The visible rovibrational spectrum of the triatomic
hydrogen ion via high-sensitivity chemical reaction
spectroscopy in a cryogenic ion trap

Inaugural-Dissertation
ZUr
Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultét
der Universitat zu Koln
vorgelegt von

Max H. Berg
aus Mannheim

Heidelberg
2011



Berichterstatter: Prof. Dr. Stephan Schlemmer
(Gutachter) Prof. Dr. Detlev Gotta
Prof. Dr. Andreas Wolf

Tag der miindlichen Priifung: 31.01.2011



Abstract

Hj is the cornerstone of the interstellar chemistry and the dominant molecular
ion in most hydrogen plasmas, natural or artifical. It is the simplest polyatomic
molecule and therefore the perfect benchmark system for dedicated quantum me-
chanical calculations on polyatomic molecules, provided that relevant experimental
data is available. The thesis at hand presents results of the visible rovibrational
spectroscopy of the Hj ion. First transitions far into the visible spectral region,
almost reaching final levels half the way to dissociation, are reported. These highly
excited final rovibrational levels, containing up to 9 vibrational quanta, are up to 6
orders of magnitude weaker than the v, fundamental transition. Furthermore, first
experimental Einstein By, coefficients for transitions from the cold lower levels to fi-
nal levels above the barrier to linearity are reported. The experiments are performed
in a cryogenic 22-pole trap where the HJ ions are buffer-gas cooled by helium. The
narrow initial rotational population allows for normalization and unique assignment
of nearly all transitions. Laser-induced reactions with Ar, providing high sensitiv-
ity, are then used to measure the extremely weak transitions. The found transition
frequencies provide benchmark data and have already led to an improvement in cal-
culated energy levels. The obtained intensities agree well with the bulk transitions.
However, they do not support the predicted high-intensities of the so-called horse-
shoe states, which in calculations are found to be localized in the otherwise highly
chaotic excited region of H . The sensitivity limit of the spectroscopy technique has
not yet been reached and investigation of states up to the dissociation limit may be
possible.

Kurzfassung

Hy ist ein Eckpfeiler der interstellaren Chemie und das dominante Ion in den
meisten natiirlichen oder kiinstlichen Wasserstoffplasmen. Da es das einfachste
mehratomige Molekiilion ist, dient es als Referenz fiir quantenmechanische Berech-
nungen mehratomiger Molekiile, sofern die entsprechenden, aus Experimenten ge-
wonnenen Daten zur Verfiigung stehen. Die hier vorliegende Arbeit stellt Ergebnisse
der Vibrations-Rotations-Spektroskopie von Hi im sichtbaren Spektralbereich vor.
Erstmals wurden Uberginge zu Energieniveaus knapp unterhalb der halben Dis-
soziationsenergie gemessen. Diese hochangeregten Zustinde, deren Ubergangswahi-
scheinlichkeiten bis zu 6 Grofenordnungen kleiner als die der v5-Grundschwingung
sind, besitzen bis zu 9 Vibrationsquanten. Des Weiteren werden erste experi-
mentell bestimmte Einstein B;, Koeffizienten fiir Ubergéinge ausgehend von den
Grundzustdnden zu Zustanden oberhalb der “Linearitdtsbarriere” vorgestellt. Die
Messungen wurden in einer kryogenen 22-Pol-Falle, in der die Hj-Ionen mit He-
lium als Puffergas gekiihlt werden, durchgefiihrt. Die wohldefinierte Population



der Rotationsniveaus im Ausgangszustand ermoglicht die eindeutige Zuordnung und
das Normalisieren der Ubergiinge. Die sehr schwachen Ubergéinge werden anhand
der duferst empfindlichen Methode der laserinduzierten Reaktion nachgewiesen.
Die gemessenen Ubergangsfrequenzen bieten Referenzwerte, anhand derer bereits
vorhergesagte Zustandsberechnungen verbessert wurden. Fiir die meisten Ubergiinge
stimmen die gemessenen Ubergangsstirken mit den theoretischen Vorhersagen iiberein.
Die prognostizierten starken Intensitiiten fiir die sogenannten “horseshoe” Uberginge
wurden experimentell nicht bestatigt. Die Nachweisgrenze dieser Spektroskopiemeth-
ode ist noch nicht erreicht und die Untersuchung von Zustdnden bis hin zur Dissozi-
ationsgrenze scheint moglich.
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1. Introduction

Spectroscopy is arguably the most important tool for gaining knowledge on the
nature of atoms and molecules. During the 20th century a wealth of detailed intrinsic
information about molecular structure and molecular dynamics has been revealed,
honored by more than ten Nobel prizes. For the 21st century, ongoing developments
of spectroscopic techniques along with improving theoretical calculations provide

further insights in a way only spectroscopy can do [1].

This work is dedicated to the spectroscopy of Hj, an extraordinary jewel of na-
ture, detected 100 years ago |2, 3]. An extensive source of information on H; can
be found in the papers of the two discussion meetings of the Royal Society [4, 5.
After Hs, the triatomic molecular ion, Hj is the second most abundantly formed
interstellar molecule. It is also the dominant ion in any technical hydrogen plasma.
Due to the low proton affinity of Hy, H7 is the universal proton donor and there-
fore a key ion for the interstellar chemistry paving the way to form more complex
molecules. These days, important insights on physical and chemical properties of
interstellar objects are obtained by “astronomical” spectroscopy of H3 . Besides its
astronomical impact, H7 is the simplest stable polyatomic molecule consisting of
three protons bound by two de-localized electrons. Therefore, Hy is the polyatomic
benchmark molecule against which theoretical calculations are tested, comparable
to the hydrogen atom for general atomic theory. The theoretical treatment for small
molecules near their equilibrium structure is qualitatively in terms of simple models
and quantitatively via variational calculations well understood and achieves near
spectroscopic accuracy for Hy . For higher energies far away from equilibrium up
to dissociation the theoretical treatment is much more incomplete and here H is
a test system for the development of adequate, non-standard theoretical and nu-
merical methods to account for adiabatic as well as non-adiabatic effects beyond

the Born-Oppenheimer approximation. As there is no direct way of obtaining an



1. Introduction

analytical expression for a potential energy surface (PES) from measured transition
frequencies, only a strong interplay between theory and experiment can reveal the
truth. The interactive process is the following: Theory provides transition frequen-
cies and intensities from a reasonably assumed PES and dipole surface in known
energy regions. Experiment can use these predictions to obtain measured transition
frequencies and intensities, that in turn are used as input to extend the theoretical
calculation to higher energies. Until recently the experimental side could not fulfill
its duties to provide information on very weak transitions with the final level lying
high in energy, and therefore since more than one decade only various theoretical
results could be compared to each other. Here an experiment that can provide all
the information theoreticians have been waiting for a long time is introduced. This
work already initiated further theoretical studies [6]. For the first time high res-
olution and high sensitivity spectroscopic data for a polyatomic molecule half the
way up to dissociation threshold is presented. The remarkable possibility to mea-
sure transition intensities allows to examine so-called horseshoe states and thereby
to provide further insights into the outstanding Carrington pre-dissociation spec-
trum, one of the longest running problems in chemical physics. The knowledge of
high-lying energy levels also provides interesting methods for in-situ diagnostics in
storage ring experiments.

This thesis is divided into three parts. Part I “Motivation & Theory” introduces
the triatomic molecular hydrogen ion H3 in a brief historical review. The main
theoretical aspects for this particular ion as well as the pivotal role in space and the
outstanding rich pre-dissociation spectrum of Hj are introduced. A rough overview
on theoretical calculation methods for polyatomic molecules is depicted and the role
of Hy as a benchmark ion is enlighted. Part II “Experimental Setup & Measure-
ment Technique introduces the experimental setup and describes the high-sensitivity
chemical reaction spectroscopy technique. Improvements on the setup implemented
during this thesis are also given. The last part presents the results from transition
frequency and transition intensity measurements. The thesis closes with a conclusion

and presents some perspectives on future work.
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2. Triatomic hydrogen H;)r

This chapter is dedicated to introduce the amazing triatomic hydrogen ion Hj, a
little molecular ion with big impact in science. A Google scholar abstracts search
reveals more than 250 publications in the past 10 years alone. The low terres-
trial abundance results from the exceptional reactivity of this particular ion. In
extraterrestrial hydrogen environments Hj is quite common and plays a central role
in the interstellar chemistry. At first, a short historical overview on Hj is given.
Afterwards, the theoretical background is presented. Selection rules and quantum
numbers are provided, followed by highlighting the key role of Hy with respect to
the interstellar medium. A summary of the extraordinary pre-dissociation spectrum

of Hy is given and some attempts to explain this rich spectrum are depicted.

2.1. A brief history

In 1911, J. J. Thomson, the pioneer of early mass spectroscopy, measured during
his study on “Rays of Positive Electricity" an ion with mass-to-charge ratio of 3:1 in
a hydrogen discharge (see Fig. 2.1) [2]. However, as at that time H was known to
be monovalent, the first denotation as HJ was only published one year later, after
excluding all other possibilities [3|. Further studies on hydrogen discharges revealed

that Hy , as pressure increases, becomes the dominant ion in preference to either H™

Figure 2.1 - A photograph from J. J. Thom-
son’s work showing H* and H together with
Hy




2. Triatomic hydrogen Hy

or Hy |7]. More than ten years later T. R. Hogness and E. G. Lunn [8] suggested
the formation of HJ via
H, + Hf — Hf +H, (2.1)

at that time the first ion-molecule reaction that proceeds with a large Langevin rate
(~107%cm™3 s71). After the discovery of deuterium in 1931 by H. C. Urey 9] many
people, including J. J. Thomson [10], ascribed the former observations [2] to HD™.
The original HJ assignment was only accepted again in the late 30’s when theory
made its first important contribution and Hirschfelder and co-authors showed in
a series of five papers that Hj is indeed a stable species (later calculations show
that H3 is even more stably bound than Hy by 0.3 eV) [11, 12, 13, 14, 15]. The
determination of the equilibrium structure was not possible at that time, changing
between linear and some triangular shape from publication to publication. From
a todays point of view the difficulties in determining the equilibrium structure are
understandable as the potential energy surface for the ion is now known to be rather
flat. For more than another 30 years the only thing that was known for sure on Hj

was 1ts mere existence.

The expectation to detect Hy in space as the most stable ionic form of hydrogen
was stated in a short note from D. W. Martin et al. in 1961 [16|. Theoretical un-
derstanding in terms of symmetry properties and the development of a classification
system of the energy levels is owed to the work of J. T. Hougen and J. K. G. Wat-
son [17, 18, 19]. In 1964, R. E. Christofferson et al. succeeded in determining the
equilibrium structure from ab initio calculations using an electronic computer |20].
The bonding can be regarded as similar to that of benzene. The two electrons can
be considered to be delocalized across the three protons, resulting in an equilateral
triangular equilibrium shape. At equilibrium, the three protons are separated by
1.65ag. This was experimentally confirmed in 1978 by Gaillard using the Coulomb
explosion technique [21]. The most precise experimental value for the binding en-
ergy of Hy is 4.337¢V [22]. Calculations show that H3 does not have any stable
excited electronic states except for a very shallow triplet state leading to the Hy +

H dissociation limit which is only 0.4 eV higher.

In 1976, G. D. Carney and R. N. Porter published a detailed ab initio prediction
of the Hy spectrum [23]. With these predictions at hand, T. Oka published, after

four and a half years of search, in 1980 the first spectrum of H [24]. From there on,
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the interplay between theory and experiment began. W. Meyer, P. Botschwina, and
P. Burton published a potential, which after a small scaling correction to match the
observed v, band origin, provides accurate values for the first few excited vibrational
states of Hi [25]. These calculated values proved to be helpful for the laboratory
work on hot bands! [26], overtone bands [27|, and forbidden transitions [28]. Up
to 2001, in total 17 studies were conducted, revealing 895 observed transitions with

I well below the so-called barrier to linearity (see

frequencies as high as 8170 cm™
Sec. 2.2.1) [29]. Ongoing efforts from theoreticians and experimentalists led to the
observation of the first transition to final levels above the barrier to linearity in a
discharge tube experiment by J. Gottfried et al. in 2003 |30]. Since then, one further
discharge tube experiment has been published [31]. In 2008, the first experiments
with chemical probing spectroscopy reaching final levels between 11 200-13 400 cm ™!,
well above the barrier to linearity, were published [32]. In App. B and App. C a
comprehensive list of experiments on H3 and an overview on the theoretical work

considering this ion is given in Tab. B.1 and Tab. C respectively.

2.2. Theoretical background

As the equilibrium geometry of Hi in its electronic ground state (*A}) is an equi-
lateral triangle, it belongs to the Dsj, point group. The character and multiplication
table for this symmetry group is given in App. D.

In Fig.2.2 an overview on significant energies of Hj is given. The zero-point of
the energy scale is set according to the lowest allowed rovibronic state of Hy, which
is ~ 4426 cm™! above the potential minimum. Around 10000 cm™!, the barrier to
linearity (see Sec. 2.2.1) is indicated and shortly above the sensitivity limit for
traditional absorption spectroscopy is reached. Chemical probing spectroscopy, as
described in Chap. 5, allows for investigation of energy levels above ~ 4500 cm ™!, the
upper limit not yet determined. The dissociation threshold into Hy (v=0,J=0)-+H"
lies at 34955 cm~!. The electronically excited triplet state and its dissociation chan-
nel Hy (v =10,J = 0)+H is also plotted.

!Explanation of vibration transitions types is given in App. A.
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Figure 2.2 — Significant energy lev-
els of H:o)" The zero point of energy
is set according to the lowest allowed
state (J—=1, G=1) of HI, roughly
4426 cm™! above the potential mini-
mum (vibrational zero point energy is
at ~4362cm~!, slightly higher than
1/2(v1 + 21v») indicating the large an-
harmonicity of the PES and ~64 cm™!
as the J=0 rotational state is symme-
try forbidden).

energy (cm™)

H,"(=0,J=0) + H

Carrington predissociation spectrum
see Sec.2.4.1 HZ(U=0,J=0) +H*

T

chemical probing
spectroscopy
see Chap.7 &8

. . -4
) linearity /1o "

1
¥
Foran overview on experiments
— in this spectrat region see Appendix C

H,r (A) (v,=0,v,=0) J=1, G=1)
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Figure 2.3. — Special one dimensional representation of the PES of H?{ along with
band origins [34]. For any given angle the two H-H bond lengths are equally varied to
obtain the minimum energy.

2.2.1. The barrier to linearity

In Fig. 2.3 a one dimensional representation of the PES, where two of the H-H bonds
are forced to be equal but varied in length to minimize the energy at any given angle
0, is shown [33]. The barrier to linearity of H3 lies near 10000 cm™~'. Not regarding
tunneling below this energy, the vibrational motion samples only “half” of the PES.
Above the barrier to linearity the molecule possesses enough energy to sample linear
geometries and can access the whole PES. For theoretical methods, that numerically
calculate the matrix elements of the Hamiltonian, the ability of Hi to sample linear
configurations causes serious problems as there is a singularity in the kinetic energy
operator at linearity. A simple work-around is to place an artificial wall in the
potential and force the wave functions to vanish at linearity. The so obtained results
can be used regarding energy levels well below the barrier to linearity. For higher
energies the results poorly reflect the true nature. To obtain information on states

above 10000 cm™! more sophisticated methods, that use a basis set for which the
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integrals over the singular term in the Hamiltonian can be calculated analytically,
are needed. J. Tennyson et al. [35] implements such an approach and therefore
the calculations of Neale, Miller, and Tennyson are also valid above the barrier to
linearity. Another approach to circumvent the problem is to employ hyperspherical

coordinates as A. Alijah does in his calculations [36].

2.2.2. Rotational spectrum

H; has a high symmetry, which has a number of consequences for its spectrum.
The most evident one is the lack of a permanent dipole moment, i.e. Hj has no
ordinary pure rotational spectrum. However, Pan and Oka’s [37] phenomenological-
based and Miller and Tennyson’s [38| ab initio calculations predict the existence of
an observable “forbidden” rotational spectrum. In a classical picture, the centrifugal
distortion caused by the rotation of the molecule leads to a temporary formation
of a dipole moment, with the resulting intensity strongly depending on the amount
of rotational excitation. Up until now, there exists no experimental confirmation of
this rotational spectrum and rotational spectroscopy is not a convenient method to

investigate Hj .

2.2.3. Electronic spectrum

The first electronically excited state is a triplet state (3%1) lying above the dissoci-
ation threshold Hy —Hy+H™ leading to the dissociation channel H —Hg +H (see
Fig. 2.2). Symmetry restrictions prohibit the triplet state to access the lower dissoci-
ation pathway. Moreover, recent calculations show that although shallow (potential
depth 0.37eV/2951¢cm™1!), the potential surface can support a single vibrational
excitation (zero point energy 0.21eV/1722c¢cm™'). As consequence a hypothetical
electronic spectrum of H will lie in the deep ultraviolet spectral region and be
extremely weak due to the singlet-triplet nature of the transition and the unfavor-
able Franck-Condon overlap. In addition, it might be broadened by predissociation.
Electronic spectroscopy is therefore not a convenient method to investigate Hyj ei-
ther.

10
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V1 v2
Figure 2.5. — H:',f normal modes

2.2.4. Rovibrational spectrum

Vibrational modes

A molecule with N nuclei has 3N nuclear coordinates to de-
scribe their positions in space. Three coordinates are chosen to
define the center of mass and, for a non-linear molecule, three

more describe the rotation of the molecular frame with respect

to a space-fixed coordinate system. The remaining 3N —6 co-

ordinates describe the internal (vibrational) motion. H3 pos-

Figure 2.4.

sesses 3-3—6=3 internal coordinates which may be described
by r1, 72 and r3 as depicted in Fig. 2.4, with r; being the distance between proton
2 and 3, 79 that between 1 and 3, and r3 that between 1 and 2. Any combination
of these three internal coordinates could be taken; however, vibrational modes are
best described in normal coordinates that diagonalize the Hamiltonian operator and
therefore decouple the vibrations. A normal-mode analysis results in two possible
unique vibrational modes [39]. The first unique mode is the totally symmetric (A})
and Raman active breathing mode 1y, where the molecule expands and contracts as
an equilateral triangle (see Fig. 2.5). In symmetry adapted deformation coordinates
this mode is conventionally described as [40]
1
Sqg = —=(r1 + 19 +713). (2.2)

V3

The two vibrational modes described by

Sp = —=(2r3 — 11 —19) (2.3)

b
V6

11
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Figure 2.6. — Vibrational angular momentum

1
ﬁ(ﬁ—rz)

form the asymmetric unique doubly degenerate bending mode 1. The deformation

5y = (2.4)

of the equilateral triangular shape by the 5, mode gives rise to a temporary formation
of a dipole moment, making it infrared active. This is the basis for rovibrational
spectroscopy of Hj .

Any linear combination of the two components 15 is possible and possesses vibra-
tional angular momentum such as in any degenerate vibrational mode [41]. Figure

2.6 shows two combinations of s, with s, out of phase by +90° (v3) and -90° (v )

where the circular motion of the nuclei clearly leads to angular momentum.

Quantum numbers

For any molecule, the total angular momentum (F' = .J+1) as well as the parity (+)
are good quantum numbers as they depend on the isotropy and inversion symmetry
of space rather than on molecular properties. The hyperfine interaction that couples
the motional angular momentum J and the nuclear spin angular momentum I is
very weak for Hi and therefore to a good approximation I and J can be regarded
as independent good quantum numbers. The quantum numbers / and .J remain
good quantum numbers even for energies far above the equilibrium state. Because
the Hamiltonian is invariant to permutation of the three identical nuclei, symmetry
labels for vibration-rotation wave functions are also good quantum numbers.
Additionally, approximate spectroscopic quantum numbers may be used at low
to intermediate energies (up to ~18000cm™'). These approximate good quantum
numbers have been introduced to describe molecules close to their equilibrium ge-
ometry. They are based on the assumption that at sufficiently low energies the
vibrations can be described by small harmonic displacements from this equilibrium

geometry and that in a first approximation a separation between vibrational and

12
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rotational motions can be made. H; exhibits a strong anharmonicity, even near the
equilibrium geometry, as proven by the existence of intense overtones (for a har-
monic potential there would be no intensity in overtones). Still, the spectroscopic

approximate quantum numbers can be used.

The quantum numbers v; and v, denote the number of quanta in the vy and 14
vibrational modes. The v, quantum number is complemented with its corresponding
vibrational angular momentum quantum number Iy (lo=v9,v5 — 2,...,—v3), which is
strongly coupled to the rotation of the molecule. In contrast to most other molecules,
neither the projection k of J onto the molecular symmetry axis nor [5, also a projec-
tion along the same axis, are good quantum numbers. Therefore Hougen introduced
G = |g| = |k — lo|, representing the component of the projection of J onto the

molecular axis that is due to rotation of the molecular frame only [17].

Nuclear Spin effect

Protons are fermions with spin 7 = 1/2 and so the H molecule obeys the Fermi-
Dirac statistic. Two possible spin combinations are the quadruply degenerate ortho
state I = 3/2 with A} symmetry and the doubly degenerate para state [ = 1/2
having £’ symmetry. According to the Pauli principle the complete wave function
must change its sign under the odd permutations of the nuclei (12),(23),(31) and
it must be invariant to the even permutations (123) and (132). Appendix D lists
the symmetry considerations relevant to Hi . From the character table Tab.D.1 it
follows that the complete wave function of Hi can only have the symmetries A} and
AJ. The possible combinations of rovibronic wave functions and nuclear spin are
listed in Tab. D.3. As the electronic ground state of Hy is totally symmetric (A
symmetry), rovibrational levels with A} symmetry (J even, G=0) are not allowed.
Therefore the J = G = 0 level in the vibrational ground state is non-existent.
Experimental observation of a gap (> 100cm™!) in the fundamental v5 spectrum
is a clear evidence of the missing J = G = 0 state and therefore a proof for the

equilateral shape of Hy .

13



2. Triatomic hydrogen Hy

Selection rules

To calculate the intensities in a molecular spectrum one needs the line strengths.

The line strength of an electric dipole transition between the rovibronic state @/, _,

where rve stands for any rovibrational electronic state in general, having energy

E’  and the state ®” having energy E”  is given by

rve rve rve

sien- Y Y

P!, A=XY,Z

rver T rve

2

, (2.5)

/ rve MA (b:“,’l)ed,]—

where 14 is the component of the molecular electric dipole moment along the A
axis and d7 is the volume element for integration over the internal coordinate space
of all particles of the molecule (electrons and nuclei). The sum over ¢/  and &7
accounts for possible degeneracies. To simplify the calculations and to determine
selection rules for molecular transitions, the vanishing integral rule for integrals (1)
of the form

I = / v OV dr, (2.6)

can be used, where U/, U are wave functions and O is an operator [42]. The integral
will vanish if the product of the symmetry species of ¥*, O, and U” does not contain

the totally symmetric symmetry species I'(®)
I = /qf’* OW'dr =0 if T(V*)@[(0)@T(¥") I (2.7)
or, equivalent
I = /\If OV'dr=0 if T(¥") @ D(¥") 2 T(0) (2.8)

Considering rovibrational transitions in the ground electronic state of Hi where
[(pa) = AY and T®) = A/, only ortho-transitions A} < A4 and para-transitions
E'" < E" are allowed. Further symmetry considerations lead to the set of selection
rules given in Tab. 2.1 [19]. The parity of a certain level is given by (—1)* [40]. There

are no rigorous selection rules for vibrational quantum numbers. The quantum

14



2.2. Theoretical background

Table 2.1. — Selection rules for Hg‘

+ < —
AJ=0,41; J=0+»J=0
Al =0
AK =2n+1
AG = 3n

number g [17] is connected with the nuclear spin in the following way [43]

ortho — Hf <= g=3n (2.9)
para — Hf < g=3n+1, (2.10)

where n is an integer.

Transition labels

The labeling used for the transitions presented in this thesis follows the convention
reported by Lindsay and McCall [29]. As our experiment provides Hy in the lowest
rotational states of the vibrational ground state (see Chap. 5), all transitions are

labeled by the upper state only,

vy + vl (2.11)

The rotational states are specified by
L PIQIRY (1, G (212)

where (J,G) describes the lower state (J=1 and G=0 or 1). The choice among
{P|Q|R} denotes AJ = —1,0, or +1 respectively. The left superscript describes
AG. For brevity no superscript is used if the upper and the lower energy level have
the same G. For AG = +3, the superscript t is used while a superscript n indicates
changes AG = —3 or AG = 1 if the lower level has G<3. Larger changes in GG are
indicated by the numerical value. When needed, the right superscript (subscript)

15
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distinguishes the energetically upper (u) or lower (1) one of a pair of levels with the

same G for the upper (lower) state.

2.3. Hj in space

The H ion is of great astronomical impact as illustrated in Fig. 2.7. Currently, about
160 molecules have been detected in the interstellar medium (ISM) or circumstellar
shells [44]. This variety can be explained by fast two-body ion-molecule reactions
that mostly proceed without any reaction barrier at the so called Langevin rate. As
about 75% of the normal mass in the universe consists of hydrogen and the major
component of the ISM is molecular hydrogen, the most stable ionic form Hj is
considered to be the key ion for understanding the interstellar chemistry [45]. H
is the perfect proton donor as almost all atoms and molecules have higher proton

affinity than Hy. Exceptions with lower proton affinity are shown in Tab. 2.2.

Table 2.2. — Proton affinities for Hy and all species with even lower proton affinity.
The eight lowest proton affinity of Hy renders HJ the ultimate proton donor. [46]

Proton affinity [eV] A [eV] A Jem™ ]

H, 4.392 — —
0, 4.378 0.014  112.92
Ar 3.840 0.552  4452.18
N 3.559 0.833  6718.60
F 3.537 0.855  6896.04
F, 3.453 0.939  7573.55
Ne 2.068 2.324  18744.33
He 1.849 2.543  20510.68

The formation of more complex molecules starts with the proton hop reaction
Hy + X - HX" + H, (2.13)
followed by the efficient reaction pathway

HX" +Y — XY +H. (2.14)
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2.3. Hj in space
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2. Triatomic hydrogen Hy

A cut-out of the interstellar chemistry network is shown in Fig.2.7. As fast produc-
tion of molecules is essential for cooling gravitationally condensing gas, the reigning
amount of Hj plays a pivotal role in star formation. The production of Hj follows

Eq. (2.1) where the Hj is predominantly formed by cosmic ray (cr) ionization
Hy + (cr) — Hy +e™ + (er). (2.15)
Minor contributions come from the formation
H(n>2)+H— H +e (2.16)

in hot stellar winds or supernovae. In shocked molecular clouds the formation can
occur by [47]
H* +Hy(n >4) — Hf + H. (2.17)

Besides chemical reactions removing H3 from the interstellar medium (ISM), the
dissociative recombination (DR) with electrons determines the steady-state concen-
tration of Hj and therefore the DR rate is a crucial parameter for the chemistry
in the ISM [48]. In the last decades many experiments on determining this DR
rate have been performed of which many at the MPI-K, resulting in a convergence
of 1077 cm?3s™! |48, 49|. This allows astrophysicists to model the Hj abundance
in the interstellar medium. For further astrophysical interests such as the reigning
H ortho-para spin temperature [50] rotational state-specific rate coefficients are
needed [51].

Hy is also of great importance to the enhancement of deuterated species in
space [52]. The cosmic D/H ratio is about 107°. So far, more than ten deuter-
ated molecules have been detected in space, showing an enhancement compared
to the cosmic D/H ratio by a factor of 100 to 1000. The process leading to this
enhancement is known as deuterium fractionation where Hj and HoD™ play a key
role due to the slight difference in zero point energy. In general the exchange of a

hydrogen atom by a deuteron leads to stronger bonding and thus energy is gained.
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2.4. Hy at dissociation

2.4. Hj at dissociation

The rotational and vibrational behavior of Hi and other polyatomic molecules with
low excitation has been investigated extensively using high-resolution spectroscopy
techniques. A general understanding of this behavior is provided by simple models
of nuclei moving on simplified potentials close to the minimum equilibrium state.
The understanding of nuclear motion near dissociation remains very limited for
any polyatomic molecule. In comparison to diatomic systems where the situation is
relatively straight forward, polyatomic systems are much more complicated. In poly-
atomic systems, energy can be stored in non-dissociating vibrational modes resulting
in quasi-bound vibrational states lying above the dissociation limit. Furthermore,
dissociation can lead to atomic as well as molecular fragments that also possess
internal energy. The extraordinary complex and interesting photodissociation spec-
trum recorded by A. Carrington in 1982 was the first spark to enlighten the in depth
investigation of rotation-vibration energy levels at dissociation for polyatomic chem-
ically bound molecules. This investigation has been going on for over 30 years now,
and similar spectra have been obtained for D, HoD*, and DoH*. Till this day
only the behavior with respect to isotopic substitution can be explained by classical

calculations, tempting Eyring to call it “the scandal of modern chemistry” [53].

2.4.1. The Carrington pre-dissociation spectrum

In the 80’s, Carrington and co-workers published an extremely complex photodisso-
ciation spectrum [54, 55, 56, 40]. Approximately 27000 lines were detected within
the 222 cm™! tuning range of the employed laser system. They produced hot H; by
electron-impact ionization, selected these ions with a magnetic mass spectrometer
to overlap them collinearly in an adjacent drift tube with an infra-red line tunable
CW carbon dioxide laser operated with either CO;, or *CO, (see Fig 2.8). By
tuning the ion velocity and therefore tuning the Doppler shift in combination with
parallel and antiparallel alignment of the ion and laser beam, a frequency range
from 872cm™! to 1094 cm™? could be nearly completely covered. The spectra were
detected through the increase in H* fragments induced by photodissociation and
recorded by an electron multiplier after an electrostatic analyzer (ESA). Whereas

1

many of the lines are associated with small energy releases of 10-500cm™", also
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2. Triatomic hydrogen Hy
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Figure 2.8. — Sketch of the Carrington experiment. Adapted from Ref. 55.

protons with more than 3500 cm™! energy were observed, indicating that these lat-
ter transitions originate from transitions between states that lie both well above
the dissociation limit. The lifetimes of the states that could be observed were re-
stricted by the experimental procedure. Only ions with lifetimes above 1 s could get
from the source into the drift tube and the there excited ions fragmenting within
0.7 us could be detected by the ESA. Detailed analysis of measured line profiles
suggests lifetimes of the excited states of up to 20ns, which is rather lengthy for
molecular time scales' [59]. In addition, it was found that more intense transi-
tions correlate with longer lifetimes of the upper state. The high-resolution spectra
show no obvious structure and assignment is probably not possible at all, but when
Carrington and collaborators convolved their high-resolution spectrum to create a
low-resolution one, a coarse-grained structure arose showing four peaks at 876, 928,
978, and 1034 cm™!. This coarse-grained regular feature has attracted many theo-
retical studies since then and the most commonly accepted concept involves a bright
gateway state, a so-called horseshoe state, that is coupled to a bath of other nearby
states [60, 61|. Presently, two recent publications brought up alternatives and addi-

tional states for explanation [62, 63].

2.4.2. Horseshoe states

A comprehensive overview on early attempts to explain the pre-dissociation spec-
trum can be found in a review of J. Tennyson [61|. The initial studies focused
on revealing the nature of the Carrington-spectrum using classical or semi-classical
techniques [64, 65, 66, 67]. One point of origin have been the lifetime restrictions,
in particular the long lifetime of the upper state. Pollak and Schlier [68] as well as

L Application of Rice-Ramsprenger-Kassel-Marcus theory predicts that excited fragments with
excess energy in the 2000-3000 cm ™! range dissociate within 3 ps [57, 58]
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2.4. Hy at dissociation

(a) Typical classical chaotic trajectory (b) Classical trajectory of a stable peri-
odic horseshoe state

Figure 2.9. - Classical trajectory of a bulk (a) and a horseshoe (b) state, taken from
Ref. 72

Drohlshagen et al. [69] recognized that the strong vibrational coupling in the sys-
tem redistributes vibrational excess energy too fast for Feshbach-type resonances to
play a significant role. Therefore, the focus was put on quasi-bound states trapped

behind a rotational barrier, so-called shape resonances [70, 71].

wave functions and energy-level distributions reflect the underlying structure of
the phase space. At high energies, phase space is chaotic and therefore the high-
lying vibrational states are expected to be irregular. Already above the barrier to
linearity, classical trajectory studies on Hy show the system to be highly chaotic [64]
as can be seen in Fig. 2.9a. Berblinger et al. |64] were the first to find small regions
in the phase space that displayed regular features in 2D calculations. The wave
functions of these states do not sample all of the available phase space. Out of these
localized modes, the so-called horseshoe states (see Fig. 2.9b) were the only ones to
be stable also in 3D. Further investigations of Gomez Llorente and Pollak show that
the horseshoe states are stable to rotational excitation with an effective rotational

constant of 2B ~ 60 cm™!.

This rotational spacing reconciles with the spacing of
the peaks in the coarse grained spectrum [67]. Up to this day, this identification
is the most specific one made to the Carrington spectrum. The horseshoe states
were approved in early quantal studies on H; and it was stated that “the existence
and strength of the horseshoe motion is beyond doubt” (|61] p.463). The build-

up of amplitude for wave functions in the region of the horseshoe periodic orbit is
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2. Triatomic hydrogen Hy

known as scarring. Le Sueur et al. [60] computed vibrational band intensities for
HJ from the vibrational ground and some other low lying states to all the other
bound vibrational states. They reveal periodic structures in the transition strengths
(similar to Fig. 5.3) where each peak in intensity corresponds to a horseshoe state.
These results suggest that Hj should have a strong observable rotation-vibration
spectrum in the visible spectral region. Horseshoe states have been predicted for
Ar3|73], Nag, LiCN, and KCN [74]. In fact, no experimental data is available at all
to either confirm or discard the existence of localized horseshoe states. Recently, a
regular progression of vibrational states at the dissociation limit has been detected
for SCCLy. No theoretical calculations exist for this molecule |75, 76].

In the past few years, criticism has arisen commenting on the fact that all studies
so far have used non-dissociative PES, which cannot be expected to give correct be-
havior for either bound or resonance states lying near the dissociation threshold. In
2005, Munro et al. [62] performed calculations on a PES with the correct properties
at dissociation. They found horseshoe states at low to intermediate but not at high
energies. Instead, they predict a new class of so called H"— Hy asymptotic vibra-
tional states near dissociation which are a type of shape resonances. More recently
Silva et al. [63] suggest that also Feshbach-type resonances may play an important

role for the spectrum.

22



3. Calculations on molecules

In 1929, Paul Adrien Maurice Dirac stated:

“The general theory of quantum dynamics is now almost complete |...|
The underlying physical laws necessary for the mathematical theory for
large parts of physics and the whole of chemistry are thus completely
known and the difficulty is only that the exact application of these laws
leads to equations much too complicated to be soluble. It therefore be-
comes desirable that approximate practical methods of applying quan-

tum mechanics should be developed” |77].

Early practical methods for describing small-amplitude vibrations about the equilib-
rium geometry neglect rotation-vibration interaction and provide a qualitative view
by treating vibrational wave functions as products of harmonic oscillators and ro-
tational wave functions by rigid rotor models [78, 79]. Most of the labeling schemes
used today result from that time. This simple picture was quantitatively improved
by using perturbation theory introducing couplings between rotation and vibra-
tion. For large-amplitude vibrations the perturbation theory approach is inadequate
and modern, presently strongly evolving, ab initio methods have to be applied [80].
This chapter gives a general overview on the theoretical treatment of molecules and

presents recent theoretical work on Hj .

3.1. Quantum-mechanical description of molecules

The key to the description of molecular systems is quantum mechanics, specifically

the Schrodinger equation. The most general form of the Schrédinger equation is its
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3. Calculations on molecules

time-dependent formulation given by

L0 ~

- zha\lf = HVU, (3.1)
where h is Planck’s constant h divided by 27, ¥ is the wave function of the system
containing all the information for all times ¢, and H is the Hamilton operator. For
most spectroscopic studies involving the interaction between photons and molecules
no time-dependent details on the molecular states and the transitions between them
are necessary. It is sufficient to calculate the energy levels and the wave functions
of the molecules to determine the possible transition frequencies. Therefore, the

time-independent Schrédinger equation
HU = EV, (3.2)

where the Hamilton operator is given by

ho B 1
H=T+V=—-—" 2_ N 2 " R .
+V 2m;VZ Q;Mkvk+V(r,R), (3.3)

the sum of the kinetic energy of all (IV) electrons and all (K') nuclei and the potential
energy V(7 ﬁ) Electron coordinates are given by small characters 7; and nuclei

coordinates by capital letters Ry. The potential energy is a sum of three terms

V(Fu ﬁ) - VKK + VKe + ‘/ee
K

K N N
62 Zk . Zk/ Zk 1
=22 >t > | (3.4)
) . -
O Lok k=1 Rk k=1 i=1 Ok sy g—y bl
with Rew = Rk = B[, 7= |7 = B, o = 7= 7

the first describing the Coulomb repulsion between the nuclei, the second describing
the attraction of the electrons by the nuclei and the third describing the repulsion
of the electrons among each other. Remembering the words of Dirac, even for the
most simple molecular ion Hy, the Schrodinger equation (3.2) is not exact soluble.
There are two approximate methods to treat real molecules. One approach solves
the Schrodinger equation numerically. The obtained (generally poor) accuracy then

depends on the program and computer power used. The thus obtained results
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3.1. Quantum-mechanical description of molecules

cannot easily be transferred to other problems. The second more elegant way is to
apply physically founded approximations to simplify the molecular model and add

refinements later on.

Considering the large mass difference, an electron roughly being 2000 times lighter
than the proton, it is appropriate to consider the protons moving much slower than
the electrons, so that the electron cloud can be regarded as instantaneously adapting
to a particular nuclei configuration. Treating this approximation by perturbation

theory leads to the following ansatz,
H=Hy+H, Hy=T.+V, H =Tx. (3.5)
The unperturbed Schrodinger equation
Hy - (7, R) = EO(7, R) (3.6)

describes a rigid molecule where the nuclear configuration R is kept fixed. |®¢ (7, B)|?
describes the electron cloud in a particular electronic state |n) with energy Eﬁo)(ﬁ)
for any arbitrary rigid nuclear configuration. The wave functions ¢ (7, R) of Eq.
(3.6) can be chosen to form a complete orthonormal system, so that the wave func-

tions of the complete Schrodinger equation (3.2) can be written as
(7, R) = me ) - ¢ (7, R) (3.7)

Following this ansatz the following set of equations can be derived (see Sec. 2.1.2 in
Ref. 81)

Hy®(7, R) = E°(R)®(7, R), (3.8a)
(H'+ EYE)Xa(B) + Y camXm(B) = Exa(R), (3.8D)
with
c /(I)H’(I) dr—— /(I)*Z afbdr 9 (3.9)
” M; OR, ORy

The two equations (3.8a) and (3.8b) form a coupled system of equations for the

electronic ® and the nuclear y,, wave functions, being equivalent to the Schrodinger
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3. Calculations on molecules

Equation (3.2). The coupling results from the ¢, coefficients that are according to
Eq. (3.9), dependent on the electronic wave functions ® and describe how different

electronic states ®,, and ®,, are coupled by the movement of the nuclei.

3.1.1. Born-Oppenheimer approximation

In the framework of the Born-Oppenheimer (BO) approximation the coupling be-
tween the nuclei and the electrons is completely neglected by setting all ¢,,, to zero,
leading to the picture of nuclei moving in an effective potential generated by the
electronic structure. This potential is the interpolation of energy values, obtained
by solving the electronic problem at various fixed nuclear configurations, through a
real continuous function of the nuclear coordinates, referred to as potential energy
surface (PES). Within the BO approximation the Schrodinger equation leads to two

uncoupled equations

Hy @ (7) = ED o (), (3.10a)
(Tx + EP)xn(R) = Epixni(F) (3.10D)

where E¢ can be regarded as the potential U, in which the nuclei move. The

equations (3.10) form the basis for quantum chemistry.

3.1.2. Adiabatic correction

The BO approximation can be refined by taking the coupling expressed by the
matrix elements c,,, into account. These matrix elements can be split in diagonal
¢nn and non-diagonal ¢, (n # m) parts. The diagonal terms c,,

* / 7 -z
/CDHCI)dr [/ ZMkaRkCDdr

0
IRy

h? PN ?
Com _;2%{ / (aﬁK) dF, (3.12)

(3.11)

can be simplified to
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3.1. Quantum-mechanical description of molecules

depending quadratically on the change of the electronic wave function ®¢ by varia-
tion of the nuclei coordinates. This adiabatic correction is essentially the expectation
value of the kinetic energy of the nuclei, evaluated with the electronic wave func-
tions ®,, that parametrically depend on the nuclear coordinates. Using the diagonal
matrix elements in (3.8b) and neglecting the non-diagonal elements, instead of the

BO approximation Eq. (3.10b), the adiabatic approximation
(H' + U, (R))xn = Exa (3.13)

is obtained. In comparison to the BO approximation the potential in the adiabatic

approximation

U'(R) = EV(R) + 2MK/(§ZZ) (3.14)

contains a mass dependent correction term. This results in slightly different final
PES for different isotopes. In the framework of the adiabatic approximation the

movement of the nuclei does not lead to a mixing of electronic wave functions.

3.1.3. Non-adiabatic effects

In case that the non-diagonal elements c,,, are not negligible, the adiabatic approxi-
mation breaks down. This means that nuclear motion mixes several electronic states.
These non-adiabatic effects cannot simply be taken care of by another additional
correction to the PES. Instead, estimations for non-negligible non-diagonal elements

can be determined using perturbation theory. Equation (3.5) can be written as
H=Hy+Tx =Hy+\-W, (3.15)

H, being the operator of the unperturbed rigid molecule and the perturbation op-
erator describing the kinetic energy of the nuclei. The parameter A < 1 gives the
magnitude of perturbation depending on the ratio (m./M) of electron mass m. to

nuclear mass M. Appropriate perturbation theory leads to

E,=FEY+w,, + +ON) 4 -+, 3.16
0 ; quo) _ E]E,O) ( ) ( )
BO AC " _
nontAC
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3. Calculations on molecules

with
Wiy, = / oL o) g7 (3.17)

providing the coupling between different electronic states. In the perturbation cal-
culation with T as perturbation operator, the unperturbed term equals the BO
approximation, the 1% order perturbation term W,, = c,, equals the adiabatic
correction (AC), and the non-adiabatic effects (non-AC) are described by the 3"
order perturbation term. From the 3¢ term it can be seen that the adiabatic ap-

) E,io) becomes small. For Hy, the presence of

proximation breaks down when quo
the two dissociation channels Hy ('X))+H" and Hj (*X)+H leads to an avoided
crossing between the lowest electronic states of the ' A; symmetry [40], making the
non-adiabatic effects relevant for energetically high lying states.

The available computer power is insufficient to directly take non-adiabatic effects
into account for high accuracy calculations. Even with large advances in compu-
tational power (assuming Moore’s law [82] to be valid for the next decades), these
calculations will still be too complex to be solved. Therefore, theoretical studies

have focused on modeling the non-adiabatic effects as described below.

3.2. HJ as benchmark for theory

Ab initio (first principle) calculations are advancing from qualitative and semi-
quantitative understanding of molecular spectra towards achieving predictive power
with considerable accuracy and confidence. Theoretical spectra are routinely cal-
culated to develop computational methods that can determine accurate PES fur-
ther and to help assigning experimental spectra. The ability to compute large
datasets, far greater than is feasible with experiments, enable the calculations to
move from microscopic spectroscopy to the macroscopic level of modeling the inter-
stellar medium, stellar evolution, the earth’s atmosphere and various other chemical
processes. Therefore, reliable theoretical calculations are essential and must be
tested against experiment when possible.

When a PES has been obtained, the choice of the coordinate system and axes,
in which the nuclear motion Schrédinger equation will be solved, must be made

according to the two criteria: 1) do the wave functions meet the boundary conditions
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3.2. Hi as benchmark for theory

and 2) are the calculations computational efficient. These considerations become
particularly important for the energy regime above the barrier to linearity where H
can sample linear configurations leading to a singularity in kinetic energy operator
Ty. Several coordinate systems have been employed to study the Hi ion. Two
coordinate systems suitable for calculations above the barrier to linearity are Jacobi
coordinates and hyperspherical coordinates. Jacobi coordinates treat the system as
an atom interacting with a diatomic molecule and together with spherical oscillator
functions are able to treat the singularities at linear geometries correctly [35]. Jacobi
coordinates, however, suffer from poor convergence for high J as these coordinates
cannot cover the full D, symmetry of Hi [29, 83]. In contrast, hyperspherical
coordinates together with hyperspherical harmonics perform especially well for linear
geometries. The singularities appearing in the Hamiltonian are treated exactly as
boundary conditions of the hyperspherical harmonics [84, 85, 86, 87|.
Experimental high-resolution spectroscopic data possesses a lot of information on
details of the PES. Unfortunately, it is only possible in the case of simple diatomic
systems to directly derive the PES from observed energy levels. For polyatomic
molecules, the PES must be constructed in an iterative way, as illustrated in Fig.
3.1. The first step is to solve the Schrodinger equation for the electrons (see Eq.
3.8a). This allows for creating a dipole moment surface and the BO part of the
PES. Solving for the motion of the nuclei provides rovibrational energies and rovi-
brational wave functions. The rovibrational energies and the information from the
dipole moment surface together lead to predictions on transition intensities. From
the rovibrational energies, together with appropriate selection rules, transition fre-
quencies are calculated. Experimental data can be used to test the accuracy of
the predicted transition intensity and thereby test the goodness of the rovibrational
wave functions and allow for refinement of the PES. In an analog way, experimental
data can be used to test the calculated transition frequencies and so to probe the
quality of the rovibrational energy levels. A simple approach to increase the pre-
dictive power of the calculations is to apply an empirical correction based on the
deviations between theory and experiment directly on the calculated rovibrational
energies. It is clear that the relatively simple approach is limited in obtaining further
understanding. In 2001, C. M. Lindsay and B. J. McCall [29] performed an extensive
comparison of experimental data with various theoretical calculations including adi-

abatic corrections up to 9000 cm™!. The deviations increasing with higher energies
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Figure 3.1. — Flow diagram for ab initio calculations to predict spectra of polyatomic
molecules. Experimental data on both transition frequencies and intensities can be
used to test the accuracy of the predictions, that means to probe the rovibrational
energies and wave functions. Empirical corrections can be implemented to increase

the accuracy of the predictions.

The experimental data may also be used to test

the refinements on the BO approximation, leading to improved treatments of (non)

adiabatic corrections

30
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are definitely a clear evidence that non-adiabatic have to be taken into account to

reach spectroscopic accuracy.

3.3. Line lists

Nearly all advances made in Hj spectroscopy have so far relied on ab initio cal-
culations that in return have been improved by experimental data. Our search for
transitions in the NIR to VIS spectrum of cold Hj relied on the predictions of A.
Alijah and co. and J. Tennyson and co.|88]. These predictions have been essential
in selecting observable transitions, narrowing down our search, and afterwards as-
signing the measured transition. Below the various line lists that we have used are
described.

3.3.1. Line lists of J. Tennyson and collaborators

J. Tennyson and collaborators provide two valuable sources of information that can
aid our spectroscopic studies on H3 . The first line list dates back to 1996 |88] and is
labeled TEN96. All calculations by J. Tennyson and collaborators are performed in
Jacobi coordinates. Only transitions from the J—1(G=0,1) ground states have been
regarded in this thesis. A follow up publication [89] assigned all spectroscopic quan-

Land J < 9. The traditional spectroscopic quantum

tum numbers up to 9000 cm™
numbers vl,v? for the higher energy region are not given. The data sets do, however,
contain expected transition intensities. This has been of particular importance for
selecting transitions, that we estimated to be observable within our sensitivity limit.
The second line list denoted as TENO9 [90| providing also J,G quantum numbers

and transition intensities, is based on a pure ab initio calculated PES [91].

Ten96

The TEN96 from L. Neale, S. Miller and J. Tennyson was the first comprehensive
line list, containing more than 3 x 10°¢ lines for J < 20, intended for modeling
purposes |88]. The calculation is based on the PES of B. Dinelli et al. [92] which in

principle is an empirically adjusted PES of Frye et al. and thereby includes to some
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extent non-adiabatic effects. Eleven parameters have been optimized to reproduce
the experimental data of 243 Hy energy levels up to 31, and J = 9. The calculated
wave functions and the highly accurate dipole moment surface of Rohse et al. [33]
are used to determine transition intensities. The values provided in this line list
are J', E', J", E", w, Ajs, g where J', E', J" E" are the rotational quantum
number and energy level of the upper and lower state, respectively. The energies
are given relative to the lowest allowed state J =1, G = 1. The symbol w denotes

the transition frequency E' — E”. A;; is the Einstein A coefficient in s}

and g is
the nuclear spin degeneracy factor. For technical reasons according to Ref. 88 the
ortho/para labeling resulting in ¢ = 4 and 2 has to be performed manually. The
authors expect the energy levels to be converged to about 0.05cm™! for energies

below 5000 cm ™! increasing to ~1cm™! around 15000 cm™*.

Ten09

The TENO9 line list is a higher energy extension to the published calculations of
O. L. Polyanski and J. Tennyson in 1999. They use the highly accurate PES of
Cencek et al. [91] which includes adiabatic corrections, shifting the energies by
~ 100cm™!, and relativistic corrections, shifting the energies by ~ 2cm™!'. Non-
adiabatic effects are modeled in a similar way as previously performed for diatomics,
by using different but constant mass for the rotational and the vibrational term.
The predicted transition intensities are similar for both line lists. The deviations
in frequencies between experiment and theory are smaller than in TEN96 for the
energy regime below 9000 cm ™! treated in the original paper. However, the energy
levels that are poorly reproduced within Ten96 are even worse reproduced in this
new line list, specifically above 10000 cm~!. This indicates that the non-adiabatic
effects are still not accounted for in an adequate manner. For a better treatment
either the constant masses must be adjusted further or as stated already by Moss

and Bunker [39], the scaling of the mass should be a function of .

3.3.2. Line lists of A. Alijah and collaborators

In contrast to the calculations of J. Tennyson and collaborators, A. Alijah and

collaborators employ hyperspherical coordinates that are in principle better adapted
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to the Hy molecule. The obtained “hyperspherical states” are characterized by exact
quantum numbers I, J, I'(,,y. Assignments to the traditional spectroscopic quantum
numbers vy, 1/52, J, G are made semi automatically using the algorithm developed
in Ref. 93. This algorithm is based on the symmetry properties of Hf and relies
on recognizing energetic progression patterns. A drawback, so far not solved, is the
fact that in the hyperspherical approach the Hamiltonian does not split into the
traditional rotational and vibrational parts, preventing the use of a mass-scaling
approach such as the one performed by J. Tennyson to account for non-adiabatic
effects. Instead, these effects are handled by a simple empirical correction formula
adjusting the calculated energy values. A. Alijahs line lists are expected to provide
more accurate transition frequencies. No transition intensities are included. We

have employed two different data sets during our search for NIR to VIS transitions.

Ali03 & Alic03.

The Ali03 predictions use the same PES as Ten09 namely that of Cencek et al..
Analysis of the deviations between theoretical calculation on this surface and the
experimental data listed in Ref. 29 reveal large deviations for the different vibra-
tional bands and a rather small shift for rotations. These discrepancies are assumed
to be due to non-adiabatic effects and following the approach from Wolniewicz for

H,, the adjusted rovibrational energy levels can be described by

EW) = B, — b EY —arJ(J + 1) — %62, (3.18)

) is the calcu-

where F; is the calculated value without non-adibatic corrections, Et(0
lated band origin and the numerical values of the coefficients are b, = 1.0123 x 1074,
a; = 2.0436 x 1073 ¢cm ™!, and @3 = —1.3600 x 102 cm ™! [36]. As the non-adiabatic
shifts caused by rotation are about the same in any vibrational band, these effects
cancel out in the calculation of the transition frequency and therefore the even sim-
pler correction formula

E' =FE, — b EY (3.19)

can be applied. In a private communication, A. Alijah provided us with an extension

up to 20000 cm™~! on the calculation from the original paper [36].
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Alil0a

The Alil0Oa line list was produced using the same formalism as for Ali03 but instead
of the Cencek PES the “accurate ab initio based multisheeted double many-body
expansion potential energy surface for the three lowest electronic states of H;” by
L. P. Viegas, A. Alijah, et al. [94] has been used. This is an accurate global PES
that should be adequate for studying non-adiabatic effects.
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4. The 22-pole trap setup

This chapter describes the 22-pole trap setup and the utilized laser systems. The
first near-infrared (NIR) measurements were performed in the experimental setup
as specified here. For later measurements on visible (VIS) transitions, modifications
were implemented to increase the sensitivity of our spectroscopy method. These
modifications are described later in Chap. 6, preceded by an explanation of the
measurement, procedures in Chap. 5, which treats the limiting factors of the sensi-
tivity. Below, the individual elements of the trap setup are presented, followed by
a description of the laser systems and their implementation into the spectroscopy

procedure.

4.1. Overview

A variety of 22-pole traps are being operated worldwide. The range of applications
vary from collisions with small molecules to photodissociation of large biomolecules.
This includes the investigation of ion-neutral collisions particularly at low, astro-
physically relevant, temperatures to measure rate coefficients, reaction barriers,
branching ratios, and to study cluster formation [95, 96|. Studies on photode-
tachment of anions as well as associative detachment in 22-pole traps have been
presented [97| and, recently, spectroscopy and the investigation of dissociation dy-
namics of cold biomolecular ions have been reported [98, 99|. The 22-pole trap
setup that is used for the experiment presented here, was initially build at the
Max-Planck Institut fiir Kernphysik to investigate the temperature dependent dis-
sociative recombination of H with electrons in the storage ring TSR [100]. Besides
its application as a temperature-variable ion source for the storage ring, it can be
operated as a stand-alone device, as presented in this thesis, to perform spectro-

scopic experiments [100, 101, 102]. The setup is shown in Fig. (4.1) and consists of
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Figure 4.1. — Original scheme of the 22-pole trap setup: The H;{ ions are produced
in the storage ion source (I), guided with the 15! quadrupole (II) into the 22-pole trap
(III), and are there laser excited. Mass selected (IV) ions are counted with the Daly-
type detection system (V) consisting of an Al-converter (Va), an Al-covered plastic
scintillator (Vb), and a single photon counting PMT (Vc).

five main parts, namely
I. the radio-frequency storage ion source {103, 104],
II. the 1°¢ linear quadrupole, operated as an ion guide,
III. the 22-pole trap mounted on a cold head,
IV. the 2" linear quadrupole, operated as a mass filter,

V. and the Daly-type detection system.

I. Radio-frequency storage ion source

The Hj ions are produced in a rf storage ion source (15.9 MHz, 37V,,)(see Fig. 4.1)
whose geometry is optimized to lengthen the residence time of the ions inside the
source as long as possible [105|. This allows for radiative and collisional relaxation

processes down to the source temperature of around ~ 400-500 K, leading to a
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4.1. Overview

Sapphire Isolator

(a) (b)

Figure 4.2. — The design of the 22-pole trap at the Max-Planck-Institut fiir Kern-
physik.

smaller energy spread compared to traditional discharge sources. In addition, lower
extraction voltages (—0.5V) can be used to guarantee a good ion capture of the
22-pole trap. The formation of Hj is a two-step process. First, Hj is formed via
electron-impact ionization from a tunable rhenium filament and then the subsequent
reaction

Hy+ Hf — Hy + H+1.6¢eV (4.1)

forms Hf . These HJ ions are to a greater or lesser extent excited depending on the
H, pressure inside the ion source and the dwell time. The experiments are performed
in a pulsed mode and therefore confinement and ejection of H3 ions is controlled by

applying a positive or negative voltage on the source exit electrode.

Il. First quadrupole

A short (90mm) linear quadrupole (9.4 MHz, 38V,,) is fixed directly after the ion
source. This small quadrupole with an inner radius of 4.3 mm and a length of 90 mm,
guides the ions from the source to the ion trap. The quadrupole is operated in rf-
only mode. This indirect connection between the source and the trap is preferential,
because it reduces the leaking of neutral Hy from the source into the trap by roughly

a factor of four.
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4. The 22-pole trap setup

I1l. Cryogenic 22-pole trap

The heart of the setup is a cryogenic 22-pole rf trap (see Figs. 4.1 and Fig. 4.2)
embedded in a massive copper housing mounted on the second stage of a cold head
(Leybold Coolpower 2/10). The cold head can reach temperatures down to 10 K and
has a cooling power of 2W at 10 K. An aluminum shield is attached to the first stage
of the cold head at 40 K and encloses the copper housing. This shield protects the
trap from undesired heating by the surrounding 300 K blackbody radiation. Two gas-
lines guided along the Al shield end in the bottom copper plate providing a constant
flux of cold Ar and He gas. In order to perform experiments at temperatures higher
than 10 K, where most gases freeze out, two capton heating foils are mounted below
the copper ground plate allowing for temperature variations between 10-100 K.
Two Si diodes (type Lakeshore DT-470-CU-11A) are attached on opposite sides of
the copper housing and monitor the temperature. The details of 22-pole traps are
extensively described in literature [95, 106] and hence only a brief summary is given
here. The trap consists of 22 surgeon steel rods alternatingly planted into the copper
side plates. An appropriate rf voltage (19 MHz, 44V,,) applied to the two side plates
result into an effective cylindrical potential similar to that of a classical Paul trap.
The essential difference is a much steeper, nearly box-like radial potential with a
wide effective-field free region increased by the multipole, minimizing the effect of
rf heating. For axial confinement, a positive voltage is applied to two cylindrical dc
electrodes encased by ceramic isolators (see Fig. 4.2b). The HJ ions are cooled with
He buffer gas, which couples the internal degrees of freedom of the injected ions to
the cold environment. In the present experiments, the trap was operated at 60 K to

prevent the Ar gas from freezing to the trap walls and housing.

IV. Second quadrupole

The second rf quadrupole is operated in mass-selective mode. A commercial EX-
TREL 150 QC power supply is used to drive the quadrupole and provides a fixed
frequency of 1.2 MHz and a resolution of 2000 for a mass-to-charge ratio of 500. By
changing simultaneously the amplitude of the ac and dc voltage, keeping the ratio
Viae/Vae constant, the desired ion masses can be selected and guided to the detection

system.
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4.2. Laser systems

V. Daly-type detection system

The Daly detection system consists of an Al stamp, a scintillator, and a photomul-
tiplier tube (PMT)(see Fig. 4.1V). The stamp is at a potential of —28kV to attract
the cations (Va). About 3-4 secondary electrons are emitted per impinging ion and
accelerated in the same high-voltage field onto a grounded aluminum coated plastic
scintillator (Vb) on the opposite site. There the electrons are converted into pho-
tons that are detected by a PMT (Hamamatsu R4124) placed outside the vacuum
chamber (Vc). The PMT is the most sensitive to 420nm (23810 cm™?) light (~
11.5% quantum efficiency), the quantum efficiency decreasing towards shorter and
longer wavelengths. For VIS light at 600 nm (16667 cm™') the quantum efficiency is
still 3%. Therefore an optical filter, blocking 520—680nm (14706—19231 cm™!) is
placed in front of the PMT. In the near infrared NIR region (close to the visible) the
quantum efficiency dropped below 0.05%. For all presented measurements, no opti-
cal filter is applied in the NIR. The design of the detection system is robust against
degradation from successive ventings and provides near-unity detection efficiency
without any mass dependency. As none of the components of the Daly detector lie

on the central axis of the setup, laser beams can pass the 22-pole trap setup.

4.2. Laser systems

Three different laser systems have been used to cover the large frequency range of
the spectroscopy measurements (see Tab. 4.1). An in-house constructed tunable
NIR diode laser system covers the range for the 3vy overtone band of Hi. The NIR
to VIS Ti:sapphire laser systems, with either long- (LW), mid- (MW), or short-wave
(SW) mirror sets, enables detection of vibrational states involving four to six vi-
brational quanta v; + v, = 4,5,6. The Dye laser system and respective dyes offers
probing of energy levels with up to nine vibrational quanta. The Ti:sapphire and
Dye lasers were pumped with either a Spectra Physics Millenia 10 W or a Coherent
Verdi v10 10 W laser, which are both frequency doubled Nd:YVOy lasers at 532 nm.
The wavelength of the laser light entering the trap setup is recorded by either an
EXFO WA-1500 wavemeter (Michelson type interferometer) or a HighFinesse WS7

wavemeter (Fizeau type). Both wavemeters are calibrated by Doppler-free Li spec-
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4. The 22-pole trap setup

Table 4.1. — The laser systems used in the here presented spectroscopy measurements.
The Ti:sapphire (TiSa) laser is operated with three different mirror sets denoted as
long wave (LW), mid wave (MW), and short wave (SW). The dye laser is operated
with two different dyes, DCM and Rhodamine B.

laser system spectral range scan range typical output power
(cm™1) (cm™1) (mW)

IR-diode! 7100 — 7245 0.3 10— 13
Ti:sapphire? (LW) 10101 — 11494 1.0/3.0 200 — 300
Ti:sapphire? (MW) 11494 — 12821  1.0/3.0 800 — 1100
Ti:sapphire? (SW) 12821 — 14286 1.0/3.0 600 — 800

Dye (DCM)? 15015 — 16 268 1.0 650 — 850

Dye (Rhod. B)* 16155 — 17123 1.0 450 — 650

! Toptica LD-1400-0020-AR-1

2 Coherent 899 (1.0cm™!) or Coherent MBR ring laser (3.0 cm™!)
3 CAS number 51325-91-8

* CAS number 81-88-9

troscopy (°Li Dy line, 225;/5 — 22P35, 14903.633cm ™! |107]) on a regular basis,

resulting in an absolute uncertainty of 0.005c¢cm™~! for all measured transitions.

4.2.1. Alignment

The laser alignment is of great importance, specifically for the determination of the
transition intensity (see Chap. 8). A schematic representation of the lasers, laser
path, optics, and the trap is given in Fig. 4.3. For a diode laser measurement, the
mirror M1 (mounted on a flip mount) is moved out of the beam path and the A\/4
and \/2 wave plate as well as the polarizing beam splitter (PBS) are removed from
the setup and the beam is blocked at the exit window of the 22-pole trap setup. For
measurements with the diode laser the laser beam passes the trap only once.

The Dye and accordingly the Ti:sapphire laser are located in an adjacent room,
the total length of the laser path from the laser systems to M1 being about 7.5m. A
lens and a telescope shape a parallel beam of about 3 mm in diameter. For the Dye
and the Ti:sapphire laser, multiple crossings of the 22-pole trap setup are arranged.
The multiple passings increase the available laser output power by a factor of two

(see Tab. 4.2). To pass the trap four times, a A/2 wave plate and an adjacent PBS
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Figure 4.3. — Laser path alignment. The Dye and the Ti:sapphire laser are located
in an adjacent room indicated by the black dashed line. The total distance of the laser
path for any of these laser systems up to M1 is about 7.5m

Table 4.2. — The estimated laser power available inside the 22-pole trap.

optical element transmission # of passings relative power
mirror 0.98 1 0.72
A/2 0.92 2 0.56
A/4 0.98 3 0.38
PBS 0.95 4 0.30
window 0.91 sum 1.95
(a) Measured transmission for (b) Laser power per trap passing
the given optical elements. relative to the total laser output
power.

let a defined polarization pass the trap the first time. After the trap, the laser-
beam polarization is effectively rotated by 90° by a A/4 wave plate, which is passed
before and after the reflection on M1, respectively. The now back-traveling beam is
directed from the PBS onto mirror M2, there reflected and then passes for a third
time through the trap setup. The anew double passing of the \/4 wave plate changes
the polarization again by 90° and so the second back-traveling beam passes the PBS
towards the periscope. In case of only passing the trap twice, the A/2 and \/4
wave plates as well as the PBS are removed and the laser beam is simply reflected
at mirror M1. All backtraveling laser beams from multiple passing are dumped on
iris I5, horizontally right to the pinhole. The laser-beam path through the trap is
fixed for all measurements by two fluorescing alignment discs (FAD) with a hole of

1.5mm in diameter and two irises (1-20 mm), one of each placed on either side of
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4. The 22-pole trap setup

the 22-pole trap setup. During a transition intensity measurement (see Chap. 5),
both FADs are flipped out and the irises are set to 2.5mm in diameter to increase
the overlap between the laser and the ions. The irises are not fully opened to ensure
for all laser systems that always the exact same volume of the trap is passed by the
laser-beam. For a line search and frequency determination, the irises are opened

completely to maximize the available laser power.

Laser monitoring

The measurement procedure (see Chap. 5) requires the laser to be blocked from
entering the trap most of the time (about 80% of the duty cycle there is no laser
interaction). Therefore a mechanical shutter is positioned between the applied laser
system and the 22-pole trap. The typical laser interaction time 77;7 is ~100 ms.
This is too short to perform a laser-power measurement after passing the trap.
Instead, a beam sampler diverts about 1-5% of the beam right after each laser
system. This beam sample is further divided by a beam splitter, one part is fed
into the wavemeter via a fiber, the other part is focussed onto the power meter.
This means that only a fraction of the laser power is recorded. Normalization of
this fraction is performed. Before and after each spectroscopy measurement, the
laser power is calibrated at a fixed laser wavelength and at several positions before
and after the 22-pole trap setup. The laser power is monitored by a Coherent
FieldMaster-GS power meter . Figure 4.4 left frame shows a typical laser frequency
recording of the Dye laser illustrating the stability of the frequency scan covering
multiple trap fillings. Adjacent, in the right frame, the corresponding laser-power
recording is given. A run is defined as scanning the laser with particular frequency
steps over the pre-selected wavelength range in any direction. As can be seen the
laser power is dependent on the laser frequency and, in case of the Dye laser, a decay
of the output power with time is clearly visible. The output power of the diode laser
and the Ti:sapphire laser depend also on the set frequency but stay nearly constant

over time.

LOphir thermic sensor 3A-FS ,Coherent optical sensor LM-2-IR,
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Figure 4.4. — Dye laser characteristics: On the left, the laser frequency vs. trap
fillings is shown. Omne scan of the chosen frequency range, either up (red) or down
(blue), is referred to as a run. On the right, the monitored laser power for the same
measurement is depicted. The output power of the Dye laser is steadily decreasing
with operation time. In the first few days of operation, it decreases about 10 mW per
day. After 4-5 days, 20mW can be lost within a few hours.
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5. Chemical probing spectroscopy

As explained in Part 1., the only accessible spectroscopic signature of Hi is its
comparatively weak vibrational spectrum. This chapter explains in detail the ex-
perimental procedure used to reveal the weakest rovibrational transitions of Hj

measured so far.

5.1. Chemical probing

Most previous spectroscopic studies on Hj used conventional absorption spectroscopy
in plasma discharge tubes. Appendix B gives an overview on the previous and cur-
rent Hi spectroscopy experiments. Even with long optical path lengths, high H
number densities, and elaborate lock-in techniques, the absorption spectroscopy,
as stated in two recent papers of Oka and co-authors [30, 31|, seems to have
reached its sensitivity limit for transitions having an Einstein By, coefficient of
~ 10'® cm3J~!s72. This sensitivity limit restricts the investigation of energy levels to
below 14000 cm™!. Plasma discharge tube experiments produce a broad distribution
of rovibrational excited H3 ions. This allows for measuring hot band transitions.
However, the respective rovibrational populations are low and it is next to impossi-
ble to assign all energetically high-lying transitions from a hot discharge experiment,
where a variety of lower states has to be considered. To facilitate the assignment in
the higher energy regime, the study of overtone transitions with a restricted number
of lower (higher populated) rotational starting states is crucial.

Here, laser-induced reactions (LIR) are used to pave the way to energy levels above
the 14000 cm ™! above the ground state. LIR or chemical probing spectroscopy in an
ion trap was first presented by S. Schlemmer et al. |108]. LIR represent a method of
action spectroscopy where the laser interaction with trapped ions leads to changes in

the chemical composition of the ion cloud. The technique relies on a well-defined cold
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5. Chemical probing spectroscopy

Table 5.1. — Typical pressures and densities of the different gases present inside the
22-pole trap setup.

Source Trap
Gas | Pressure [mbar| Density [em™ | | Pressure [mbar] Density [cm™ |
No <5.0-107° ~1.2-10% <2.7-107° ~2.3-10°
Hy 3.4-1075 ~8.1-10 2.0-1078 ~ 1.7-10"
Ar 9.6-107° ~2.3-108 1.5-107° ~ 1.3-101
He 3.0-107¢ ~7.1-10% 3.1-1073 ~2.7-10%

ion ensemble, which is unaffected by the probe gas. When ions are (laser) excited,
they will react, leading to different-mass ions. After laser interaction, the extracted
ions are mass selected and recorded by single ion counting detectors, giving rise to
high sensitivity. As HJ is a nearly universal proton donor (see Sec. 2.3), one of the
exceptions from Tab. 2.2 has to be used as reactant partner to probe excited H3 only.
The measurements presented in this thesis were performed using the endothermic

reaction

H + Ar +» ArH" + Hy — 0.55¢eV (5.1)

to detect laser-excited Hj .

Figure 5.1 depicts a special representation of the Hf PES, where two H-H bonds
are forced to be equal, while varied in length to give the minimum energy for a given
angle 6 between them. As can be seen from this figure, H ions in the vibrational
ground state cannot react with Ar. In total, two or more vibrational quanta (v; +
vy > 2) are needed to enable the formation of ArH' ions. These ArH" ions are

single counted, making spectroscopy on only a few hundred Hj ions possible [101].

5.2. Measurement procedure

For all measurements, the trap is kept at a nominal temperature of 60 K to prevent
the Ar reactant gas to freeze out on the cold trap enclosure. At this temperature,
the residual gas pressure, dominated by N, is 2.7 x 10~ mbar, corresponding to a
particle density of ~ 2.3 x 10?cm™ (see Tab. 5.1). The proton transfer reaction
with Ny governs the lifetime of H3, which is around 2 — 3 seconds. Ar and He are

continuously fed into the trap. The argon number density is chosen in such a way
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Figure 5.1. — Special representation of the H; potential energy surface [33]. Two H-H
bond lengths are set to be equal and varied in length to find the minimum energy for
a given angle # between them. The barrier to linearity at around 10000 cm~! as well
as the dissociation energy for the Hy +H™T channel at around 35000 cm ™! are depicted
by dash-dotted lines. Energetic thresholds for different probe gases are depicted by
dashed lines. H; band origins are labeled according to the number of quanta in the
symmetric stretch (degenerate antisymmetric) v (v2) mode [6]. The energy levels are
given at arbitrary angles and illustrate the widening angle with increasing bending
excitation.

that essentially all excited Hj ions meet an Ar before they are cooled down below
the Ar reaction barrier (4436 cm™') by the He buffer gas. In fact, the Ar most likely
reacts with a particular laser-excited state of the Hj ion as the time constant for
Ar-Hj collisions is shorter than the lifetime of the laser excited states (see App. E).
The He pressure is set sufficiently high to quickly achieve thermalized translational
cooling as well as cooling of the internal excitation of the trapped Hj ions. H,
from the ion source is permanently leaking into the trap and therefore restricting
the pressure that may be used in the source. The residual Hy pressure inside the

trap determines the ArH™ lifetime according to Eq. (5.1), which has an optimum
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Figure 5.2. — Timing of a single trap filling at a specific laser frequency. The typical
number of ArH™ ions for a trap filling is shown schematically as a function of time
after injection during a storage cycle (phase II). Preceding phase I, the desired laser
wavelength is set and the actual wavelength and laser power are recorded. This takes
about 600 ms and is therefore only repeated every 150 trap fillings (adjusted once in
a minute). About 60 % of the produced H;{ are internally highly excited so that they
immediatly form ArH'. After 200ms of storage, the average amount of ArH™ ions,
reacting back to H;{, has decayed to a small number and the laser is turned on for
about 100 ms.

3. Long ArH" lifetimes increase

around ~25 ms corresponding to 1.7 x10? Hy/cm
the signal and therefore the sensitivity. The source, however, produces excited Hy
and before cooling, about 60% immediatly react to ArH', producing a non-laser
induced background. A sufficiently low ArHT lifetime is therefore needed to allow
for a fast decay (by back reaction) of this background, requiring an adequate Hy

trap pressure.

A typical trap filling is illustrated in Fig. 5.2. First the hot H; ions from the
source are loaded into the 22-pole trap. Only a few ms are necessary to cool the

Hy ions to the lowest rotational states of the vibrational ground state but 200 ms
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Table 5.2. — Measurements performed for each laser-frequency step within a frequency
run. First, the number of H?{ is determined 10 times followed by the background
measurement of ArH' (no laser). Then the ArH' is measured with laser and the
whole procedure is repeated five times.

Trap fillings Mass filter setting Laser

1-10 o off
11-20 ArHT off
21-30 ArH™ on
31-40 H off
141-150 ArHT on

are needed to allow the ArH™ background to decay to a level of typically 3-4 ions.
Afterwards the laser interaction lasts for 100 ms to establish an equilibrium between
laser excitation and decay. Directly after the laser interaction time 7,77, the ions
are released, mass selected, and focused on the Daly type detection system where
the single ions are counted. At each laser-frequency step within a frequency run,
150 trap fillings are completed (lasting ~1min) to successively count the Hj and
the ArH™ ion number with and without laser interaction (see Tab. 5.2).

The ArH™ count number is expected to be as small as 107! on average since we
are searching for transitions as weak as By, ~ 10%cm3J~'s™2. The H; number is
orders of magnitude larger and maximized to attain the best signal-to-noise (S/N)
ratio within the count range of the detection system. Here, the S/N ratio is defined
as the number of laser-induced ArH™ ions over the non-laser induced ions plus false

counts due to ambient laser photons. Three distinct experimental schemes are used.

Scheme 1.: Line search

In the search for new transitions, a constant number of 10° Hj ions are stored
and cooled in the trap. The large amount of HJ ions enhances the ArH™ signal,
but saturates the detection system. For the line search, the saturation is of no
importance as the constant ion number eliminates the need to count the actual
number of H3 ions. In practice, the HJ ion number is recorded to verify that it is

steady. To minimize the search time, coarse laser frequency steps of ~0.010 cm™?
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5. Chemical probing spectroscopy

are used. The speed of this scheme is faster than schemes 2 and 3 (explained next)
by a factor of roughly 3. This step width ensures several measurement points to fall
within the expected Doppler broadened line profile of the transition. The available
laser output power is maximized by four passings through the trap setup as described
in Sec. 4.2.1, Tab. 4.2. The rough scan for lines allow for ~1cm™! to be covered a

day.

Scheme 2.: Precise transition frequencies

Once a line is found, the precise transition frequency has to be determined. There-
fore, finer laser frequency steps of 0.003 cm ™! are used. Again, four passings through
the 22-pole trap as well as a large number of HJ ions is employed. A transition fre-
quency measurement takes typically 15 hours to reach good statistics. Precise tran-
sition frequencies (relative 0.001cm™!, absolute 0.005cm™!) are derived as center

frequencies of Gaussian fits of the Doppler broadened line profiles.

Scheme 3.: Transition intensities

To determine the line intensities and to derive Einstein By, coefficients, extra care is
taken to keep the experimental conditions constant, e.g., the pressure, lifetimes, and
temperature. All parameters are carefully monitored. A single laser pass is used
to accurately ascertain the laser power involved and fix the laser-ion-interaction
region. The amount of Hj ions is reduced to 10%, preventing saturation of the
detection system and correctly count the Hf number. As the overlap of the laser
beam with the ions is unknown, only relative intensities can be measured. Absolute
normalization is achieved by normalizing to a reference line which is measured before

and after each line-intensity measurement.

5.3. Sensitivity estimation

In the search for unmeasured predicted transitions, it is crucial to estimate the detec-
tion sensitivity of the chemical probing technique to select the expected observable

transitions. The signal strength is given by the amount of laser-induced ArH™ ions.
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5.3. Sensitivity estimation

The formation rate, k() (v), of ArtH" per HJ ion for a transition with frequency

v can be expressed by the following equation,

ko (ve) = /f(J,G)(V — 1) B p(v — vp)dv, (5.2)

where f(;c) (v — 1p) denotes the fraction of the H3 ions that resonantly interacts
with the laser (center frequency vy, spectral energy density p(v—rvy)). The coupling
strength of these ions to the laser field is given by the Einstein B,, coefficient. The
fraction f(jq)(v — 1) itself depends on the geometrical overlap between the ion
distribution inside the trap and the laser beam. This overlap is unknown, but from
the ratio of the laser cross-section and the trap cross-section can be estimated to
be Ap/Aiap = 5%. It is essential for relative normalization to retain the same
overlap for all measurements by careful alignment of the laser beam (see Sec. 4.2.1),
especially when considering the ion distribution inside the trap due to space charge
effects and the influence of the trap end electrodes [109]. The interacting Hy fraction
is also dependent on the population of the initial rotational states p(;q) and, due to

the Doppler effect, also on the laser frequency. Thus fi; ) (v — o) looks like

—(V— ag A
fua (v —1)=puaCe (v—r0)*/20%, At—L (5.3)
rap

with the normalization constant C' = \/mc2/27rk:BTl/§. The Doppler width, op, can
be described by the standard deviation
kgT

=4/ = 0.4
0D mc2V0 (5.4)

and reveals, due to the negligible laser line width, the translational temperature of
the ions. This means that the spectral energy density p(v—vy) can be approximated
by a d-function times the energy density P /Apc, with P, denoting the laser power.
Equation 5.2 can thus be simplified to

Pua) Blu PL Cve—(yL—IJO)/ZU%j

2.9
Atrap c ( )

ke =

It should be noted here, that the formation rate is independent of the laser band-

width, since at lower bandwidth less ions are addressed within the Doppler profile
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but with higher spectral intensity. The number of ArH™ ions that are formed can

be given by the following differential equation

dN 4, 1
DiVArHT k() (VL) Ny —

Narp+ (5.6)

drpr TArH+

where (k(s,c) (VL) Np+) is the formation rate of ArH" from Hy and where the term

(T L " N 4.+ ) describes the back reaction rate given in Eq. 5.1 with a time constant
ArH

Tar+. The solution of this equation gives the total amount of ArH™ ions that are

formed within a given laser interaction time 77;7. When the number of H;{ ions is

assumed to be constant during the 7777, the total amount of ArH™ ions is given by,

Nart+ = Ny koey(ve)Tarn+ (1 — e~ LT Tarnt ), N+ = const. (5.7)

_TLIT/TH;-

Assuming a simple, time-dependence of the Hj ions, NH; = Nye , the total

amount of ArH™ ions is given by

+
LT (Tar g+ —THZ ) /(T4 Tprpr+) -
THy TArH+ kN - (6 " HY ATHTD 1) L e TLIT Tarmt

Nprpg+ = — (5.8)

TArH+ — TH;‘
with Ny indicating the number of HJ ions at the start of the laser interaction and
Ty} indicating the Hy lifetime. For HJ lifetimes above 2s, the time dependence of
the HJ is negligible as demonstrated in Ref. 102, p. 54. The Einstein By, coefficients
enabling a pre-selection of expected observable transitions are obtained from theory.
The calculations TEN96 and TENO7 (see Chap. 3) provide for all transitions Einstein
A, coefficients for spontaneous decay. In the case of LIR experiments, the coefficient
for laser absorption, the Einstein By, coefficient, is the crucial quantity. B;, can be

obtained through
o Gu CSAul

~ g 8Thud’
where g, and g; denote the rotational degeneracies ¢ = 2J + 1 of the upper and

By, (5.9)

lower states. Figure 5.3 shows the Einstein By, coefficients according to Ten96 for
transitions starting from the two lowest rotational states (J—1, G=0,1) of the vibra-
tional ground state. The red solid line indicates the expected detection sensitivity

of the setup as follows from Eq. 5.7 assuming 0.6 W of laser power and 10000 Hy
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5.3. Sensitivity estimation
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Figure 5.3. — Sensitivity estimation: Einstein By, coefficients from TEN96 [88] vs
transition frequency. All transitions start from the vibrational ground state (J=1,G=0
or 1). The red solid line shows the expected sensitivity of our setup. The green
filled circles indicate above the barrier to linearity transitions with higher transition
intensity compared to the surrounding bulk states. Below the barrier to linearity these
transitions are marked by filled grey circles.
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5. Chemical probing spectroscopy

ions. The minimum amount of laser-excited ArH™ necessary for measuring a transi-
tion line profile depends on the particular settings of the experimental setup (ArH™
background level) and measurement of interest and the measurement scheme used.
In case of a line search, a S/N ratio of ~1.125 is necessary. For precise frequency or
intensity determination, a S/Na21.05 is sufficient. Assuming standard conditions of
the experimental setup (~ 3-4 ArH™ background ions), a signal of about 0.5 ArH™
ions on average per trap filling are needed for the line search. As can be seen from
Fig. 5.3, the current sensitivity limit should allow for observations of bulk states up
to ~ 18000 cm~! and horseshoe states up to ~ 20000 cm~! should be observable.
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6. Modifications on the 22 pole
trap setup

This chapter treats the modifications on the experimental setup to render the mea-
surements described in Chap. 7 and Chap. 8 possible. Below, first, the re-design of
the 22-pole trap entrance- and exit electrodes is reported. Afterwards, an additional
vacuum chamber for differential pumping that was installed between the ion source
and the 22-pole trap is described. This includes the design of a bent rf quadrupole.
Finally, the implementation of a slow extraction scheme for the HJ ions is presented,
which allows for the large dynamic count range required for measuring the number

of Hf and ArH™ ions with the same detection system.

6.1. The entrance and exit electrodes of the trap

In the setup of the 22-pole trap described in Chap. 4, the end electrodes, used for
confining the ions axially, consist of stainless steel tubes, 14 mm in length, 6.2 mm
in diameter (see Fig. 6.1). They pass through the trap side plates (thickness 4 mm)
protruding 4.5 mm inside the 22-pole trap and 6 mm outside. A ceramic tube (outer
diameter 7.8 mm) is encasing the end electrodes to isolate them against the rf voltage
applied to the side plates. No special dedicated mounting, fixing the electrode to
the side plate, was foreseen. Two thin (0.4mm in diameter) silver coated copper
wires, connected to the electrode, deliver the selected voltage and are at the same
time the fixing mechanism for the electrode. A Teflon plate is mounted onto the
side plate on the outer side to prevent a shortcut between the silver coated copper
wires and the trap side plates.

During the first NIR measurements above the barrier to linearity [32], strange fluc-

tuations extending over many trap fillings occurred from time to time, even though
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22-pole trap wires
side plate for voltage supply
& and fixing
(a) Picture of the old electrode. (b) Technical drawing of the old electrode
design.

Figure 6.1. — The design of the old end electrodes used for the NIR measurements
presented in this thesis.

700 700
600 600
500 500 -
400 400
300 - 300 -
200 - i 200 - ~1h R
- ld
100 | 100 -
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
1 5001 10001 1 5001 10001
# trap filling #trap filling
(a) The recorded HJ ion number with the (b) The recorded H7 ion number with the
original trap electrodes. new trap electrodes.

Figure 6.2. — Number of H;)r ions vs. trap fillings as detected by the single-ion
counting system (see Sec. 4.1).
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6.1. The entrance and exit electrodes of the trap
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(a) Picture of the new electrode with their (b) Technical drawing of the new
mounting. electrode design.

Figure 6.3. — The design of the new end electrodes used for the NIR to VIS mea-
surements presented in this thesis.

experimental parameters were kept constant (see Fig. 6.2a). Remember that 150
trap fillings are needed for each single measurement point at a particular frequency
(see Sec. 5.2). The fluctuations often occurred after several days of operation and
were ascribed to charging up of mainly Ar-ice that might have been build up on any
cold surface. The ceramic material was also suspected to be part of the problem. As
the problem occasionally also occurred immediately after cooling down the 22-pole
trap, another cause, either by itself or additionally, must be responsible. Careful
inspection revealed that both end electrodes; the entrance and exit electrodes, had
slightly moved from their initial position (1-2mm). This motion can be caused by
the vibrations of the cold head, where the trap is mounted on.

To solve this problem, new end electrodes have been designed. A photograph and
the layout are shown in Fig. 6.3. The ceramic parts are located such that neither the
ion beam nor the ions inside the trap can reach the ceramics, avoiding any possible
charging effects. The new electrodes are split in an inner part passing the trap side
plate and protruding inside the 22-pole trap and an outer part pointing outwards.
Mounting of the electrode is done with 4 screws fixing the electrode directly onto

the side plate. This anchorage allows for omitting the isolation between the inner
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6. Modifications on the 22 pole trap setup

electrode and the duct of the trap side wall. Thin (0.5mm) sapphire plates are
utilized to isolate the inner electrode against the side plate and the outer electrode
against the inner. The thermal conductivity s of sapphire (k=10 Wem™'K™!) is
comparable to that of copper and more than one order of magnitude higher than
that of a typical ceramic like Al;O3 (850 mWem K ™1) [110]. Therefore, in contrast
to the old electrodes, the new end electrodes are thermically well coupled to the
copper trap housing.

The new end electrodes have led to fairly constant trap fillings, as can be observed
in Fig. 6.2b. The few runaway values (<1%) where only about half the mean amount
of ions is detected are negligible for the results of the measurements. Constant

operation for more than 10 days has been successfully achieved.

6.2. Slow ion extraction

In Chap. 5 the need for a high dynamic range of the ion detection system is men-
tioned. The 22-pole trap is, in principle, able to store up to a few millions of Hy ions.
This was was demonstrated for operation at the storage ring TSR [111, 112|. For
the first NIR spectroscopy experiments with the 22-pole trap setup, where single-ion
counting is required, about 300 Hj ions could be used. When planning to extend
the spectroscopy of Hy into the visible spectral region, detection limit estimations
(see Sec. 5.3) showed that much more H ions are needed. For the line search up to
18000 cm ™! at least 10000 HJ ions are required. The expected corresponding ArH™
signal is less than one on average. Therefore, a high dynamic detection system is
required.

In previous trap experiments |32, 101], a fast extraction scheme was used. The ions
were released by switching the exit electrode from a positive (+2V) to a negative
(—8V) voltage, releasing all stored HJ ions at once and, creating an H3 pulse train
of ~40 us (see Fig. 6.4a). This fast extraction limits the amount of HJ ions that
can be counted without saturating the detection system to a few hundred. Faster
electronics and detectors can offer some enhancement, however, 10* timely equally
distributed incoming ions within 40 us already require a 250 MHz detection system.
As the time between the impact of each single ion is not constant, an even higher

count rate is required easily exceeding the MHz region. Ideas on using two different
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Figure 6.4. — Comparison between the fast and slow ion extraction schemes of the
22-pole trap.

detectors, one single-ion counting for the ArH™ measurement, and one integrating

detector for the Hi measurement were dismissed due to implementation difficulties.

A simpler and elegant solution is to lower the ion count rate for Hj at the detector
by lengthening the extracted ion-pulse train. A voltage ramp is applied to the inner
exit electrode spreading the ion-pulse from 40 ps to 0.5 — 1 ms, reducing the count
rate to below 20 MHz for 10% ions. Figure 6.4b illustrates the pulse-train lengthening
in the case of 10* ions. The voltage ramp may be adapted for any ion number or
desired pulse length. By choosing the appropriate drop off voltage (0V in Fig.
6.4b) the initial delay until the first ions arrive at the detector can be minimized to
~10us. Detailed studies on the extraction ramp are given in Ref. 113. The proof of
principle for this slow extraction scheme is demonstrated in Fig. 6.5. In this figure,
the laser-induced ArH™ signal is plotted against the number of stored Hj ions as
counted by the respective extraction schemes. In Fig. 6.5a, the amounts of ArH™"
and HJ ions are measured using the fast extraction scheme. Clearly, above 1000 H3
ions a non-linear behavior is observed. Recalling Eq. 5.7 into mind, the amount of
laser formed ArH™ ions should be linearly dependent on the number of H3 stored
inside the 22-pole trap. When using a slow extraction scheme for counting the Hj

ions, the expected linear behavior is observed (see Fig. 6.5b).

61



6. Modifications on the 22 pole trap setup

350F
350 F
300F -
300 C H’F
}1{ w 250F *
250 2 s > ﬂ !
2 2 2000 | H g ]
S 200 lHH"{ I M m
z = 150F e
< 150 : H
+* r s
100F -~
100 C Ul
*H{H{'*H*Hh ) S
sob 0 e-eTT 50 " 7
e Eo
w_ﬁiﬂ”ﬂiﬂ—‘ ;,14“ i
0 ||I,,,I,,,I,,,I,,,I 0||III||||||||||||IIIIIIIIIIIIIIIIIII
2000 4000 6000 8000 10000 5000 15000 25000 35000
#H,"ions #H,"ions
(a) The recorded laser-induced ArH' as (b) The recorded laser-induced ArH™ as
function of Hi number as counted by the function of Hj number as counted by the
fast extraction scheme. There is a clear slow extraction scheme. A clear linear be-
non linearity due to the saturation of the havior can be observed.

detection system underestimating the real
H; number.

Figure 6.5.

6.3. Differential pumping section

A differential pumping section between the ion source and the 22-pole trap, reducing
the flux of Hy from the source into the trap, is favorable for two reasons. First, the
allowed increase in Hy pressure inside the ion source reduces the initial Hj excitation
and thereby the initial non-laser induced ArH™*. Second, the ArH™ lifetime is not
sacrificed by this Hy pressure increase due to the differential pumping and optimal
signal strengths may be achieved (see Sec 5.2). Additionally, low Hy densities reduce
the number of collisions between Hj and H,. This is of importance when studying
or controlling the Hj ortho and para populations and behavior. Such was the case
for the investigation of the dissociative recombination of cold H3 , where the 22-pole
trap setup was used as ion injector for the storage ring TSR. The reader is referred to
Refs 51, 114, 112 for more detailed information. The application at the storage ring,
or more precisely, the high-voltage platform cage supporting the TSR ion sources
prohibited a linear extension of the setup as shown in Fig. 4.1. To stay within the
spatial restrictions, the ion source of the 22-pole trap setup and the adjacent linear

quadrupole had to be turned by 90° and moved upwards as shown in Fig. 6.6.
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Figure 6.6. — The 22-pole trap setup after implementation of the new electrodes
and the differential pumping chamber holding the bent quadrupole. Also shown is a
schematic of the laser beam alignment and monitoring.

Conceptual design

Two different conceptual designs have been simulated with SIMION! as shown in
Fig. 6.7. The first concept is a standard design to deflect ions by 90° (see Fig. 6.7a).
It consists of two linear quadrupoles and, in between, a static quadrupole deflector
to bend the ions. The inner free radius and the radius of the rods for the linear
quadrupoles are chosen to be Ry =4.36 mm and R,,; =5 mm, respectively. For ion
mass 3 and 0.5eV ion energy, the simulation shows that the first linear quadrupole
is capable of collecting all ions from an assumed initial 3 mm parallel beam out of
the ion source. For the low energetic ions the static quadrupole deflector looses
about 50% of the ions. When assuming divergent ions coming from the source the
simulation shows that for appropriate voltage and frequency settings up to £40° of
the tilted ions are still captured into the first linear quadrupole. Only ions up to

+ 10° divergence pass all the way through both linear quadrupoles and the static

!SIMION Industry standard charged particle optics simulation software Version 8
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Roq=5 mm

Ry=4.36 mm

(a) Static quadrupole deflector (b) RF bent quadrupole

Figure 6.7. — SIMION simulations for the static quadrupole deflector and for the rf
bent quadrupole. In both cases simulated ion traces are shown for different divergence
of the ions coming from the source. The inner free radius and the radius of the rods
for the linear quadrupoles in (a) being the same as for the bent rf quadrupole in (b) is
given as inset. The used rf is 16 MHz at V,, =10 V. The static voltages are i= —0.3V,
ii=+40.5V, iii= +0.5V, and iv=+04V.

quadrupole deflector.

In Fig. 6.7b the static quadrupole deflector is replaced by a bent rf quadrupole
directly connected to the linear ones. In fact, the bent quadrupole including the
linear parts is one element. The dimensions of Ry and R,,; are the same as above.
The inner radius and the outer radius of curvature are R; = 60.0mm and R, =
73.23 mm respectively. Simulations show that ions (mass 3 to mass 30 were tested)

with up to 40° divergence are guided all the way through the bent rf quadrupole.

Realization

The bent rf quadrupole system was chosen due to its superior guidance performance.
The technical sketch as well as a photograph of the realized bent rf quadrupole are
shown in Fig. 6.8. It is made out of aluminum coated with a thin gold layer to

offer the conductance needed for the rf. The dedicated mounting allows for proper
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6.3. Differential pumping section

alignment of the bent quadrupole to the 22-pole trap (see Fig. 6.8b). The alignment
to the ion source is realized via four adjustment screws tilting a bellow connection
towards the ion source (6.8¢). The measured capacitance between the two rod pairs
of the quadrupole is 55 pF, the capacitance between each rod pair and ground is
60-70 pF. The Q-factor? is determined to be ~36.

Vacuum considerations

The quality of the differential pumping is determined by the total conductance of the
bent quadrupole chamber compared to a direct CF 100 connection as in the original
setup. The housing of the bent quadrupole (see Fig. 6.8a) already confines the gas
and reduces the conductance compared to a CF 100 connection (~ 20001s™! for Hy)
by a factor of 3. The shielding electrode has a thin (0.5mm) aperture of 8.7mm in

diameter. The Conductance C for a thin aperture of area A is given by [115]

v
C=-A 6.1
: (61)
where ¥ is the mean thermal speed assuming a Maxwell-Boltzmann velocity distri-
bution
kT
b= |2, (6.2)
Ty,

kp being the Boltzmann constant, T the temperature, and m, the mass of the

gas particle. The conductance for the aperture is 251s71.

The total conductance
between bent quadrupole chamber and trap chamber is ~231s™!. Additionally, an
Leybold Turbovac 361 turbomolecular pump is attached to the bent quadrupole
vacuum chamber. The Hy pressure inside the 22-pole trap chamber is reduced by
one order of magnitude compared to the bent quadrupole chamber. The pressure
difference between the ion source and the 22-pole trap is estimated to be more than

two orders of magnitude.

2The quality factor Q is a measure of the sharpness of the resonance peak. It equals the resonant
frequency divided by the width at -3 dB.
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(a) Technical drawing of the bent quadrupole, its adjustment
stage, and its housing to shield gas from flowing to the 22-pole
trap other than through the 8.7 mm aperture.

(b) The bent quadrupole mounting and (c¢) The bellow adjustment stage for
housing. alignment to the ion source.

Figure 6.8. — Technical drawing and photographs of the bent quadrupole and the
adjustment stages for alignment to the 22-pole trap and to the ion source.
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7. Transition frequencies

Precise transition frequencies are of utmost importance for theoretical progress in
treating polyatomic molecules beyond the Born-Oppenheimer approximation as de-
scribed in Chapter 3. This chapter presents the high-resolution spectroscopic results
for transition frequencies from the two lowest rotational states of the vibrational
ground state to final levels above the barrier to linearity using NIR to VIS light.
The assignment of the observed transitions is described and a detailed discussion

comparing the results with various theoretical predictions is given.

7.1. Results and data analysis

In this work, 37 transitions with frequencies between 10750 — 16700 cm™! are re-

ported in total. All experimental transition frequencies are listed in Tab. 7.1 along
with the experimental parameters and theoretical strengths. Below 14000 cm ™!, 23
transitions have been measured with the unmodified experimental setup (see Chap.
4) |32]. Three theoretically weaker transitions (see last column in Tab. 7.1) in this
range and all transitions above 14000 cm™! have been measured with the improved
setup (see Chap. 6). Figure 7.1a shows a typical example for a measured transition
in the NIR spectral region whereas Fig. 7.1b is a typical example for a measured
transition in the VIS spectral region. For the first time seven transitions right into
the visible spectral region are measured involving 7, 8, and 9 vibrational quanta in
the v, mode.

The natural line width of all measured transitions is below 1kHz. The laser line
width of the used laser systems (see Sec. 4.2) is large (>75kHz) compared to the
natural line width but small compared to the temperature induced Doppler width
inside the trap (>300 MHz). The pressure inside the trap is low enough to prevent

significant pressure broadening. Therefore, the natural line width as well as any
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70

Table 7.1. — The experimentally determined transition frequencies and their re-
duced experimental parameters as well as their predicted transition strengths. The
listed H; numbers are those directly counted and might for transitions labeled with
superscript a include saturation effects. The used laser system (see Sec. 4.2) is given
in the last column.

VU, #Hé|r T runs 74,g+ Pr, Biu,Tenos  laser system
(em™1)  (x10%) (K) (ms) (mW) (em3J~1s72)

10752.161(05) 8 86 5 21 135 2.18x10'  TiSa (LW)
10798.777(05) 9 79 5 21 190 3.00x10%  TiSa (LW)
10831.681(05) 7 84 8 22 250 9.40x10'  TiSa (LW)
11228.598(10)% 04 76 2 31 570 2.59x 10  TiSa (LW)
11244.350(10) 56 73 4 17 460 1.19x10'°  TiSa (LW)
11258.975(10)2 34 71 16 23 470 4.47x10'  TiSa (LW)
11342.587(10)2 45 77T 17 23 380 6.78x10'®  TiSa (LW)
11465.505(10)® 45 75 11 23 420 2.20x10*®  TiSa (LW)
11511.373(10) 45 70 20 22 420 1.29x10'®  TiSa (MW)
11594.276(10)% 34 1 13 27 400 6.08x10Y  TiSa (MW)
11707.257(10)2 35 67 3 25 490 5.83x10'  TiSa (MW)
11707.797(10)2 4 82 3 21 470 1.16x10'  TiSa (MW)
11882.376(10)* 15-16 68 12 16 500 1.68x10*®  TiSa (MW)
12018.812(10)® 4 71 2 21 480 2.46x10'  TiSa (MW)
12086.738(10)*  4-11 69 29 12 500 2.77x10*  TiSa (MW)
12239.242(10)® 45 T4 12 15 580 6.15x10'  TiSa (MW)
12373.526(10)% 6-7 71 3 30 500 4.04x10*®  TiSa (MW)
12381.137(10)2 6-7 73 12 19 600 1.48x10'®  TiSa (MW)
12413.247(10)2 372 8 29 450 3.36x101%  TiSa (MW)
12419.127(10)2 5 81 6 21 530 1.16x10'®  TiSa (MW)
12588.951(05) 6-7 84 6 24 600 3.09x10'7  TiSa (MW)
12620.223(05) 12 85 6 24 650 1.75x10'®  TiSa (MW)
12623.160(10)* 3 7 19 23 450 9.05x10'®  TiSa (MW)
12678.688(10)*  2-11 83 3 24 480 2.88x10'®  TiSa (MW)
12881.635(05)® 10 83 4 24 450 4.54x10'7  TiSa (SW)
12897.877(10)? -3 68 12 27 400 2.68x10'®  TiSa (SW)
13055.994(10)* 0.6-0.9 69 11 25 320 4.33x10'®  TiSa (SW)
13071.590(10)? 2-3  >55 3 25 360 2.52x10'®  TiSa (SW)
13332.884(10)% 6 85 7 25 220 9.24x10'7  TiSa (SW)
13638.251(05) 13 81 84 25 398 3.72x10'%  TiSa (SW)
15058.680(05) 10 84 37 24 420 1.46x10'  Dye (DCM)
15130.480(05) 22 8 25 23 348 7.12x10'7  Dye (DCM)
15450.112(05) 19 83 17 24 420 2.79x10'7  Dye (DCM)
15643.052(05) 11 84 35 23 420 3.65x10'7  Dye (DCM)
15716.813(05) 10 84 38 23 500 1.40x10'®  Dye (DCM)
16506.139(05) 18 89 15 25 480 5.31x10'7 Dye (Rhod. B)
16660.240(05) 21 88 12 27 450 4.90x10'®  Dye (Rhod. B)

@ published in Ref. 32; higher uncertainty as Li-spectroscopy not available

on a regularly basis



7.1. Results and data analysis
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Figure 7.1. — Two measured lines illustrating the perfect Gaussian shape. The ArH™
signal is recorded using scheme 2.

broadening effect apart from the Doppler broadening are negligible. The measured
spectra show perfect Gaussian line profiles for all spectral regions as can be seen in
Fig. 7.1. The Doppler profile fp can be described by

1
= e
\V2rop

where v, is the center frequency and the Doppler width op is given by

o -2t (1)

kgT
=y, 7.2
oD mc? v (7:2)

kp being the Boltzmann constant, 7" the translational temperature, m the mass and
¢ the speed of light.

The translational temperature of all measured transitions has been derived from
this Doppler width. The determined temperature for all intensity measurements (see
scheme 3 Chap. 8) is ~85K, about 25K higher than the nominal temperature of
the 22-pole trap. This deviation can be explained by the unfavorable ion-to-neutral
mass ratio in collisions between H3 and Ar in combination with a rather high voltage
(+2V) on the entrance and exit electrodes of the trap [109]. For the frequency
determination measurements (see scheme 2 Chap. 5) the derived temperatures vary

between 55-89 K as no extra care is taken for these kinds of measurements to keep
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the translational temperature constant.

7.2. Assighment

The correct assignments of the energy levels involved in the respective transitions are
not always trivial and essential to verify and help theory advance. For all transitions
reported here, the corresponding J and G quantum numbers for each of the line lists
TEN96, ALIO3, and ALIO3. match. Except for three cases, the vibrational quantum
numbers (vq,v3) accordant to the line list ALIO3 and ALI03,. are also assigned.

In general, the assignment process becomes more and more difficult the higher the
energy levels that are involved. This holds for the initial as well as the final levels.
The assignment towards higher energies gets more complicated by the increasing
state density and additionally the decreasing accuracy of theoretical predictions
in general. This renders absorption spectroscopy in a discharge cell where many
states are initially populated, an unfavorable approach for investigation of high ly-
ing states. Only two transitions starting from a vibrationally excited state (1vg, ~
2600 cm ') have been assigned so far [31]. Of all transitions measured with absorp-

1

tion spectroscopy, 25 transitions above 10800cm™" could not be assigned. Figure

7.2 demonstrates this issue. Figure 7.2a shows all possible candidate transitions, the

! within £10 cm ™! for the measured fre-

lower level restricted to be below 2600 cm™
quency at (12678.688+0.010) cm™!. Although the experimental uncertainty is low,
the theoretical uncertainty can go up to several wavenumbers. Transitions that are
predicted to be too weak to be observed could be excluded (in this case 29). This
however still leaves 31 possible candidates and no definite assignment can be made.

The assignment process can be greatly simplified when starting from the two
lowest, rotational levels of the vibrational ground state only, as is the case for the
action spectroscopy in the 22-pole trap. Not having the population distributed over
many levels also benefits the signal strength. The cooling of the Hj ions therefore
reduces the amount of possible candidates tremendously as can be observed in Fig.
7.2b. A unique assignment is now possible as the second possible candidate only
arises when the energetically seventh lowest rotational level (J = 3,G = 1) is
significantly populated. At standard 22-pole trap conditions, this state, lying 619 K
higher than the lowest rotational state is only populated by 1072 %.
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Figure 7.2. — Assignment for the 12678.688 cm~! transition. The experimental value
for the frequency and Einstein By, coefficient is given as red solid line. Also shown are
calculated transition frequencies and intensities from TEN96. In (a) the initial states
lie below 2600 cm ™! and are restricted to J < 10, whereas in (b) one transition starts
from the two lowest rotational states (black line) and one transition starting from the
energetic seventh lowest rotational state (green dashed line)

The NIR to VIS transitions presented in Tab. 7.1 could be well assigned as
the frequency spacing between predicted neighboring transitions is larger than the
scattering of the different theories as displayed in Fig. 7.3a. In four cases a sim-
ple transition frequency analysis was insufficient. As shown in Fig. 7.3b, the line
spacing overlaps the scattering between theories and no unique assignment can be
given based on frequency analysis alone. Table 7.2 lists all measured lines and gives
a comparison to values from the ALIO3. line list. The last two columns indicate
the difference in frequency from the experimental value to the next possible lower
(higher) calculated transition frequency. This difference is in general much bigger
than the deviation from the assigned theoretical value to the measured one given
in column four. There are four exceptions, marked with light grey, where the al-
lowed nearby transitions show about the same deviation as the assigned one. These
transitions having ambivalent assignment are also listed in Tab. 7.3.

In the case of the 10752.161(05) cm™! transition, comparison to other line lists
does not give a unique identification either. Also the Einstein B,, coefficients are
comparable and strong. The candidate from the energetic third rotational state
denoted by P(2,2), although only weakly populated, would in this case still be
more than strong enough to be measured. A unique identification could however

be achieved through the characteristics of the initial state. The respective candi-
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7. Transition frequencies

Table 7.2. — The assignments of the NIR to VIS measured transition frequencies
Vp,. Vibrational and rotational transition labels are given according to Sec. 2.2
using A. Alijah corrected line list 2003 [36]. Predicted states that could also match

74

the measured transition when considering frequency alone are marked in grey.

Vibration Rotation Um AL03cvy,  ALIO3. -V ALIO3. p-vi,
(em™1) (em™1) (em™1) (em™1)
2v1 +2v3 <0 P(1,0)  10752.161(05) —0.594 —45.944 0.176
5vi 0  P(1,1)  10798.777(05) —0.046 —33.354 32.815
5vi 0 Q(1,0)  10831.681(05) —0.089 —32.950 12.763
5vi «+— 0  R(1,0) 11228.598(10)*  —0.060 —41.741 15.737
5vs «+— 0 R(1,1)* 11244.350(10)*  —0.015 —15.812 14.131
3vi+1vd 0 P(1,1)  11258.975(10)*  —0.494 —14.640 45.376
3up +1vs <0 Q(1,1)  11342.587(10)*  —0.483 —25.037 10.264
3up+1vd «+ 0 R(1,0))  11465.505(10)*  —0.557 —41.023 37.590
3up +1vd «+ 0 R(1,1)*  11511.373(10)*  —0.485 —8.278 6.360
5v «— 0  ~°P(1,1) 11594.276(10)*  —0.412 —14.720 8.056
5v5 «+— 0 “°R(1,1) 11707.257(10)>  —0.152 —12.425 0.118
5v 0 ~%Q(1,1) 11707.797(10)*  —0.422 —0.692 11.711
vy +408 <0 ™R(1,1) 11882.376(10)*  —0.616 —28.105 40.006
vy +4v3 <0 'Q(1,0) 12018.812(10)*  —0.626 —4.466 16.307
vy +4v2 <0 'R(1,1) 12086.738(10)*  —0.379 —51.619 10.410
2u1 +3vs <0 P(1,1)  12239.242(10)*  —0.598 —4.610 6.270
2v1 +3vd <0 Q(1,1)  12373.526(10)*  —0.516 —38.255 6.516
2v1 +3vd <0 R(1,1)  12381.137(10)*  —1.095 —8.127 31.584
6vs <0  P(1,1)  12413.247(10)*  —0.526 —33.205 3.457
6v3 <0 'Q(1,0) 12419.127(10)*  —0.711 —2.423 10.667
2v1 +3v3 + 0 R(1,1)  12588.951(05) —0.366 —17.586 23.620
2v1 +3v3 <0 "R(1,1) 12620.223(05) —1.214 —7.652 2.373
6vs <0  Q(1,1)  12623.160(10)*  —0.564 —4.151 8.981
6vs < 0 'R(1,1) 12678.688(10)*  —0.608 —15.389 22.320
6vs <0 “°R(1,1) 12881.635(05) —1.023 —62.188 15.354
lvg +4v5 <0 'R(1,0) 12897.877(10)*  —0.888 —17.265 9.684
6vs < 0  'R(1,0) 13055.994(10)*  —0.822 —45.224 14.845
2v1 +3v3 <0 R(1,1)  13071.590(10)*  —0.751 —16.418 20.771
v+ 1vs 0 'R(1,1) 13332.884(10)*  —1.183 —2.367 10.786
i« 0 2P(1,1) 13638.251(05) —1.872 —26.362 8.333
8v2 <+ 0P "P(1,1)  15058.680(05) —2.653 —9.699 1.588
1y 4602 < 0> "Q(1,1)  15130.480(05) —3.234 —7.486 3.254
lvg + 602 < 0> 'R(1,0)  15450.112(05) —1.304 —2.038 18.466
>6° ZR(1,0) 15643.052(05) -1.914 —3.496 40.809
>6° *Q(1,1) 15716.813(05) —2.501 —24.975 5.280
>6° ZR(1,0) 16506.139(05) —4.982 —13.300 18.651
vl <« 0P “P(1,1)  16660.240(05) —5.089 —9.504 4.758

@ published in Ref. 32

b Vibrational quantum numbers provided by ALI10b,. (see Sec. 7.3)

¢ Exact vibrational quantum numbers unknown
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finally identified to equal the *R(1,0),

1v1+6v3 < 0 transition as listed in Tab.

7.2 using the transition intensity informa-
tion of TENO6.

Figure 7.3. — Assignment for energetically high-lying transitions. The grey boxes
labeled I, II, III, denote each the wavenumber interval spanned by various line lists
for three transitions closest to the measured line frequency. In (a), the measured
line is clearly assigned to the transition II. In (b) frequency considerations alone are
insufficient to reach a definite assignment.

date transitions in this case start from the ortho (1,0) and para (2,2) levels. Their
population may be modified by manipulation of the HI ortho-to-para spin ratios.
This can be achieved by either changing the temperature inside the trap or by using
para-H, as parent gas for the Hi production, leading to an enhancement in para-H; .
Here, the assignment is based on comparison with a previous experiment from C. P.
Morong et al. [31]. For their assignment C. P. Morong et al. use pressure variations
and additional theoretical predictions by J. K. G. Watson as described in [116].
About ten of the transition frequencies reported in Ref. 31 have been remeasured
here for comparison as well as for the intensity measurements. As can be observed
in Tab. 7.4, the previous and current measurements agree within 10~2cm=! !. The
transition at 10752.161 cm~! marked in grey, however, deviates by roughly 0.2 cm™*
from the transition reported in Ref. 31, indicating that these are not the same tran-
sitions. The one from Ref. 31 is stated to belong to the para species, i.e., the (2,2)

initial state. The currently measured 10752.161 cm™? is therefore assigned to the

!The results measured in the group of T. Oka [30, 117] show a systematic trend to lie slightly
higher in frequency, although the values were already lowered in the latest publication [31]
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7. Transition frequencies

Table 7.3. — Theoretical candidate transitions for measured lines that cannot be
assigned based on transition frequency alone. The final assignments after further
considerations are marked in grey. The Einstein By, coefficients are predictions from
Ref. 88.

U, AJ(J,G); ArLil0b,  ArLIO3, TEN96 B, Tenos
(cm™1) (cm™1) (cm™1) (em™!)  (em3J71s72)

10752.161

P(1,0) 10751.61 10751.567 10753.417 2.18x10Y
P(2,2)  10752.42 10752,337 10752.270  9.39x 10

11707.257
R(1,1) 11707.60 11707.105 11708.272 5.825x10'8
P(1,1)  11707.87 11707.375 11708.855 1.159x10"
11707.797
R(1,1)  11707.60 11707.105 11708.272 5.825x10'
P(1,1)  11707.87 11707.375 11708.855 1.159x10

15450.112

Q(1,1) 15434.55 15448.07  15426.16 3.25x10%
R(1,0) 15451.24 1544881 15453.517  2.79x10'7

ortho transition denoted as P(1,0) in Tab. 7.3. For the two cases 11707.257 cm™!
and 11707.797 cm ™!, the assignment follows the ascending order of the transition fre-
quency in the predictions as both are measured. The transition at 15450.112cm~!
is assigned by using the transition intensity information from TEN96 (see Tab. 7.3).
The nearby candidate has a too low predicted Einstein By, coefficient and so the

expected line intensity is well below the current sensitivity limit of the experiment.

7.3. Deviations between theory and experiment

The comparison of all 37 measured transition frequencies to the theoretical values
from the TEN96, ALIO3, and ALIO3. line lists, as introduced in Chap. 3, is displayed
in Fig. 7.4 as Av = v, — v, for transition frequencies above 12000 cm™!. The differ-

ences Av are also listed in Tab. 7.5. Since for low lying states close to the equilibrium
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7.3. Deviations between theory and experiment

Table 7.4. — Comparison between the transition frequencies v, presented here that

were also measured by Oka and co., vok, [31]. The experimental uncertainty in both
experiments is maximally 0.010 cm~!. All units are in cm~".

Vm VOka [31] Vm — VOka
10752.161(05) 10752.369(10) -0.208
10798.777(05)  10798.785(10) -0.008
10831.681(05) 10831.677(10) 0.004
11228.598(10) 11228.601(10) -0.003
11244.350(10) 11244.353(10) -0.003
11707.257(10) 11707.268(10) -0.011
11707.797(10) 11707.801(10) -0.004
12419.127(10) 12419.140(10) -0.013
12897.877(10) 12897.888(10) -0.011
13055.994(10)  13056.013(10) -0.019
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Figure 7.4. — Frequency deviations between theory and experiment Av = vy — v,
for the given line lists. Note that the scale v, starts at 12000 cm™!, way above the

barrier to linearity.
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7. Transition frequencies

theoretical calculations and experiments agree within spectroscopic accuracy, the
discrepancies in transition frequencies are ascribed to inaccuracies of the predictions
on the upper energy level. The TEN9G calculations tend to overestimate the upper
energy levels. The deviations are outside the predicted accuracy (see Sec. 3.3.1)
of up to =1em™! at 15000 cm ™" [88]. Previous publications [30, 117, 32, 31| have
reported that the uncorrected calculation ALIO3 systematically overestimates the
transition frequency by up to 1 cm™!. This is however only valid below ~13100 cm™!;
higher predicted transition energies are systematically too low. As the predictions
are based on variational calculations, they are expected to be higher than the true
values indicating that the PES is slightly too wide in this energy region [6]. The
corrected predictions from ALIO3. deliver spectroscopic accuracy for transitions be-
low 9000 cm ™ (Fig. 4 in [29]). For energy levels above 10000 cm ™!, the correction
is overshooting and all values systematically underestimate the real transition fre-

quencies with increasing discrepancy towards higher states.

Alil0b,

Recently, a new line list has been published [6] using all measured data [32, 31|,
including the present ones, to arrive to an updated empirical correction. The line list
resulting from the improved values is referred to as ALI10b.. Because the underlying
PES is the same as for the ALIO3 line list, the uncorrected values ALI10b correspond
to ALIO3. In contrast to the simple approach in ALIO3, the empirical correction
formula (see Eq. (3.19)) has been adapted to describe also higher energy levels up
to dissociation. The higher energies require a more sophisticated correction formula
as illustrated by the known Hs [118, 119] non-adiabatic corrections displayed in Fig.
7.5. The energy shift due to non-adiabatic corrections is only initially linear. At
higher energies, it passes through a minimum and tends to zero at dissociation. Thus
all available experimental data is employed to fit the deviations between calculation

and experiment A = E; — E,, to a quadratic function in E;
A = ClEt + CQEE, (73)
leading to

Ec = (1 — C1 — CQEt>Et. (74)
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7.3. Deviations between theory and experiment

Table 7.5. — Comparison of the measured center frequencies v, with
various line lists. All units are in cm

-1

Vm (cm™')  TEN96-v, ALIO3/10b-v,, ALIO3C-v,,  ALI1Ob. v,
10752.161(05) 1.256 0.489 -0.594 -0.551
10798.777(05) -0.245 1.043 -0.046 0.013
10831.681(05) -0.190 0.999 -0.089 -0.011
11228.598(10) 0.245 1.072 -0.060 0.182
11244.350(10) 0.229 1.120 -0.015 0.230
11258.975(10) 1.592 0.645 -0.494 -0.245
11342.587(10) 1.609 0.663 -0.483 -0.187
11465.505(10) 1.672 0.605 -0.557 -0.195
11511.373(10) 1.618 0.677 -0.485 -0.103
11594.276(10) 0.876 0.764 -0.412 0.024
11707.257(10) 1.015 1.033 -0.152 0.343
11707.797(10) 1.058 0.763 -0.422 0.073
11882.376(10) 0.945 0.584 -0.616 -0.016
12018.812(10) 0.947 0.588 -0.626 0.068
12086.738(10) 0.713 0.842 -0.379 0.352
12239.242(10) 0.230 0.638 -0.598 0.228
12373.526(10) 1.002 0.734 -0.516 0.394
12381.137(10) 0.568 0.153 -1.095 -0.187
12413.247(10) -0.256 0.733 -0.526 0.403
12419.127(10) 0.185 0.543 -0.711 0.233
12588.951(05) 1.086 0.909 -0.366 0.679
12620.223(05) 1.589 0.057 -1.214 -0.153
12623.160(10) 0.797 0.710 -0.564 0.500
12678.688(10) 0.834 0.672 -0.608 0.492
12881.635(05) 2.250 0.275 -1.023 0.205
12897.877(10) 2.200 0.413 -0.888 0.363
13055.994(10) 0.636 0.496 -0.822 0.536
13071.590(10) 0.413 0.570 -0.751 0.610
13332.884(10) -2.094 -1.043 -1.183 0.3462
13638.251(05) -1.646 -0.491 -1.872 -0.131
15058.680(05) -0.488 -1.131 -2.653 0.169
15130.480(05) -0.438 -1.700 -3.234 -0.350
15450.112(05) 3.405 -1.482 -1.304 1.128
15643.052(05) 0.763 -1.912 -1.914 -0.162
15716.813(05) 2.252 -0.913 -2.501 0.887
16506.139(05) 0.672 -4.982 -3.199 -0,869
16660.240(05) 8.143 -5.089 -6.440 -0,850

* ambivalent assignment, an alternative candidate deviates by

only -0.834 cm™!.
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Figure 7.5. — Non-adiabatic corrections in Hy. Figure taken from Ref. 120

The coefficients are ¢; = 3.84773 x 1078 £ 10.7% and ¢y, = 5.05287 x 10~*cm +
11.1% [6]. A correction formula valid over the whole energy range up to 17000 cm™*

is obtained by joining Eq. (3.19) and Eq. (7.4) by the switching function
T(E) = [1 — 6“1(E—E0)}_1 (75)

with switching energy Fy =10 700 cm ™! and the smoothness parameter v =0.002 cm [6].
This leads to

EW = [(1 = b)EJT(E) + [(1 — ¢1 — B EJ[1 — T(E,)). (7.6)

The new corrections proposed by A. Alijah cannot be claimed to result from non-
adiabatic interactions alone but also have to originate from shortcomings of the PES
at higher energies [6].

The comparison between the updated line list ALI10b, and the present mea-
surements is also displayed in Fig. 7.4 (green diamonds). The deviations of the
predictions are significantly smaller and scatter below and above the experimental
values (see also Tab. 7.5). Up to 15000 cm™ all values lie within 0.7c¢cm™" of the

experimental values, five of them are even better than 0.08 cm~!. The assignment of
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7.3. Deviations between theory and experiment

our measured transitions based on ALI10b, is equivalent to the one based on ALI03,
(see Tab. 7.2), only one transition now has an ambivalent assignment as the new
line list offers a second candidate for the 13332.884 cm ™! transition. The deviation
of the first candidate to the measurement is however still smaller (Av =0.346 cm ™)
than that of the second candidate (Av =—0.834cm™!), favoring the original assign-
ment (see Tab. 7.5). The highest transition frequency 16660.240 cm™! seems to be
badly reproduced by all calculations except ALI10b, that already includes this line
in the empirical correction. This line is the only one so far measured involving 9
vibrational quanta. The new line list ALI10b,. also offers some vibrational quantum
numbers for states above 15000 cm™!, not provided before by ALI03,. (see Tab. 7.2).
However, three measured transitions are still missing explicit vibrational quantum
number assignment. Energetic considerations suggest that the upper states of the
three exceptions involve at least 6 vibrational quanta.

None of the calculations are able to provide the reported estimated accuracy (see
Sec. 3.3). Direct comparisons to the supposed superior line lists TENO9 and AL110a
(see Chap.3) are not listed. Neither the TENO9 predictions using a mass scaling
approach for simulating non-adiabatic effects, nor the values from ALI10a, using an
accurate global PES suited to study non-adiabatic effects, allow for clear assignment
as deviations between theory and experiment scatter randomly with deviations up to
20 cm~!. This is a surprising result and further investigations will have to enlighten
the issues afflicting these next-phase calculations, where non-adiabatic effects are ab

tnitio taken into account.
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8. Transition intensities

In the previous chapter accurate transition frequencies have been presented enlight-
ing the higher energy region of the PES, comparing calculated eigenvalues with
experiment. This chapter reports first measured Einstein By, coefficients for H
above the barrier to linearity, allowing not only to compare calculated eigenvalues,
but to go one step further and also allow for comparison of calculated eigenfunctions
with experiment. As the calculations from A. Alijah do not obtain eigenfunctions,
all results are compared with the calculation TEN96 from J. Tennyson. Below, the
experimental procedure to derive the measured transition intensities is described
followed by the results and a discussion comparing the obtained intensities with

theory.

8.1. Determination of transition intensities

As mentioned before in Sec. 5.3, the line lists TEN96 and TEN09 contain Einstein
A, coefficients that can be converted into Einstein By, coefficients (see Eq. (5.9)).
These Einstein By, coefficients provide a measure for the transition intensities. The
experimental Einstein B;, coefficients presented in this thesis are obtained in two
steps. First, relative transition intensities are measured. Then absolute intensities
are derived by normalization to a well known reference transition. About 6 transi-
tions can be normalized during 10 days of continuous trap operation period, defined

as the time between cooling down and warming up of the 22-pole trap.
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8. Transition intensities

8.1.1. Relative intensities

The amount of laser-induced ArH™ is direct proportional to the Einstein By, coeffi-

cient (see Eq. (5.7)). The Einstein By, coefficient can be expressed as

Ny, T
By, =C' A H+V0\/__T - 8.1)
NHS*‘p(J,G)PLTATH+ (1 — e LT ArH+)
with
A ra 2 k
¢ — LrapV 2TRB. (8.2)

vm
and with Ny, g+ the number of laser-induced ArH™, NH; the number of Hy, P(J,G)
the population of the lower state, P, the laser power, T' the temperature, vy the
center frequency, 74,7+ the ArHT lifetime, 7777 the laser interaction time, m the

H;f mass, and Ay, the trap cross section.

Most parameters are set or can be measured. The 7,77, set via the computer
control, is constantly 100 ms for all measurements. The amount of N Hy is kept
as constant as possible and is permanently monitored. The same holds for the Pr,
where a beam sample is recorded throughout the experiment. Transition frequencies
vy are accurately determined (see Chap.7). The ArH™' as well as the HJ lifetime
are regularly measured before and after each line measurement. Test measurements
where the lifetime is determined every 20 min while slightly changing the Hy pres-
sure, have confirmed the expected correlation between pressure changes and lifetime.
Further tests revealed that changes in the total pressure results mainly from changes
in the Hy pressure. Therefore, the permanent monitored total pressure is a quali-
tatively measure how constant the ArH™ lifetime stays during a line measurement.
In average the total pressure stayed constant within + 5% and so did the lifetimes.
This is in good agreement with the lifetime measurements before and after each line

measurement.

The Ny,p+ cannot be measured directly. The amount of detected ArH™ always
contains a non-laser induced background (see Sec. 5.2), and in the case of NIR tran-
sitions, an additional background from the laser photons that are counted by the
PMT as no dedicated optical filter blocks the laser light in this wavelength region
(see description of the Daly-type detection system Sec.4.1). This laser photon back-

ground depends on the particular laser frequency and hence has to be determined

84



8.1. Determination of transition intensities

for each line separately.

All intensity measurements are normalized to the H number as well as the laser
power, that is changing with the frequency and, for the dye laser, also with time
(see Fig. 4.4). Remember that the HJ ions are not equally distributed over the trap
volume, requiring a fixed Hy number and interaction region between the laser and
the ions (see Sec. 4.2). Equation 8.1 is not taking this inhomogeneity into account

and therefore only relative intensity measurements can be performed.

8.1.2. Absolute intensities

The absolute intensity is obtained by normalization to the well known reference
transition (35 < 0 R(1,1)) in the NIR at 7144.235cm ™! with a theoretical Einstein
By, coefficient, of 5.6 x 102 cm3J~1s72 [121, 29, 88|. The theoretical value is assumed
true as theory is quite accurate for low overtone transitions. The reference line is
measured before and after each intensity measurement (see Fig. 8.1). The high

transition strength of this line provides enough intensity information after 2 runs

only.
A
1. 3. 5.
Vm=7144.235cm’ Vm=7144.235 cm’ Vm=7144.235 cm’
|=82.8172 [=82.72 =818
T=843K T=83.4K T=84.0K
2. 4,
V[ =15130.480 cm' Vm=15643.052 cm”
| =0.0389 1 =0.0802
T=86.6K T=84.1K
>
2h 15h 2h 20h 2h
Figure 8.1. — Showcase of a measurement cycle for intensity determinations. For

all 5 schematically represented measurements the respective center frequency v,,, the
line intensity I, normalized to 104 H; ions and 500 mW, the temperature T , and the
duration of the measurements are given. The reference line is measured for about 2
hours before and after each NIR or VIS transition, which is measured for several hours.
This scheme is repeated for all normalized measurements.
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8. Transition intensities

The reference line is a para-H3 transition starting from the lowest para-Hj state
(J,G)=(1,1). Hence, the population term p(;¢y in Eq. (8.1) cancels out for abso-
lute normalization of para transitions starting from this lower state. A correction is
required for transitions starting from the ortho (1,0) state, depending on the rota-
tional population distribution. In the high-temperature equilibrium realized in the
ion source, the ortho-to-para ratio is expected to be 1:1. The ratio in the cryogenic
trap is dependent on the number of HJ spin conversions by collisions with Hy or
chemical reactions, determining whether ortho/para equilibrium is attained or not.
Appendix E gives an overview of the HJ collision times with the different gases
inside the trap. From Tab. E.1, it follows that each Hj collides on average once
with an Hy per trap filling. The exact number of collisions required for conversion
to equilibrium values depends on the particular theoretical model, but in all models,
a few collisions are statistically necessary to attain equilibrium. Collisions with Ar
happen 3 orders of magnitude more frequently and when an excited H; ion collides
with Ar this leads to a chemical reaction. As the Hj ions are coming hot from
the ion source (see Sec. 5.2) they immediatly react with the Ar and back again.
Together with the collisions between H3 and H, the rotational levels are assumed to
be thermally distributed. The energetic reaction barrier for the reactions Hy +He is
much higher than for Ar (see Tab. 2.2) and therefore these collisions are considered

to be elastic and do not influence the ortho-to-para ratio.

Table 8.1. — Maxwell Boltzmann population for the lowest rotational states. Pop-
ulation is given in % for the three lowest rotational states. B indicates a Maxwell
Boltzmann distribution with spin interconversions. For o=p an initial ortho/para ra-
tio of 1:1 cooling down without allowing for nuclear spin conversion is assumed.

T (K) (1,1) (1,0) (2,2) higher states
B op B op B o-p B 0=p

60K 429 43.1 49.7 495 57 5.8 1.7 1.6

80K 369 376 489 481 93 9.5 49 4.8

85K 35.6 36.3 484 476 10.0 10.2 6.0 5.9

90K 344 35.1 478 469 10.7 109 7.1 7.0

In Tab. 8.1 the relative populations of the lowest rotational states is listed for
the two cases of either allowing ortho/para nuclear spin conversion or not. As can

be seen, the relative population for the given temperatures are within a few tenth
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8.2. Results

of a percent the same. This leads to an negligible additional uncertainty for ortho

transitions.

8.2. Results

Transition intensities in the form of Einstein B;, coefficients have been derived for
18 transitions listed in Tab. 8.2. Four transitions are ortho transitions, not starting
from the same lower state as the reference line. Energetically, 3 transitions are
measured in the long-wave Ti:sapphire laser mirror spectral region, 6 in the mid-
wave region and 2 in the short-wave region. In the VIS spectral region all 7 found
transitions, measured with the Dye laser, have been normalized. Among the 18
transitions, 5 transitions connecting the vibrational ground state with the horseshoe
states, expected to possess high transition probabilities, have been measured. In
Fig. 8.2 four line profiles normalized to 10* H ions and 500 mW laser power are
shown. Figures 8.2a and b show NIR transitions, displaying the strongest measured
transition and one of the horseshoe transitions, respectively. Figures 8.2c and d
depict VIS transitions. Both are horseshoe transitions, Fig. 8.2d belonging to
the transition with the highest frequency. From Fig. 8.2a to 8.2d the transition
probability decreases. This is reflected by decreasing statistics of the measurement.
Each line is normalized according to the previous section, the line intensity given by
the fitted area of the Gaussian profile.

The error from fitting each individual line intensity varies between a few up to
~50% in the worst case shown in Fig. 8.2d. To reduce the error in the fits, the
following restrictions are made: The center frequency parameter range is set accord-
ing to the precise frequency measurements presented in Chap. 7. In addition, for
each trap operation period, the mean translational temperature is derived from all
reference transition measurements. In the case of all 5 DCM lines this results in an
average temperature of (84.842.4) K. This translational temperature must be the
same for the transition intensity measurements performed in between the reference
measurements. The parameter range for the Doppler width in the fit is thus limited
according to Eq. 5.4. A fit is finally obtained including these restrictions giving a
more accurate intensity value.

Another error is introduced by the deviations between different reference measure-
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Figure 8.2. — Normalized transition line profiles. Figure a) shows the strongest mea-
sured transition. Figure b) and c) depict transitions to horseshoe states. The weakest,
highest in transition frequency and at the same time also a horseshoe transition is

shown in Fig. d).
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8.3. Discussion

ments. These reference line intensities agree with each other within a few percent
up to ~14% in the worst case. Transitions in the NIR contain an additional uncer-
tainty resulting from the detected laser photons. This has to be accounted for when
determining the line intensity. Other systematic errors such as the uncertainty in

the laser power calibration (see Sec. 4.2.1) or the constancy of ArH™ lifetime are

negligible. The individual errors for each transition are listed in Tab. 8.2.

Table 8.2. — The normalized measured transitions and their derived absolute transi-
tion intensities. The assignments are as in Tab. 7.2

ASSignment Vm Blu,m Blu,TEN96 Blu,TEN96/Blu,m
Vibration Rotation (cm™1) em3J 172 em3J1s72
2v1 + 203 < 0 P(1,0)° 10752.161(05) 2.64+0.58x101% 2.18x10'? 0.83
5vd 0 P(1,1) 10798.777(05)* 9.62+£1.09x10'®  3.00x10%° 31.19
5vd <0 Q(1,0)° 10831.681(05) 4.064-0.58x10'?  9.40x10*° 2.32
2v1 + 3vs 0 Q(1,1) 12373.526(10) 1.5540.36x10'®  4.04x10'® 2.61
2v1 + 3vs 0 R(1,1) 12381.137(10) 1.5040.37x10'®  1.48x10'® 0.99
615 < 0 P(1,1) 12413.247(10)® 1.674+0.42x10'®  3.36x10'° 20.12
2v1 + 3vs <+ 0 R(1,1) 12588.951(05) 4.01£1.39x10'7  3.09x10'7 0.77
2v1 +3v3 <0 "R(1,1) 12620.223(05) 2.2840.45x10'®  1.75x10'® 0.77
613 < 0 'R(1,1) 12678.688(10) 3.114+0.61x10'®  2.88x10!8 0.93
31+ 13+ 0 'R(1,1) 13332.884(10) 1.46+0.47x10'®  9.24x10'7 0.63
i 0 “P(1,1) 13638.251(05)" 1.424+0.53x10*  3.72x10*° 26.20
8v3 + 0 "P(1,1) 15058.680(05)® 5.58+1.21x10'7  1.46x10'° 26.16
vy +6v3 <0 "Q(1,1) 15130.480(05) 2.63+0.58x10'7  7.12x10'7 2.71
vy +6v3 0 'R(1,0)° 15450.112(05) 2.74+0.37x10'7  2.79x10'7 0.99
>6 TR(1,0)° 15643.052(05) 4.02+0.55x10'7  3.65x10'7 0.91
>6 *Q(1,1) 15716.813(05) 5.80+1.86x10'7  1.40x10'8 2.41
>6 TR(1,0)° 16506.139(05) 4.67+1.81x10'7  5.31x10'7 1.14
i + 0? TP(1,1) 16660.240(05)" 1.3740.69x10'7  4.90x10'8 27.07

reference: 34 < 0 R(1,1) 7144.235 cm ™! By, 1enos=5.60x 1020 (cm®J~1s72) [29]

° transition starting from lowest ortho (J,G)=(1,0) state.
b upper level is a horseshoe state.

8.3. Discussion

The results from Tab. 8.2 are graphically represented in Fig. 8.3. Theoretical Ein-
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Figure 8.3. — The measured Einstein By, ,, coefficients and their related predicted
values. Calculated Einstein By, 7engs coefficients at calculated transition frequencies
vy are denoted by black bars. The measured Einstein By, ,, coefficients at measured
transition frequencies v, are indicated in red filled circles with according error bars.
The vibrational quantum number for the 5 horseshoe transitions (HS1..HS5) is given.
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Figure 8.4. — Ratio By, Tengs divided by By,

stein By, tenos coefficients are indicated by black bars. The experimentally derived
values including their error bars are depicted in red. The general trend of decreas-
ing transition intensity with increasing transition frequency can be observed for the
experimental as well as the theoretical values. Six measured transition intensities
agree within the error bars with theoretical predictions. Two more measured tran-
sition intensities lie pretty close to the calculated values. Clearly, the Einstein By,
coefficients for five transitions deviate strongly from the theoretical ones. The ratio
B Tenos divided by By, is shown in Fig. 8.4. Obviously, the five measured lines
deviating the most are missing an order of magnitude in intensity compared to the-
oretical predictions. These five lines are the horseshoe transitions, connecting the
vibrational ground state with the horseshoe states as upper level. The Einstein By,
coefficients for transitions with a final energy level in the bulk are either in good
agreement or show minor deviations.

The measured low transition probability for the horseshoe transitions is surprising.
The level of agreement between experiment and theory when considering the fre-
quency or the intensity of the bulk states, suggests that the PES and its eigenvalues

and functions are fairly good. Theoretical calculations, over decades, using various
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8. Transition intensities

PES and/or different algorithms, consistently predict high transition probabilities
for the transitions involving horseshoe states [60, 88, 90, 62, 72]. The experimental
non-confirmation of these states requires further theoretical investigations. Although
the horseshoe states are predicted to exist for J=0, one might speculate whether,
in comparison to the Carrington measurement near dissociation where an intensity
modulation has been seen and attributed to the horseshoe states, the absence of a
rotational barrier can be connected with the low transition intensity.

On the experimental side, issues such as saturation and possible wrong assump-
tions must be considered. During a trap operation period, both bulk states and
at least one horseshoe state are always measured. Repeated measurements of the
same transitions in different trap operation periods give the same results. The non-
observation of high intensities may point to saturation effects. This is however not
the case, as the observation of the high-intensity lower-overtone bulk state transi-
tions confirms that higher intensities can be measured. These lower overtones are
still stronger than all higher-overtone transitions to horseshoe states.

An assumption made for the ArH* formation process (see Eq. 5.1) is that the
reaction rate is independent of the specific excitation of the H ion. So far none of
the measurements presented here, nor any previous experiments give any indication
that this could be the case. Actually, the good agreement between experiment and
theoretical intensity predictions for transitions to bulk states having about the same
amount of internal excitation as nearby horseshoe states over the whole measured

1is an indication that the formation rate is

energy range from 10752 — 16660 cm™
independent on the amount of excitation of the HJ ion. In App. E the collision
(107! ms) and decay times (10° — 10" ms) are given. The ArH" formation predom-
inantly occurs with the specific laser-excited H3 state and only to a minor extent
with subsequent radiatively decayed states. The effective lifetime before the laser-
excited H3 ion decays to an energy level below the Ar reaction barrier is expected
to be long enough in all cases, so that each laser-excited Hj ion finally leads to an
ArH™ ion. The absence of a trend in the intensity deviation with increasing number
of vibrational quanta also points against an excited state dependence.

Recent theoretical studies using global PES with correct long-range behavior at
dissociation, associated with a proton polarizing an Hs molecule, demonstrate that
for high energies at dissociation the horseshoe states are less pronounced. Instead,

a new type of state, the asymptotic vibrational state, is introduced and related to
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8.3. Discussion

the regular structure of the Carrington dissociation spectrum (shortly mentioned in
Sec. 2.4) 62, 72|. However, at low up to 2 of the dissociation energy the authors

do report the expected bright horseshoe states.
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9. Conclusion and Outlook

In this thesis, successful advances in H3 spectroscopy are demonstrated. Where clas-
sical absorption spectroscopy breaks down, the highly-sensitive method of chemical
reaction spectroscopy in a cryogenic ion trap allows for ongoing investigation of the
visible spectral region. Energy levels that lie more than one and a half times higher
than the barrier to linearity, about half the way to dissociation, have been reported.
This involved for the first time rovibrational states with 9 vibrational quanta, 3
more than previously reported. The presented energy levels are presently, and will
be in the future, used to empirically correct predicted energies as done by Alijah [6].
The new predictions will directly help experimentalists in the ongoing exploration
of the complete H; spectrum. Even more important, these experimentally deter-
mined energy levels are used to develop high-accuracy ab initio calculations beyond
the Born-Oppenheimer approximation suitable to also handle non-adiabatic effects.
Recent publications of a high-accuracy ab initio PES of H acclaim the good agree-
ment in the NIR region [122, 123|. The quality of these new calculations in the
VIS region still needs to be verified. So far, the presented results show that the
accuracy of here treated theoretical calculations [88, 36, 6] are still far from reaching
spectroscopic accuracy for states reaching half the way to dissociation.

Also of major importance, first experimental determined Einstein By, coefficients
for Hy transitions from cold lower levels to final levels above the barrier to linear-
ity were reported. Deviations from theory stay within one order of magnitude for
most measured transitions. Interestingly, however, the high intensity predicted for
the transitions connecting the vibrational ground state with horseshoe states could
not be confirmed for all 5 measured transitions of this kind. This unexpected ex-
perimental result is now a challenge for theory and experiment to investigate. The
traditional fruitful interplay between theoreticians and experimentalists enlighting

the simplest polyatomic molecule Hy is continued.
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Figure 9.1. — Sensitivity estimation: Einstein By, coefficients from Ref. [88] vs. transi-
tion frequency. All transitions starting from the vibrational ground state (J=1,G=0,1)
are indicated by grey stars. The red solid line shows the current expected sensitivity
of our setup. The green dashed line shows the expected sensitivity after further im-
provements on the setup. The green square indicates the reference line for absolute
normalization. Orange open circles mark the measured transitions for that also Ein-
stein By, coefficients have been derived and open blue circles indicate the measured
non-normalized transitions. All measured transitions are denoted at their measured
frequency but with calculated Einstein By, coefficients.

The chemical reaction spectroscopy has not reached its sensitivity limit yet. With
the current sensitivity, we expect to be able to advance up to 18000 cm™! (see red
line Fig. 9.1). To approach the dissociation limit further, additional sensitivity
improvements have to and can be applied. A major enhancement of the sensitivity
can be attained by increasing the amount of Hj ions and the ArH™ lifetime whilst
suppressing the non-laser induced ArH™. The Hi ion number can be increased to
the maximum storage capacity of the trap of 10° ions, avoiding saturation effects by
modifying the ion extraction scheme further. The option of replacing the existent
PMT with a fast microchannel plate detector is being investigated to avoid any
possible background created by the laser photons. A pulsed valve, presently being

tested, can be applied to dose the Ar gas into the trap after the H3 ions are cool,
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preventing the initially excited H; from reacting with the Ar and creating non-laser
induced ArH™. The initial Hj excitation and thereby the H, pressure in the source
is thus not restricted anymore. This allows for the ArH™ lifetime to be increased by
lowering the Hs trap pressure and gain maximum signal height once laser induced
ArH™ is produced. The expected sensitivity after these improvements is illustrated
by the green dashed line in Fig. 9.1 paving the way to above 20000 cm™?.

Ne or He can be used as reactant gas instead of Ar when probing energy levels
above 20000 cm™! (see Fig. 5.1). The activation energies for Hj reacting with Ne
or He require at least 10 vibrational quanta of internal excitation in the Hj ion.
The initial Hy excitation produced by the ion source is not expected to provide this
amount of energy and a nearly background-free measurement is to be expected even
without pulsed valve.

The modifications are not only of importance for the investigation of the visible
to ultra-violet rovibrational spectrum of Hy . They will also help advance the study
on the ortho-to-para ratio of Hj in space along with the ortho/para reaction rates in
space. The implementation of a pulsed valve also opens up the way to a controlled
investigation of the ortho/para-H + ortho/para-Hs scrambling [112, 124]. As the
reactant gas Ar can be dosed after cooling of the HJ ions into the 22-pole trap,
no nuclear spin conversions due to the initial chemical reactions with Ar (see Eq.
5.1) are expected to occur. In combination with the differential pumping section, a
variable number (even less than one on average) of collisions between Hf +H, can
be chosen and the resulting ortho-to-para ratio can be measured.

The dissociative recombination (DR) of HJ is the dominant destruction mech-
anism in interstellar clouds. Investigations on the ortho/para dependence of the
reactions are carried out [114]. For dissociative recombination experiments (men-
tioned in Sec. 2.3), probing of the rotational state population is of particular inter-
est |125, 126]. The populations produced by ion sources, that are characterized in
separate experiments, are reported to be modified during storage in the ring [114, 51].
State selective photodissociation would allow for in-situ determination of the rota-
tional population. As no direct photodissociation from the lowest rotational levels is
possible (see Ref. 125, 126) intermediate known energy levels are needed to perform
a resonant multi-colour photodissociation (REMPD). These intermediate states can
be determined from the high energy spectroscopy experiments.

For a better overall understanding on polyatomic molecules, measurements of the
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9. Conclusion and Outlook

H; isotopologues are of great interest. Recently a high precision line list for HyD™
[127] has been published. A complete set of experimental transition frequencies for
Hy, H,D*, DoHT, and D3 would allow to systematically investigate and separate
pure mass- and symmetry-dependent effects.

Finally, a two-color photon absorption scheme is currently under investigation to
reach excited states above 21000 cm~!. The available laser power limits the observa-
tions of transitions closer to the dissociation limit as it declines with increasing laser
frequency moving into the blue region. A two-step process circumvents this issue.
The here measured strong transitions can be used as first step with the second step

going all the way up to dissociation.
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A. Vibrational transitions

There are 5 types of vibrational transitions that can be distinguished (see Fig. A.1).
First, the fundamental band (1, < 0), which has been experimentally detected
by T. Oka [24]. Second, overtone bands also starting from the vibrational ground
state, but addressing multiple excited levels of the 15 mode (nvy < 0). The third
type of transitions are so called hot bands, starting from vibrationally excited states
(muy +nvy <= ovy +pro; m+n > o+p). Transitions that only change the number of
quanta in the v; mode are called forbidden transitions, making up the fourth group
(mvy <= 0). And last, there are transitions called combination bands, which start

from the ground state to a state which is excited in both modes (mv; + nvy < 0).
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Figure A.1. — Vibrational transitions
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B. Spectroscopy experiments

Selected spectroscopic studies are listed in Tab. B.1.
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T heoretical studies

Selected theoretical studies on Hi .

Year Authors Title/Comment Reference
1919 N. Bohr . . Nobelinst. Meddel.
Triatomic hydrogen molecule
. L 5(No. 28), 1 (1919)
- first theoretical paper mentioning Hj
1931 H. S. W. Massey Triatomic hydrogen ion, Hj Proc. Cambridge Phil.
-pertubation method finds HJ to be unstable Soc. 27, 451 (1931)
1935 C. A. Coulson The electronic structure of H3 Proc. Cambridge
- used molecular orbital theory to correctly Philos. Soc. 31, 244
predict the equilibrium structure of HJ to be  (1935)
an equilateral triangle with a bond length of
0.85 A
1936 J. Hirschfelder, I1. Calculation of Energy of H; Ion J. Chem. Phys. 4(2),
H. Eyring, - potential energies of symmetrical linear HB’L 130 (1936)
and N. Rosen
1937 J. Hirschfelder, Calculation of the energy of Hz and of Hj . J. Chem. Phys. 5(9),
H. Diamond, 111 695 (1937)
and H. Eyring
1937 D. Stevenson and The Structure of Hz, H3 , and of Hy . IV J. Chem. Phys. 5(12),
J. Hirschfelder - calculated force constant for bending linear ~ 933 (1937)
i
1938 J. Hirschfelder The Energy of the Triatomic Hydrogen J. Chem. Phys. 6(12),

Molecule and Ion, V.
- concluded triangular Hj has the lowest

energy

795 (1938)

Continued on next page
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C. Theoretical studies

Continued from previous page

Year Authors Title/Comment Reference
1948 R. G. Pearson Energy of Hi and Hj by the Method of J. Chem. Phys. 16(5),
Molecular Orbitals 502 (1948)
1950 J. M. Walsh, Molecular Orbitals for H7 J. Chem. Phys. 18(8),
R. A. Moore, 1070 (1950)
and F. A. Matsen
1954 R. S. Barker Approxiamte Integral Evaluations Used in J. Chem. Phys.
and H. Eyring the Molecular Qauntum Mechanics of 22(12), 2072 (1954)
Nonlinear Molecules
- exact and approximate intergals for Hi
calculations compared
1955 R. S. Barker, Energy Calculations for the Linear Hi Ion J. Chem. Phys. 23(2),
J. C. Giddings, System 344 (1955)
and H. Eyring
1957 G. S. Handler Use of Polar Coordinates for Molecules Wave  J. Chem. Phys. 27(1),
and J. R. Arnold Functions 144 (1957)
-quoted Eyring as referring to Hj as "the
scandal of modern chemistry*
1963 F. O. Ellison, A Method of Diatomics in Molecules II. H J. Am. Chem. Soc.
N. T. Huff, and Hi 85(22), 3544
and J. C. Patel - DIM method applied to H:J{
1964 H. Conroy Potential Energy Surfaces for the H; J. Chem. Phys. 40(2),
Molecule-Ion 603 (1964)
- calculated a rudimentary PES for HJ
1964 R. E. Christoffersen  Configuration-interaction study of ground J. Chem. Phys. 41(4),
state of Hi molecule 960 (1964)
- most stable nuclear geometry of H3 found
to an equilateral triangle
1964 H. Conroy Molecular Schrodinger Equation. IV. Results  J. Chem. Phys. 41(5),
for One- and Two-Electron Systems 1341 (1964)
- CI calculations on linear and triangular H;r
1964 J. R. Hoyland Two-Center Wavefunctions for ABH,, J. Chem. Phys. 41(5),

Systems. Illustrative Calculations on H3Jr and
Hj

1370 (1964)
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1964 H. Conroy Erratum: Potential Energy Surfaces for the J. Chem. Phys.
HI Molecule-Ton 40(10), 3121 (1964)
1966 B. D. Joshi Study of the H molecule Using J. Chem. Phys. 44(9),
Self-Consistent-Field One-Center Expressions 3627 (1966)
Approximation
1967 W.-Kutzelnigg, The Hartree-fock and the correlation energies Chem. Phys. Lett.
R. Ahlrichs, of the Hy ion and their dependence on the 1(10), 477 (1967)
1. Labib-Iskander, nuclear configuration
and W. A. Bingel
1967 G. V. Pfeiffer, Method of diatomics in molecules. IV. J. Chem. Phys. 46(2),
N. T. Huff, Ground and excited states of H3, H, HZ 821 (1967)
E. M. Greenawalt,  and Hf
and F. O. Ellison
1967 J. P. Considine Single-Center Wavefunctions for Hi and Hj J. Chem. Phys. 46(3),
and E. F. Hayes 1119 (1967)
1967 F. Grein and Molecular One-Center Two-Electron Integrals J. Chem. Phys.
M. H. Hawton Containing a Function of the Interelectronic ~ 46(10), 4121 (1967)
Distance
- applied to ground and lowest excited state
of HF
1967 M. E. Schwartz An initio Studies of Small Molecules Using 1s J. Chem. Phys.
and L. J. Schaad Gaussian Basis Functions. IT Hy 47(12), 5325 (1967)
1968 A.J. A. Wu and Method of Diatomics-in-Molecules. VIL J. Chem. Phys. 48(4),
F. O. Ellison Excited Singlet States of HJ 1491 (1968)
- applied DIM method to singlet Hy,
calculated potential energy surfaces for all
states
1968 R. E. Nature of the two-electron chemical bond. J. Chem. Phys. 48(4),
Christofferson VIL. Multicenter bonds and Hy 1790 (1968)
and H. Shull - found that H3Jr clossely resembles its

united-atom analog Li™
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1968 K. E. Banyard Quantum-Mechanical Study of Some J. Chem. Phys. 49(7),
and A. D. Tait Three-Center Two-Electron Systems. II. A 3050 (1968)
Natural-Orbital, Electron-Population, and
Energy Analysis
1968 A.-j. A. Wu and Method of diatomics-in-molecules. VIII. J. Chem. Phys.
F. O. Ellison Excited triplet states of H;)r 48(11), 5032 (1968)
- applied DIM method to triplet H,
calculated potential energy surfaces
1968 F. Grein and T. Correlated one-center wavefunctions for Theor. Chim. Acta
C. Chang two-electron molecules. III. Correlated 12(3), 243 (1968)
self-consitent field functions and applications
to Hy
1969 R. D. Poshusta, Ab Initio Predictions for Very Small Tons J. Chem. Phys. 51(8),
J. A. Haugen, and - predicts HJ to be stable 3343 (1969)
D. F. Zetik
1969 H. Conroy Molecular Schrodinger Equation. X. J. Chem. Phys. 51(9),
Potential Surfaces for Ground and Excited 3979 (1969)
States of Isosceles H3 " and Hy
- calculated PES for the ground and excited
states
1970 R. L. Somorjai Integral transform Gaussian wave function J. Chem. Phys. 53(5),
and C. P. Yue for H3" and Hy 1657 (1970)
1970 R. F. Borkman Single-center configuration-interaction J. Chem. Phys. 53(8),
calculations on the ground state of Hi 3153 (1970)
1970 1. G. Csizmadia, Ab initio SCFMOCI Calculations for H~, Hy, J. Chem. Phys.
R. E. Kari, and H Using Gaussian Basis Sets 52(12), 6205 (1970)
J. C. Polanyi, - computed exact SCF PES for reaction H™
A. C. Roach, et + Ho
al.
1970 T. C. Chang Correlated one-center wavefunctions for Theor. Chim. Acta
and F. Grein two-electron molecules. IV. Integrals for a 17(5), 371 (1970)

cutoff correlation factor. Application to H7
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1971 R. F. Borkman Electronic quadrupole moments for H;‘, Ho Chem. Phys. Lett.
and Hy from point charge model 9(6), 624 (1971)
1971 A.J. Duben Correlation Studies on Hy . I. The J. Chem. Phys. 55(9),
and J. P. Lowe Wavefunctions 4270 (1971)
1971 A.J. Duben Correlation Studies on Hy . II. Electron J. Chem. Phys. 55(9),
and J. P. Lowe Densities and Expectation Values 4276 (1971)
1971 R. K. Preston and Effects of Surface Crossing in Chemical J. Chem. Phys.
J. C. Tully Reactions: The Hj System 54(10), 4297 (1971)
- semiempirical DIM PES (qualitatively
correct)
1971 K. Kawaoka and Electric, Magnetic, and Spectral Properties J. Chem. Phys. 55(9),
R. F. Borkman of Hf Ground State Calculated from 4637 (1971)
Single-Center Wavefunctions
- concluded that it was unlikely to achieve
sufficient concentration of HI to be
observable
1971 J.-T. J. Huang Simple Diatomics-in-Molecules Energy J. Chem. Phys.
Expression for Mj and Its Application to Hf ~ 55(10), 5136 (1971)
1972 R. W. Patch On the Observability of the Hf Fundamental J. Chem. Phys. 57(6),
Spectrum 2594 (1972)
- predicted that Hi would be difficult to
observe in the laboratory but may be
observable in spectra of stars or planets
1972 J.-T. J. Huang Analytical Self-Consistent-Field Energy J. Chem. Phys. 56(6),
Expression for Ground-State H Ion 3176 (1972)
- approximate SCF PES
1973 C. W. Avoided intersection of potential energy J. Chem. Phys. 59(3),
Bauschlicher, Jr., surfaces: The (HT + Hy, H+ Hy) system 1286 (1972)
S. V. O’Neil, R. -nonempirical electronic structure

K. Preston, H. F.
Schaefer III, et al.

calculations on the two lowest ' A; states of
H3
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1973 L. Salmon and R. Correlated Gaussian wavefunctions for Hi J. Chem. Phys. 59(7),
D. Poshusta -calculated vibrational frequencies as 3497 (1973)
v; =3272cm~ ! and vy =cm™!
1973 N. C. Handy Correlated Gaussian wavefunctions Mol. Phys. 26(1), 169
- present, variationally optimized correlated (1973)
wavefunctions for Hj
1974 L. J. Schaad and Gaussian basis configuration interaction J. Chem. Phys. 61(5),
W. V. Hicks calculations on twenty electronic states of 1934 (1974)
H+
3 -
- calculated a stable triplet state
1974 G. D. Carney and H;r geometry dependence of electronic J. Chem. Phys.
R. N. Porter properties 60(11), 4251 (1974)
- first accurate ab initio potential energy
surface, CI using generalized Morse functions
1974 C. F. Giese and Classical trajectory treatment of inelastic Phys. Rev. A 10(6),
W. R. Gentry scattering in collisions of H™ with Hy, HD, 2156 (1974)
and D2
- analytical fit to the CI energies of
Csizmandia et al. (1970)
1975 J. B. Anderson A random-walk simulation of the Schrodinger J. Chem. Phys. 63(4),
Equation 1499 (1975)
1976 G. D. Carney and Hy -ab initio calculation of the vibration J. Chem. Phys. 65(9),
R. N. Porter spectrum 3547 (1976)
- first calculated rovibrational energies of Hi
1977 G. D. Carney and The lowest rotation states of Hi and J. Chem. Phys. 66(6),
R. N. Porter symmetry considerations in dissociative e~ 2756 (1977)
capture
1977 R. Ahlrichs, C. Comment: The bound 3% excited level of J. Chem. Phys. 66(6),
Votava, and C. Hy 2771 (1977)
Zirz
1977 C. S. Warke and Variational approach to the calculation of the Phys. Rev. A 16(5),

A. K. Dutta

structure and properties of H:J{ ions in strong

magnetic fields

1747 (1977)

Continued on next page

112



Continued from previous page

Year Authors Title/Comment Reference
1978 R. D. Bardo and The adiabatic correction for non-linear J. Chem. Phys. 68(6),
M. Wolfsberg triatomic molecules: Techniques and 2686 (1978)
calculations
- used a SCF wavefunctions to estimate the
adiabatic correction for H3
1978 C. E. Dykstra, The uncoupled symmetric streching J. Chem. Phys. 68(8),
A. S. Gaylord, frequency of Hy 3951 (1978)
W. D. Gwinn, W. - ab initio PES calculated using method of
C. Swope, self-consistent electron pairs
et al.
1979 C. E. Dykstra The Hy potential surface J. Chem. Phys. 70(1),
and W. C. Swope - potential surface calculated using full 1 (1979)
configuration expansion with a basis set of 68
contracted Gaussian functions
1980 R. Schinke, Proton-Hs scattering on an ab initio CI J. Chem. Phys. 72(7),
M. Dupuis, and potential energy surface. 1. Vibrational 3909 (1980)
W. A. Lester Jr. excitation at 10eV
- full CI surface appropriate for scattering
calculations and spectroscopy
1980 G. D. Carney Refinements in the vibration frequencies of Mol. Phys. 39(4), 923
trihydrogen(1+) and trideuterium(1+) (1980)
- refined fundamental frequencies and
determined Einstein A coefficients
1980 G. D. Carney and Ab initio prediction of the rotation-vibration  Phys. Rev. Lett.
R. N. Porter spectrum of Hi and D7 44(7), 537 (1980)
- calculated several lines of the observed
fundamental with an accuracy better than 1%
1981 J. D. Doll Monte Carlo based electronic structure Chem. Phys. Lett.

techniques: analysis and applications

- examined Monte Carlo based variational
electronic structure techniques, illustrated
with H;’

81(2), 335 (1981)
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1981 F. Mentch and J. Quantum chemistry by random walk: J. Chem. Phys.
B. Andreson importance sampling for triatomic 74(11), 6307 (1981)
hydrogen(+)
- numerical uncertainty of 50 cm~! makes
this method not well suited for rovibrational
calculations
1982 A. Preiskorn and Superposition of correlated configurations Chem. Phys. Lett.
W. Woznicki method. The ground state of H7 86(4), 369 (1982)
- variational calculations using correlated
wave functions
1983 0. S. Van Algebraic approach to molecular J. Chem. Phys. 79(6),
Roosmalen, F. rotation-vibration spectra. II. Triatomic 2515 (1983)
Tachello, R. D. molecules
Levine, and A. E. - application to H;r considered
L. Dieperink
1984 M. R. Aliev and Forbidden rotational and Acta Physica
V. M. Mikhailov vibrational-rotational transitions in triatomic ~ Hungarica 55(1-4),
hydrogen(1+) ion 293 (1984)
- dipole moments and line strength formulas
for forbidden rotational transitions
1984 P. G. Burton, E. Vibration spectrum of triatomic hydrogen ion ~Chem. Phys. 83(1-2),
Von (H7): a model hamiltonian 83 (1984)
Nagy-Felsobuki, - variational calculations using a slightly
G. Doherty, and modified Watson model Hamiltonian and a
M. Hamilton new ab initio PES
1984 P. G. Burton, E. The vibration spectrum of triatomic Chem. Phys. 104(2),

Von
Nagy-Felsobuki,
and G. Doherty

hydrogen (1+) and triatomic deuterium
(14). Three-dimensional basis selection and
convergence of the low-lying vibrational CI

wavefunctions

323 (1984)
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1984 J. K. G. Watson

1984 J. Tennyson and
B. T. Sutcliffe

1984 A. Preiskorn and
W. Woznicki

1985 B. Martire and P.

G. Burton

1985 V. Spirko, P.
Jensen, P. R.
Bunker, and A.
Cejchan

1985 P. G. Burton, E.
Von
Nagy-Felsobuki,
G. Doherty, and
M. Hamilton

1985 J. Tennyson and
B. T. Sutcliffe

Higher-Order Vibration-Rotation Energies of
the X3 Molecule

- higher-order pertubations calculations,
discussion of quantum numbers and selection

rules

On the rovibrational levels of the HJ and
H>D* molecules

- variationally exact rovibrational levels for
Hy

Variational calculations for the ground state
of triatomic hydrogen ion (H3)

- additional calculations based on
superposition of correlated configurations
method

The vibrational spectra of Hi and D3 :
Improved values from new representations of
ab initio surfaces

- comparison of several PES

The development of a new Morse-oscillator
based rotation-vibration Hamiltonian for Hy
- analytical fit to published ab initio PES
using a symmetry-adapted Morse-oscillator

basis set

The vibration spectrm of triatomic
hydrogen(1+). A PNO-CI ab initio potential
energy surface and its analytical
representation

- reexamined their PES, calculated band
origins

A calculation of the rovibrational spectra of
the Hi, HoD* and DoHT molecules

- variational calculations using the Burton

potential energy data

J. Mol. Spectrosc.
103(2), 350 (1984)

Mol. Phys. 51(4), 887
(1984)

Mol. Phys. 52(6),
1291 (1984)

Chem. Phys. Lett.
121(6), 479 (1985)

J. Mol. Spectrosc.
112(1), 183 (1985)

Mol. Phys. 55(3), 527
(1985)

Mol. Phys. 56(5),
1175 (1985)
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1986 F.S. Pan and T. Calculated forbidden rotational spectra of the  Astrophys. J. 305(1),
Oka hydrogen ion (Hj) 518 (1986)
1986 W. Meyer, P. Ab initio calculations of near-equilibrium J. Chem. Phys. 84(2),
Botschwina, and potential and multipole moment surfaces and 891 (1986)
P. Burton vibrational frequencies of Hj and its
isotopomers
- various full CI ab initio PES using
Morse-type coordinate
1986 P. Jensen and V. A new Morse-ocillator based Hamiltonian for ~ J. Mol. Spectrosc.
Spirko Hy : Calculation of line strengths 118(1), 208 (1986)
- method for calculating rovibrational line
strengths of H;{

1987 1. Hamilton Vibrational spacings for triatomic hydrogen J. Chem. Phys. 87(1),
ion(1+) 774 (1987)

1987 B. R. Johnson Semicalssical vibrational eigenvalues of J. Chem. Phys. 86(3),
hydrogen, deuterium, and tritium triatomic 1445 (1987)
ions(14)(H5, D7, and T3 )by the adiabatic
switching method
- first application of hyperspherical
coordinates to H;

1987 J. B. Anderson Simplified samoling in quantum Monte Carlo: J. Chem. Phys. 86(5),
application to hydrogen triatomic ion(1+) 2839 (1987)

1987 S. Miller and J. 1st Principles Calculation of the Molecular J. Mol. Spectrosc.

Tennyson Constants of Hi , HoD*+, DoHT, and D7 126(1), 183 (1987)
- demonstrated the power of the variational
approach using MBB surface
1987 V. S’pirko, A. A new Morse-oscillator based Hamiltonian J. Mol. Spectrosc.
Cejchan, and P. for Hy : Explicit expressions for some 124(2), 430 (1987)
Jensen vibrational matrix elements
1988 S. Miller and J. Calculated rotational and rovibrational Astrophys. J. 335(1,

Tennyson

transitions in the spectrum of hydrogen
triatomic ion(1+)
- used variational approach to calculated

transitions to spectroscopic accuracy

Pt. 1), 486 (1988)
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1988 J. Oddershede Calculation of Rotational g-factors and Chem. Phys. 112(2),
and J. R. Sabin Magnetic Succesptibilities of H7 291 (1988)
- the components of the g tensor can be used
to estimate the rotation-dependent terms of
the nonadiabatic corrections
1988 C. Urdaneta, A. Gaussian functions in Hylleraas-CI J. Chem. Phys. 88(3),
Largo-Cabrerizo, calculations. I. Ground state energies for 2091 (1988)
J. Lievin, G. G. molecular hydrogen,
Lie, et al. hydrohelium(1+)(HeH"), and hydrogen
triatomic ion(1+)
- Hylleraas CI approach using a Cartesian
Gaussian basis
1988 D. Talbi and R. Theoretical study of excited singlet states of ~ J. Chem. Phys. 89(4),
P. Saxon hydrogen triatomic monopositive ion: 2235 (1988)
potential surfaces and transition moments
1988 R. M. Whitnell Symmetry-adapted discrete variable J. Chem. Phys. 89(6),
and J. C. Light representations 3674 (1988)
1988 S. Miller and J. Overtone Bands of Hi — 1st Principle J. Mol. Spectrosc.
Tennyson Calculations 128(2), 530 (1988)
1989 J. J. Soares Neto, Hyperspherical coordinates in the study of Int. J. Quant. Chem.
S. B. Padkjaer, rovibrational levels of the hydrogen triatomic 28, 120 (1989)
and J. Linderberg monopositive ion and its isotopomers
- variational calculation using hyperspherical
coordinates
1980 R. M. Whitnell Efficient Pointwise Representations For J. Chem. Phys. 90(3),
and J. C. Light Vibrational Wace-Functions — 1774 (1989)
Eigenfunctions of HJ
- application of full symmetry adapted DVR
to Hj using hyperspherical coordinates and
the MBB surface
1989 P. E. S. Wormer The potential energy surface of triplet Hf : A J. Chem. Phys. 90(4),

and F. de Groot

representation in hyperspherical coordinates
- full CI calculation of the triplet PES using

hyperspherical coordinates

2344 (1989)

Continued on next page

117



C. Theoretical studies

Continued from previous page

Year Authors Title/Comment Reference
1989 J. Tennyson and Highly excited rovibrational states using a J. Chem. Phys. 91(7),
J. R. Henderson discrete variable representation: The Hi 3815 (1989)
molecular ion
- formulation of the rovibrational problem in
Jacobi coordinates using DVR
1989 S. Miller and J. Hot Band Transition Frequencies and Line J. Mol. Spectrosc.
Tennyson Strengths in Hf — 1st Principle Calculation — 136(2), 223 (1989)
1990 J. R. Henderson All the vibrational bound states of Hi Chem. Phys. Lett.
and J. Tennyson - vibrational calculations for three PES using 173(2-3), 133 (1990)
DVR, all J=0 bound states converged to
within 10 cm ™!
1990 O. Brass, J. Spectroscopy and dynamics of the highly J. Chem. Phys. 92(6),
Tennyson, and E. excited nonrotating three-dimensional 3377 (1990)
Pollak hydrogen triatomic monopositive ion
- wave functions for the MBB surface and a
DIM surface
1990 D. Frye, A. Gaussian functions in Hylleraas-configuration J. Chem. Phys. 92(8),
Preiskorn, G. C. interaction calculations. V. An accurate ab 4948 (1990)
Lie, and E. initio hydrogen triatomic monopositive ion
Clementi potential-energy surface
1990 S. Carter and W. A variational method for the calculation of J. Chem. Phys.
Meyer vibrational energy levels of triatomic 93(12), 8902 (1990)
molecules using Hamiltonian in
hyperspherical coordinates
- new variational procedure using
hyperspherical coordinates applied to H:J{
1990 S. Miller, Forbidden rotational and rovibrational J. Mol. Spectrosc.
J. Tennyson, and transitions in hydrogen ion (H7): first 141(1), 104 (1990)
B. T. Sutcliffe principles calculations
1990 J. R. Henderson, Discrete variable representations of J. Chem. Soc. Farad.

S. Miller, and J.
Tennyson

large-amplitude rovibrational states in a

generalized coordinate system

Trans. 86(11), 1963
(1990)
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1990 P. Bartlett and B. The rotational-vibrational spectrum of
. . o Mol. Phys. 70(6),
J. Howard symmetrical nonrigid triatomics in 1001 (1990)
hyperspherical coordinates - the H;f molecule
- used MBB surface to calculated the first
rovibrational energy levels of H using
hyperspherical coordinates (J=0)
1991 Z. Baci¢ and J. Z. A new Dj3j;, symmetry-adaptedmmethod for Chem. Phys. Lett.
H. Zhang highly excited vibrational levels of floppy 184(5-6), 513 (1991)
triatomics: the H molecule
1991 P. N. Day and D. The calculation of highly excited bound-state J. Chem. Phys. 95(9),
G. Truhlar energy levels for a triatomic molecule by 6615 (1991)
using three-arrangement basis sets and
contracted basis functions
1991 A. Preiskorn, D. Gaussian functions in J. Chem. Phys.
Freye, and E. Hylleraas-configuration-interaction 94(11), 7204 (1991)
Clementi calculations. VI. The first excited state of the
hydrogen triatomic monopositive Ion
1992 S. B. Padkjaer, J. Non-zero total angular momentum Chem. Phys. 161, 419
J. Soares Neto, calculations of rovibrational levels for (1992)
and J. Linderberg triatomic molecules using generator
coordinates
1992 S. A. Alexander, Calculating atomic and molecular properties  Int. J. Quant. Chem.
R. L. Coldwell, using variational Monte Carlo methods 26, 213 (1992)
and G. Aissing
1992 S. Carter and W. Comment on: Discrepancies between J. Chem. Phys. 96(3),
Meyer variationally calculated vibrational energies 2424 (1992)
of HF
1992 J. R. Henderson, . . J. Chem. Phys. 96(3),
Reply to “Comment on discrepancies between
J. Tennyson, and . . . . 2426 (1992)
. variationally calculated vibrational energies
B. T. Sutcliffe . . P
of the hydrogen triatomic monopositive ion”
1992 J. B. Anderson Quantum-Chemistry by Random-Walk J. Chem. Phys. 96(5),

Higher Accuracy for Hi

3702 (1992)
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1992

1992

1992

1992

1992

1993

1993

7. Bacié¢ and J. Z.

H. Zhang

G. C. Lie and D.
Frye

M. Berblinger, C.

Schlier, J.
Tennyson, and S.
Miller

B. M. Dinelli, S.
Miller, and J.

Tennyson

C. R. LeSueur, S.

Miller, J.

Tennyson, and B.

T. Sutcliffe

C. R. LeSueur, J.

R. Henderson,

and J. Tennyson

D. A. Sadovskii,
N. G. Fulton, J.
R. Henderson, J.
Tennyson, et al.

High-lying rovibrational states of floppy X3
triatomics by a new Ds, symmetry adapted

method: Application to the H; molecule

Vibrational analysis of a
Hylleraas-configuration interaction potential
for Hf

- Hylleraas CI using Morse-Dunham
coordinates

Accurate specific molecular state densities by
phase space integration. II. Comparison with
quantum calculations on H and HDJ -
semi-calssical determination of the specific

number and density of quantum states

Bands of triatomic hydrogen(1+) (HJ) up to
4v5: rovibrational transitions from first
principles calculations

- band origins and Einstein A coefficients for

all transitions up to 4v4

On the use of variational wave functions in

calculating vibrational band intensities

Gateway states and bath states in the
vibrational spectrum of hydrogen molecular
cation (HJ)

Nonlinear normal modes and local bending
vibrations of hydrogen and deuterium
triatomic monopositive ions (Hi and D7)

J. Chem. Phys. Lett.
86(5), 3707 (1992)

J. Chem. Phys. 96(9),
6784 (1992)

J. Chem. Phys. 96(9),
6842 (1992)

J. Mol. Spectrosc.
153(1-2), 718 (1992)

Mol. Phys. 76(5),
1147 (1992)

Chem. Phys. Lett.
206(5-6), 429 (1993)

J. Chem. Phys. 99(2),
906 (1993)
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1993 J. R. Henderson, All the bound, vibrational states of the J. Chem. Phys. 98(9),
J. Tennyson, and hydrogen triatomic monopositive ion: a 7191 (1993)

B. T. Sutcliffe reapraisal
- computed all vibrational band origins up to
35000 cm~! (converged to within 2cm™1)

1993 M. J. Bramley, A general discrete variable methods to J. Chem. Phys.
and T. calculate vibrational energy levels of three- 99(11), 8519 (1993)
Carrington Jr. and four-atom molecules

1993 R. Rohse, W. Configuration interaction calculations with J. Chem. Phys.
Klopper, and W. terms linear in the interelectronic coordinate  99(11), 8830 (1993)
Kutzelnigg for the ground state of Hi . A benchmark

study
- Hylleras CI, estimated relativistic
corrections

1994 J. K. G. Watson Vibration-Rotation Calculations for H3 Can. J. Phys.

Using a Morse-Based Discrete Variable 72(9-10), 702 (1994)
Representation

- semi-empirical surface based on MBB

potential

1994 W. A. Majewski, New observations and analysis of the infrared Can. J. Phys. 72,
AR W. vibration-rotation spectrum of Hi 1016 (1994)
McKellar, D. - observed 52 lines from 1800-2550 cm ™! and
Sadovskii, and J. 71 lines from 2900-5000 cm ™~ using FTIR
K. G. Watson emission, calculated lines from adjusted MBB

1994 H. Yu, A. D. %If%g?dimensional finite element method for =~ Chem. Phys. Lett.
Bandrauk, and V. electronic properties of small polyatomic 222(4), 387 (1994)
Sonnad molecules: H;, H,, Hg’L and H3Jr

1994 H. Wei and T. Discrete variable representations of J. Chem. Phys.

Carrington Jr.

complicated kinetic energy operators

101(2), 1343 (1994)
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1994 S. Carter and W. A variational method for the calculation of J. Chem. Phys.
Meyer rovibrational energy levels of triatomic 100(3), 2104 (1994)
molecules using a Hamiltonian in
hyperspherical coordinates: Applications to
Hi and Naj
- calculated rovibrational energy levels (up to
J=2) of HJ using the MBB surface
1994 R. Rohse, W. Potential energy surface of the H ground J. Chem. Phys.
Kutzelnigg, R. state in the neighbourhood of the minimum 100(3), 2104 (1994)
Jaquet, and W. with microhatree accuracy and vibrational
Klopper frequencies derived from it
- ab initio PES with microhatree accuracy
(RKJK)
1994 M. J. Bramley, J. Efficient calculation of highly excited J. Chem. Phys.
W. Tromp, T. vibrational energy levels of floppy molecules: ~ 100(9), 6175 (1994)
Carrington Jr., the band origins of Hj up to 35000 cm™*
and G. C. Corey
1994 L. Wolniewicz Rotation-vibration states of H;{ computed J. Chem. Phys.
and J. Hinze using hyperspherical coordinates and 101(11), 9817 (1994)
harmonics
- performed calculations for HI up to J=4
1994 J. R. Normal coordinates-finite elements calculated J. Comput. Chem.
Alvarez-Collado of 3D vibrational energy levels: 15(4), 377 (1994)
Henon-Heilers and Eckart potentials, H;r
molecule
1994 B. M. Dinelli, S. A Specctroscopically Determined Potential J. Mol. Spectrosc.

Miller, and J.

Tennyson

Energy Surface for H3
- adjusted parameters of the LF surface with
succesive refinements using variational

calculations to reproduce experimental data

163(1), 71 (1994)

Continued on next page
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Year Authors Title/Comment Reference

1994 J. Tennyson and Non-Born-Oppenheimer correction to the H;f Phys. Rev. A 50(1),
O. L. Polyanski potential from experimental data 314 (1994)

- demonstrated that major error in the LF
potential is due to the Born-oppenheimer
approximation, constructed adiabatic surface
good to within 0.03 cm ™!

1995 A. Alijah, J. Rotation-vibrational states of Hi using Ber. Bunsenges. Phys.
hinze, and L. hyperspherical coordinates and harmonics Chem. 99(3), 251
Wolniewicz - compared results of variational calculations  (1995)

using the MBB and RKJK surfaces

1995 J. K. G. Watson The vibration-rotation spectrum and Chem. Phys. 190, 291
anharmonic potential of Hi (1995)
- semi-empirical adjustment of the MBB
surface, artificial wall

1995 J. Troe Simplified models for anharmonic numbers Chem. Phys. 190, 381
and densities of vibrational states. I. (1995)
Application to NOs and H;j

1995 B. M. Dinelli, C. Ab-initio ro-vibrational levels of H;r beyond Chem. Phys. Lett.

R. LeSueur, J. the Born-Oppenheimer approximation 232, 295 (1995)
Tennyson, and R. - calculated rovibrational energy levels using
D. Amos mass-dependent adiabatic correction

1995 W. Cencek, J. Benchmark claculations for two-electron Chem. Phys. Lett.
Komasa, and J. systems using explicitly correlated Gaussian 246(4,5), 417 (1995)
Rychlewski functions

1995 A. Ichihara and Ab initio potential energy surfaces for the Chem. Phys. Lett.

K. Yokoyama lowest 1 A’ states of Hi 103(6), 2109 (1995)

1995 B. M. Dinelli, O. Spectroscopically determined J. Chem. Phys.

L. Polyanski, and Born-Oppenheimer and adiabatic surfaces for  103(24), 10433 (1995)
J. Tennyson Hy, HoD™, and D7
- semi-empirical mass-dependent surface with
adiabatic corrections
1995 R. Jaquet and R. Rovibrational energy levels and transitions Mol. Phys. 84(2), 291

Rohse

fro Hi computed from a new highly accurate
PES

(1995)

Continued on next page
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C. Theoretical studies

Continued from previous page

Year Authors Title/Comment Reference
1995 J. Tennyson, B. On the determination of PES of Theochem. 341, 133
M. Dinelli, and O. spectroscopic accuracy (1995)

L. Polyanski
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D. Symmetry considerations

This appendix provides the character- and the multiplication table for the D5, molec-
ular symmetry (MS) group. For Hj the MS group is isomorphic to the molecular
point group and therefore the name of the MS group is that of point group followed
by (M). For further details and definitions on symmetry groups see Ref. 42 and Ref.
134.

y
T
H,
A-Z) \ X
H,—— H,

Figure D.1. — D3, — H?{

The triatomic hydrogen ion Hi consists of three protons and therefore the nuclei
obey the Fermi-Dirac statistic. The complete wave function must change its sign
under the odd permutations of the nuclei (12), (23), (31) and be invariant to the even
permutations (123) and (132). According to the character table D.1 the complete
wave function of Hy must therefore have either A} or Aj symmetry (indicated in
red).

For analysis of possible combinations of the decomposited wave function the mul-
tiplication table D.2 for Dy, is given. The results leading to A} or AJ symmetry
are indicated in red. The possible combinations of rovibronic (rve) wave functions
and nuclear spin are listed in Tab. D.3. The electronic ground state of Hy is totally
symmetric (A}). Therefore, rovibrational (rv) levels with A} symmetry (J even,
G = 0) are not allowed.
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D. Symmetry considerations

Table D.1. — Character table Dgp. For each class of the molecular symmetry group
one symmetry element is given. The number of symmetry elements in the class is
indicated underneath. The equivalent element of the molecular point group is also
shown. The symmetry for the dipole moment operator p14 along a space-fixed direction
A is also indicated. A more detailed character table can be found in [42]

E (123) (12) E* (123 (12)*
Dsn(M): 1 2 3 1 2 3
Dghi E 203 302 Ohp 253 3O'U
A 1 1 1 1 1 1
A, 1 1 101 1
A" 1 1 1 -1 -1 -1 T(pa)
Al 1 1 1 -1 -1 1
E' 2 -1 0 2 -1 0
E" 2 -1 0 -2 1 0

Table D.2. — Multiplication table for Dsg,

A Ay AL Ay E E"
Al AL Ay AL A E E"
A A, Ay A E E"
A7 AL A, E E
Ay A E" E
B A, 4 B AL AR
E" Ay, Ay B
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Table D.3. — Spin statistical weights for H3

Frve Frv Fns Ftot Ins
AL A —
o B
Ay AL 4 AL 4
E E 2F A, 2
E" E" 2B Ay 2




E. Time constants

The interaction between an ion with charge q and a neutral collision partner with
polarizability o can be described by the Langevin theory. A short summary is given

in appendix A of Ref. 109. The Langevin rate coefficient is given by

yixes;
kr =g @, (E.1)

or in practical units (o in A%, 4z in u) by

ky = 2.342\/§ 10 %cm?®s ™. (E.2)
I

Time constants 7 for collisions of the type Hi + X (X =Ny, Hy, Ar, He) at typical
22-pole trap conditions (see Tab. 5.1) are given in Tab. E.1.

Table E.1. — Collision reaction rates for H;‘ + X

X a® L kL N/V rate T
(A*) () (m7')  (em™) (57 (s)

N, 1.710 2.71 1.86 2.27-10%  4.22.10* 2.37
H, 0.787 1.20 1.90 1.96-10% 3.72 2.69-10~*
Ar 1.664 2.79 1.81 1.27-10% 2.30-10"3 4.35-10*
He 0.208 1.71 0.82 2.68-10* 2.18-10%% 4.58.10°6

& NIST Standard Reference Database Number 101 Release 15a,
April2010.

Table E.2 shows for selected transitions the effective lifetime of the upper state,
taking all possible radiative decay pathways of Ten96 into account. When using
Ar as reactant gas, the chemical probing spectroscopy is sensitive to excited states

down to 4436cm~!. Radiative decay from the upper level to states below this
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E. Time constants

Table E.2. — Timings for selected states. The number of decay paths (d.p.) is given
with the corresponding effective lifetime of the upper state. The fastest single decay
pathway (fastest d.) is shown as well as the number of critical decay pathways and the
critical effective lifetimes. Shaded red columns indicate horseshoe (all para) transitions
and light blue columns belong to ortho transitions

transition  d.p. lifetime fastest d. crit. d.p. crit. lifetime

(cm™1) (ms) (ms) (ms)
10798.777  (18) 1.9 4.5 (3) 75.3
12413.247  (25) 1.5 5.8 (3) 516.4
13638.251 (37) 3.2 10.7 (3) 282.9
15058.680 (56) 1.9 9.1 (3) 666.3
15130.480 (114) 1.4 8.8 (7) 846.4
15450.112 (197) 1.4 8.7 (15) 1477.8
15643.052 (201) 1.1 11.8 (15) 1472.0
15716.813 (125) 1.1 7.6 (8) 626.4
16660.240  (63) 1.0 4.3 (4) 1221.2

energetic threshold is indicated as critical as these ions are not detected and the
critical lifetime according to the possible critical decay pathways are given in Tab.
E.2 also. The time-consuming analysis of the fastest total decay paths via several
intermediate states is not done, as already the fastest single decay path is more than
an order of magnitude slower than the collision time constant for collisions with Ar
reactant gas.

Because the reaction Hj + Ar proceeds with a faster time constant (0.4 ms™!)
than the effective lifetime of the upper state, it is well reasonable to assume that
the chemical reaction Hy + Ar occurs predominantly with the specific laser excited

state of H and only to a minor extent with subsequent radiatively decayed states.
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Glossary

CNPI group A Complete nuclear permutation inversion group (CNPI) consists of
all permutations of identical nuclei, the inversion E*, and the product of
E* with all permutations of identical nuclei. It is a symmetry group of the

molecule. 125
hot band transition A transition starting from any vibrational excited state. 47

Langevin rate reaction rate for ion-neutral reactions without potential barriers

other than a centrifugal energy barrier. See App. E. 6, 16

MS group In the case of Hj the molecular symmetry (MS) group is isomorphic to
its point group and it is labeled Dg;,(M). 125

period A trap operation period is defined as the time between cooling down and

warming up of the 22-pole trap. 83

spectroscopic accuracy for ab initio calculations the term spectroscopic accuracy
means that energy levels are precise to 0.1 cm™!. That is more than a magni-
tude worse than high resolution spectroscopic measurements provides.. 1, 31,
78
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