated from data in Ref. 91. 

12C160 1 . . - aser trans~t~on + I .. HD2 on trans~t~on 

Corrected b 
Assumed resonance Observed Resonance 

No. (VU,JU)-(VL,JL) frequency voltage frequency FWHM intensity 
(cm-1 ) (V) (cm-1 ) (MHz) (ppm) 

1 (12,18)- (11,19) 1784.3361 -3097.20 1782.2869 12 5.3 

2 (12,17)- (11,18) 1788.4004 -3146.04 1786.3304 13 7.4 

3 (11,19)-(10,20) 1805.2859 +3055.20 1807.3474 11 2.5 

4 (12,11)-(11,12) 1812.1026 -4814.83 1809.5082 11 5.8 

5 (11,18)-(10,19) 1809.4175 +3276.06 1811.5572 13 1.1 

6 (10,18)- ( 9,19) 1834.5792 -4495.57 1832.0411 11 11.5 

7 (10,18)- ( 9,19) 1834.5792 +5195.58 1837.3117 12 16.7 

8 ( 9,19)-( 8,20) 1955.6180 -4047.55 1853.1820 13 10.0 
8 (10,14)-( 9,15)a 1854.9269 -2077 .20 1853.1820 15 8.6 

9 ( 9,20)-( 8,21) 1851.3842 +5535.99 1854.2307 8 3.1 

10 ( 9,18)-( 8,19) 1859.8198 -3870.23 1857.4323 13 2.4 
10 (10,13)-( 9,14) 1854.9269 +4273.54 1857.4324 13 1.9 

\0 
....... 



TABLE 7.3. Continued 

11 (10,13)-( 9,14) 1854.9269 +5158.15 1857.6797 11 1.3 
11 ( 9,18)-( 8,19) 1859.8198 -3108.93 1857.6799 12 1.4 

12 ( 9,17)-( 8,18) 1863.9893 +5483.20 1866.8414 12 12.5 

13 ( 9,15)-( 8,16) 1872.2313 -3519.23 1869.9394 11 6.8 
13 ( 8,21)-( 7,22)a 1872.3313 -3832.15 1869.9396 12 7.1 

14 ( 9.13)-( 8,14) 1880.3427 -4565.01 1877.7213 12 2.3 

15 ( 9,13)-( 8,14) 1880.3427 -3050.51 1878.1995 12 4.0 
15 ( 8,19)- ( 7,20) 1880.9009 -4844.76 1878.1996 13 5.4 

16 ( 8,18)-( 7,19) 1885.1378 -5871.11 1882.1577 12 1.9 

17 ( 8,18)-( 7,19) 1885.1378 -5700.54 1882.2012 14 7.0 

18 ( 9,13)-( 8,14) 1880.3427 +4348.00 1882.9046 12 1.6 
18 ( 8,18)-( 7,19) 1885.1378 -3295.29 1882.9047 13 2.5 

19 ( 8,18)-( 7,19) 1885.1378 +6505.15 1888.2798 11 7.6 

20 ( 8,18)-( 7,16) 1897.6545 -3624.70 1895.2970 13 3.9 

21 ( 8,15)-( 7,16) 1897.6545 -3222.85 1895.4314 14 3.6 
21 ( 8,16)-( 7,17) 1893.5147 +2401.55 1895.4317 12 2.2 

22 ( 7,17)-( 6,18) 1914.7714 -3640.59 1912.3874 13 17.1 

23 ( 7,16)-( 6,17) 1918.9788 -4076.19 1916.4507 13 5.0 
\0 
co 



TABLE 7.3. Continued 

24 ( 7,17)-( 6,18) 1914.7714 +6082.20 1917.8572 12 11.3 

25 ( 6,18)-( 5,19) 1935.9999 -3028.75 1933.8012 14 0.9 

26 ( 6,17)-( 5,18) 1940.2747 +6048.15 1943.3929 11 1.8 

27 ( 6,15)-( 5,16)a 1948.7270 +6286.57 1951. 9199 12 2.9 

28 ( 6,14)-( 5,15)a 1952.9043 +5240.20 1955.8255 12 3.3 

29 ( 5,18)-( 4,19)a 1961.5407 +3264.86 1963.8563 13 3.2 

30 ( 5,18)-( 4,19)a 1961.5407 +4459.17 1964.2472 14 1.3 

31 ( 5,18)-( 4,19)a 1961.5407 +5325.27 1964.4985 13 0.9 

aLaser was locked at single mode. 

bThe potential offset of 2.30 volts is added to the measured resonance voltage. The sign before the 
resonance voltage represents the beam configuration: negative for parallel and positive for anti
parallel. 

\0 
\0 
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our observed transitions for H
2

D+ has a range from 2 to 8, i.e., we 

probably observed the transitions involved quite high J. However, there 

is a possible aid to identification, we note that some of the resonances 

listed in Table 7.2 occur in pairs, perhaps corresponding to the two 

different mutual orientations of the two protons. If this hypothesis is 

correct, the stronger line of each doublet would be a transition between 

ortho (spin triplet) states, and the weaker line would be a transition 

between para (spin singlet) states. The experimentally observed 

intensities are often reasonably close to the 3: 1 ratio of saturated 

intensities expected from the ratio of statistical weights. 

HD + S t 2 pec rum 

Since band centers of "2 and "3 are closer to our experimental 

range, we expect to see transitions involved with lower rotational 

quantum number J. If this is true, the identification of the observed 

resonances should be easier than To date, no ab initio 

calculations are available. 

A procedure which will derive the centrifugal distortion 

constants for ground vibrational states of HD2 + from H3 + experimenta.l 

constants using force constant analysis (Ref. 47, Chap. 8) is in progress. 

Those constants, along with the rotational and Corio lis coupling 

constants, will then be input to a coupled-vibration program96 (supplied 

by Herzberg Institute of Astrophysics) to generate the spectrum. In this 

way, we hope that we can identify some of the observed transitions by 

pattern matching and refine the prediction by adjusting some of the 

constants to best fit. 
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