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Abstract
This thesis describes two projects, spectroscopy of the astrophysically relevant molecule TiH and its isotopologue TiD, and the dissociative recombination (DR) reaction of astrophysically and atmospherically relevant molecules.
Emphasis in the thesis is on the first project.
A series of laser aided spectroscopic studies of TiH/TiD has been carried
out. A search for forbidden transitions in the (green) B-X band of TiH was
performed. This was followed by a rather bitter fight for the analysis of the
perturbed and congested B-X band of TiD, and this was finally rewarding.
A substantial extension of a previously reported analysis of this band was
performed. The new analysis includes transitions between higher vibrational
levels never previously identified. This made it possible to report the first
experimentally derived equilibrium constants for the TiH/TiD molecules.
There is a need for such results for metal hydrides in the work of calculating
the opacity of the atmospheres of cool M and L type stars.
The DR storage ring experiments have been carried out at the ion storage
ring CRYRING in Stockholm. Measurements of the branching fractions and
DR rate constants of molecular ions have been done. These results find use in
the modeling of the chemistry in interstellar clouds as well as of atmospheres,
like the one of Titan, one of the moons of Saturn, which was recently visited
by the spacecraft Cassini.
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Chapter 1

Introduction
This thesis describes the work on two projects - spectroscopy on an astrophysically relevant molecule and the reaction of astrophysically and atmospherically relevant molecules. Emphasis in this thesis has been put onto
the first project which has occupied most of my work.

1.1

Investigations of the TiH/TiD molecule

Metal1 mono-hydrides are of interest in astronomy as they give rise to absorption features in the near infrared spectrum of cool stars (objects), e.g.
those with spectral type2 L and T as well as the slightly warmer type M.
The absorption strength of both metal hydrides and oxides, together with
atomic transition strengths, are used as specific identifiers when characterising stars with spectral types M and L. These strengths depends on the
absorption cross sections and the abundances of the various species in the
stellar atmosphere and this determines the atmospheric opacity at different
wavelengths. In L type objects, the spectra of the metal hydrides CaH, MgH,
FeH and CrH dominates while the metal oxides like TiO and VO, though
prominent in the warmer M dwarfs spectra, have largely disappeared due to
the formation of condensates that clear the photospheres of two of its main
absorbers (Kirkpatrick, 2005).
1
Astronomers tend to call any atom a metal that is heavier than helium and the amount
of metals present in a star is called the metallicity.
2
The Herzsprung-Russel diagram plots the stellar luminosity against the surface temperature, with stars being classified as a function of decreasing temperature in the order
O B A F G K M L T. Objects lying in the main sequence of this plot are called dwarfs.
The Sun is a type G dwarf. (Kirkpatrick, 2005).

3

Metal poor dwarfs, so called sub-dwarfs, have a relatively low abundance
of elements heavier than hydrogen, i.e. a low metallicity. As heavier atoms
are produced in either nuclear fusion or neutron capture in stellar objects
their general abundance increases with the age of the galaxy and thus metalpoor objects tend to be particularly old (Bernath, 2006) and this makes them
useful in the role of revealing the galactic chemical history.
Brown dwarfs are among those objects that are classified as M, L and
T spectral types. These are “failed stars”, i.e. objects that did not become sufficiently massive during their contraction phases to initiate stable
hydrogen fusion in the core and thus they occupy the gap between the least
massive star and the most massive planet3 . Although their existence was
postulated as early as 1963, it was not until 1995 that the first confirmed
detection of a brown dwarf was announced, setting off an avalanche of new
discoveries (Basri, 2000). It has since then been suggested in a review article by Kirkpatrick (2005) that, based on rough extrapolations, there may
be almost twice as many brown dwarfs as stars in the Solar neighborhood.
These intrinsically faint sub-stellar objects have a constantly declining surface temperature after their birth in between cool stars and giant gas planets
such as Jupiter, rhoughly in the range 200-2000 K. Their spectral classification falls into the M, L or T type depending on how much they have cooled
since they were formed. Thus, these numerous brown dwarfs will at a stage
in their life be characterized by metal hydrides absorption features in their
spectra.
Information about the chemical composition of a spectral object can be
retrieved by calculating the opacity of the photosphere and comparing these
data with spectral observations. To do so requires detailed spectroscopic
data of the constituent atoms and molecules. The later presents a large
challenge in the opacity calculation due to the greater number of energy
levels that can be populated, even at low temperatures (Sharp & Burrows,
2007).
In opacity calculations, laboratory data and ab initio calculations of
molecular properties complement each other. When the absorption from the
main lines saturates in the photosphere, weaker transitions become important and these are difficult to study experimentally. Furthermore, opacity
calculations involves higher vibrational and rotational levels than are nor3

With the recent reclassification of Pluto and the discovery of extrasolar ”giant planets”, the lower and upper boundary for what is a planet is nowadays under intense debate
but we can apply an arbitrary definition that a star can steadily burn hydrogen but a
planet can not even fuse deuterium in its core. This constrains the mass of a brown dwarf
to roughly between 13-75 times the mass of Jupiter (Basri, 2000).

4

Figure 1.1:
A summary of
the different experimental
techniques that have been
employed to spectroscopically
characterise the TiH and
TiD molecules; R2PI-TOF resonant two photon ionization
in combination with a time-offlight tube, LIF - laser induced
fluorescence, cw - continuous
wavelength and FTS - Fourier
transform spectrophotometer.
mally observed in the laboratory. Ab initio calculations can help to provide
such information although it is noted that pure ab initio based opacity calculations are not satisfactory because the obtained line positions are not
accurate enough (Bernath, 2006).
Opacity calculations of TiH have been carried out by Burrows et al.
(2005) for M and L dwarf atmospheres. These calculations predict the
TiH/TiO ratio to increase strongly with decreasing metallicity and might
even exceed unity. Due to the lack of spectroscopic data for the TiH molecule
the opacity calculations had to rely heavily on ab initio methods and extrapolations. As an example, in the calculation of the opacity due to the
two TiH electronic band systems A-X and B-X, they made use of roughly
108000 TiH lines (Burrows et al., 2005), although only approximately 300
lines in these transitions have been measured in laboratory experiments. A
tentative assignment of TiH has been made in the near infrared spectra from
such objects although this claim is controversial (Bernath, 2006).
In this thesis I present the work I have undertaken to obtain spectroscopic information on the TiH and TiD molecules. The project was not
trivial and several different experimental techniques have been utilized. An
overview of these are given in Figure 1.1. The highlight of this work is the
5

first experimental determination of the equilibrium constants for the TiD
molecule.
The spectroscopic constants of the two isotopologues TiH/TiD are related through isotopic relationships that can be used to obtain the approximate properties of the other if data for only one of them is known. Thus,
by studying the TiD molecule, knowledge can be obtained for the more
abundant TiH molecule.
Although it appears to be a simple diatomic molecule, TiH (or TiD)
combines several properties that make spectroscopic investigations cumbersome:
1. It is a free radical and therefore is strongly reactive and is easily consumed after it has been created, i.e. it is difficult to produce in sufficient quantities.
2. It is a hydride, and such molecules have a reputation to be bad rotators, i.e. they have a tendency to be poorly described by a simple
model of a rotator. The F4 spin component4 of the ground state of TiH
(4 Φ) is an example of this: The absolute J numbering of the branches
for the F4 spin component can not be obtained from the ordinary
method using the rotational second combination differences, i.e. the
extension of a plot of ∆2 F”(J) versus J does not cut the abscissa close
to J = - 1/2 (but instead at J ≈ -2).
3. Almost all the mass of the molecule is carried by one atom giving it
a large rotational constant, B, and consequently only few rotational
energy levels are populated in the molecule. This results in experimental spectra with only a few visible rotational lines in each branch
compared to spectra of ”ordinary” diatomic molecules. Thus, its spectrum is not suited for being analyzed by a computer based pattern
recognition routine, such as that of Loomis-Wood, and manual (time
consuming) methods must be employed.
4. It contains a transition metal atom. Such atoms have several unfilled d-orbitals that are nearly degenerate, i.e. lying close in energy,
which generates a large number of closely spaced electronic states at
low energies. The electrons tend to be unpaired in these valence orbitals, resulting in a high multiplicity of the electronic states in the
corresponding molecule. This creates band spectra consisting of many
4

From here on, the spin component with the lowest Ω will be called F1 , followed by F2

etc.
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close transitions, one for each spin component. Due to the vicinity
of the other electronic states, a band often shows perturbations5 due
to mixing between these states. With the large rotational B value,
such a perturbation can ”knock out” just one or a few rotational lines
in a branch in a seemingly random way instead of showing up as a
smoothly varying perturbation distributed over several lines. This can
appear in the spectrum as a sudden truncation of a branch, making
visual identifications of branches difficult.
All of these properties of the transition metal hydrides add up to give
rise to spectra that are confusing and congested. This explains why the
properties of this seemingly simple molecule have not yet been extensively
investigated.
The upper B4 Γ state of the titanium hydride is known to be heavily
perturbed. Studying this perturbation was the main objective of the first
experiment concerning the search for forbidden transitions in TiH. These
transitions would enable the determination of the energy separation between
the different spin components in each state and thus enable a better description of them. Later, interest shifted towards the isotopologue TiD, which
was previously only partly rotationally analyzed in regards to the transitions
between the two lowest spin components F1 and F2 of the ground state X4 Φ
and the excited state B4 Γ.

1.1.1

The term value program

A program using the term value method was used extensively as an aid
during the experiments. This term value program was a modified version of
the program described by Åslund (1974).
The rotational levels in two different states are separated by the energy of the corresponding spectral lines. The second rotational combination
differences, ∆2 F(J), determines the exact energy separation between every
second rotational energy level, both in the upper (=R(J”)-P(J”)) as well as
in the lower (=R(J”-1)-P(J”+1)) set of energy levels, as illustrated in Figure 1.2(a). In the case of only two such sets, the term value program forms
two well defined, but independent, rotational energy ”ladders” in each set
by applying the ∆2 F, shown in Figure 1.2(b). They are independent in the
sense that there are no spectral lines connecting the two ladders so the ladders relative energy separation is unknown. Note that Q-lines, if existing,
5
Whenever a ”simple” formula no longer can be used to predict the energy separation
in a state or the pattern in a band, spectroscopists start to talk about ”perturbations”.
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Figure 1.2: A principal outline of the term value approach. The energy
separations are not to scale. (a) Two sets of energy levels described by
upper and lower second combination differences (∆2 F). (b) Two separate
energy ladders can be formed using the ∆2 F. (c) A model fixes the internal
separations in one set of the energy levels. Here, the parameters T1 , T2
(the length of the arrows) and the rotational constant B are adjusted to
reproduce the measured spectral lines, see text.
will not change this separation due to the combination defect (Herzberg,
1989).
The term value program connects the energy separation of the two ladders in a state (usually the lower) by assuming that a suitable mathematical
model is able to fully describe one particular set of energy levels, see Figure 1.2(c). Molecular constants are used in an expression (Hamiltonian) to
determine the energy levels in the model and thus their separation. This
requires an arbitrary fixed point on the energy scale and often the lowest
rotational line is chosen for this as zero. The term value program varies the
separation of the energy levels in the ground state by adjusting the molecular constants (the constant B in Figure 1.2(c) and the separations of the two
energy “ladders” in the upper state from the arbitrary chosen fixed point
(the length of the two vertical lines shown in Figure 1.2(c)) in order to mimic
the spectral lines.
This is an iterative process and the results from the program contain the
optimized molecular constants for the model of the lower set of energy levels
and the term values for the upper state. The latter is formed by subtracting
8

the spectral lines with the energy levels in the ground state as calculated by
the Hamiltonian when using the optimized molecular constants.
In the next step a second program uses the upper state term values
and fits them to a model of the upper state (e.g. a 4 Γ) by varying the
set of molecular constants used in the Hamiltonian of the model. When
the lower and upper states are simultaneously fitted between two models
(Hamiltonians), this is called the direct approach method. A disadvantage
of the direct approach method is that if one of the states is perturbed and
the other is not, both sets of molecular constants will be affected by this
when trying to fit a model to each state simultaneously. Usually only one
state is affected by a perturbation (usually the upper state) and by using
the term value method, the accompanying bad fit of the perturbed state to
a model will only affect the molecular constants of the upper state while the
unperturbed state will be well described.
The models that are used in this work were constructed from Hund’s
case (a) effective Hamiltonians:
H = Hev + HROT + HSO + HSS + HSR

(1.1)

where

1
1
Hev = Te + ωe (ν + ) − ωe xe (ν + )2
(1.2)
2
2
1
HROT = [Be −αe (ν+ )](J - L - S)2 −D(J - L - S)4 +H(J - L - S)6 (1.3)
2
HSO = ASO LS
(1.4)
2
HSS = λSS (3S2Z − S2 )
(1.5)
3
1
HSR = γ SR NS = γ SR (JS-S2 ) = γ SR (J2 -N2 -S2 )
(1.6)
2
Note that the Hamiltonian for interactions between the spin and the
rotation, HSR , for historical reasons is chosen to be of the Hund’s case (b)
type. The expansions are truncated up to when the coefficients were no
longer statistically determined in paper I, e.g. βe could not be determined
for D in HROT .

1.2

Investigations of dissociative recombination of
ions

The ion storage ring CRYRING in Stockholm is partly used for studying
the dissociative recombination (DR) of molecular ions. The general form of
the DR reaction is given by:
9

[A+ ] + [e− ] → [products]

(1.7)

where A+ is a molecular ion and products consist of two or more fragments that may or may not include atoms. By collecting a large number of
just such chemical reactions, model makers utilizes reaction rate constants
and product branching fractions to simulate the time dependent molecular compositions of interstellar gas clouds (Millar, 2005). In the cold environments found in interstellar gas clouds, reactions between ion-neutral
molecules play an important role as these processes usually lack an activation barrier and thus can proceed even if the temperature is low. The
DR reaction competes with ion-neutral reactions and can produces neutral
species that are also reactive. It is cumbersome, if not close to impossible,
to calculate accurate DR rate constants for any but the smallest polyatomic
molecules using ab initio methods. For the prediction of the branching
fractions of a DR event there are no reliable methods available. Hence,
both the reaction rates and the branching fractions must be experimentally
determined (Adams et al., 2006), as is done at CRYRING. Paper II-V reports on such measurements for astronomically and atmospherically relevant
molecules, not at least regarding the recent atmospheric probing of Saturn’s
moon Titan by the spacecraft Cassini.

10

Chapter 2

Spectroscopic history of
TiH/TiD
In the following, a selection, in chronological order, of the most important
experimental work that has been reported on the TiH/TiD molecule is presented. In addition, some theoretical calculations are also mentioned as they
have played a role in aiding the experimental work.
1971
The first recorded spectrum of TiH/TiD
Smith & Gaydon (1971) reported the first experimental work on TiH/TiD.
As many experiments had been made in vain trying to excite the emission
spectrum of TiH, Smith and Gaydon thought this lack of success might be
due to the upper state being predissociated and thus difficult to obtain in
emission. Hence they made the investigation in absorption instead. They
produced the titanium monohydride by using a shock tube1 which was able
to reach higher temperatures than a King furnace2 .
1
A shock tube, as described by Seal & Gaydon (1963), consists of a sealed tube, usually
made of copper, with a diameter of roughly 6 cm. The interior of the tube is separated by a
diaphragm into a small (∼1m) section and a larger (∼3m) one. The larger section is filled
with a gas of high molecular weight, typically argon, at a low pressure (∼mbar) together
with a fine powder of the material to be studied on a cellulose tissue that is suspended
from a holder. The smaller sector is filled with hydrogen or helium until the gas pressure
ruptures the diaphragm at 10-20 bar. This creates a shock wave that travels into the low
pressurized section. This raises the temperature at the interface of the advancing gas and
the undisturbed argon gas. The sealed end of the tube forces the advancing shock wave to
be reflected which raises the temperature even further at the shock wave interface to about

11

Titanium powder was used in an atmosphere consisting of 50% H2 (D2 )
/ 50% Ar mixture at a low pressure. Continuous light from a flash lamp
probed the reflected shock wave at 3000 K as the temperature of the initial
incoming shock wave was not sufficiently high. The absorption was recorded
onto photographic plates using a grating spectrograph. Three bands of
TiH/TiD were reported:
 a strong but diffuse band at 470-480 nm which was not degraded in
either way.
 a less strong band being slightly violet degraded at 521-550 nm, with
well resolved rotational structure.
 a weak band at 503-511 nm displaying a rotational structure but
masked by strong Ti atomic lines.

The lines of the last two band were reported as slightly broader than the iron
atomic lines which were used as wavelength references and this was thought
to be due to the bands being slightly predissociative. The small isotopic
displacement observed between the TiH and TiD bands indicated all bands
were likely to belong to the (0,0) transition or the sequence of ∆v = 0. The
Smith & Gaydon (1971) article included off prints of the absorption plates
of the TiH and the TiD spectra as an overview.
1974
Rotational structure of the 530nm band of TiH
A first rotational analysis based on the absorption spectrum recorded on
photographic plates from the experiment in 1971 was presented by Gaydon
twice the temperature of the incoming wave. In this way, temperatures of 1000-20000 K
are claimed by Seal & Gaydon (1963) to be maintained for orders of milliseconds.
2
A King furnace refers to a tube resistance furnace that was first described by Arthur
King in 1908 (King, 1908). It was used to vaporize substances to be studied by passing
currents through graphite tubes in an evacuated chamber. This allowed temperatures
close to 3000 to be reached, although the vaporization of the graphite was described
by King to be vigorous at 2800 and responsible for the limited lifetime of the graphite
tubes. Varying the voltage over the graphite tubes, usually between 5-30 V, controlled
the temperature. Compared to the electric arc that was a common source of light used
in spectroscopic work at that time, the furnace was described to offer advantages such
as control of the temperature, a long uniformly heated column of vapor not much below
the temperature of the electric arc and that external influences, such as pressure, could
be studied without any accompanying change in the action of the light source itself. This
type of furnace was used for a long time among spectroscopists.
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(1974). Parts of two multiplets, each with R, Q and P branches, were picked
out from the TiH spectrum (later these were to be identified as the F1 and
F3 components). These branches were partly analyzed and effective B values
were obtained for the lower and upper states. The upper state was found
to be strongly perturbed. The identity of the involved states could not
be determined although it was clear they concerned a ∆Λ= ±1 transition,
presumably between quartet states. Shortly before Gaydon’s paper, Scott
& Richards (1974) published calculations on TiH (see below) where they
(correctly) suggested the ground state to be a 4 Φ state. Based on this,
Gaydon added in proof that the present observations were consistent with
a 4 ∆ – 4 Φ transition.
1978
TiH in sunspots and M-type stars?
Yerle (1978) used the original photographic plates from Smith & Gaydon
(1971) and compared the rotational lines from the TiH plates with unknown
absorption lines observed in the spectra of some cool stars (M type) as well
as in sunspots. Yerle claimed identification of TiH in these environments
although he admitted that the method of coincidence, which he used to
establish identification, was slightly doubtful. Later, Burrows et al. (2005)
called Yerle’s identification of TiH in M type stars ”very dubious”.
1983
MR-CI calculation on TiH
In theoretical calculations, Anglada et al. (1983) made use of the multireference configuration interaction (MRCI) method3 to predict that a 4 Φ
state is the ground state of TiH. This was the first work in which the correlation energy for the TiH molecule was directly estimated in an ab initio
calculation. The same prediction for the ground state had previous been presented in a work by Scott & Richards (1974) who used a HF based method
and estimated the correlation energy from atomic data, as well as in a work
by Das (1981) who used an MCSCF method with pseudo-potentials. Thus
both previous calculations had made use of experimental data in their calculations.
3

In the configuration interaction (CI) procedure, a trial wave function is constructed
as a linear combination of Slater determinants and its expansion coefficients are optimized
to minimize the energy. The molecular orbitals describing the excited Slater determinants
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1990
MR-CI calculation on TiH
Anglada et al. (1990) returned to TiH and used MR-CI calculations to find
the excitation energies of 30 electronic states. They (correctly) assigned
the TiH band partly analyzed by Gaydon (1974) as a 4 Γ – X4 Φ transition.
The paper also postulates two relatively strong TiH transitions between
4 Φ – X4 Φ and 4 Σ− – 4 Σ− located near 11000 cm−1 . The former was later
reported at ∼10600 cm−1 and analyzed by Andersson et al. (2003b) .
1991
Thermochemistry of TiH
Chen et al. (1991) made use of a guided ion beam tandem mass spectrometer
to investigate the reactions of Ti+ ions with methylamine, dimethylamine
or trimethylamine molecules in the gas phase. By measuring the kinetic
energy dependence of the endothermic hydride abstraction reaction, thermodynamic data for TiH was found, e.g. D0 , I.E. and ∆f Ho .
High resolution laser investigation on TiH (0,0)
Steimle et al. (1991) reported the first laser spectroscopic work on TiH. A
survey of laser induced fluorescence (LIF) scans were made over a large part
of the visible region including the known band at 530 nm over which high
resolution scans were made. The TiH was produced both by a microwave
discharge in a continuous gas flow consisting of a mixture of Ar, H2 and vapor
of Ti(C5 H5 )2 Cl2 and by the use of a Ti hollow cathode sputtering source
using a continuous flow of Ar and H2 . The dipole moments were measured
for the lower and upper state of the 530 nm band using Stark measurements.
For this purpose a pulsed molecular beam was used, created from laser
ablation of a titanium rod in the presence of helium gas mixed with 1% H2 .
It was concluded that the observations were in agreement with a 4 Γ – 4 Φ
transition, although only the subband between the F1 components could be
are taken from a Hartree-Fock (HF) calculation and are kept fixed during the optimization
procedure. In the multi-configuration self-consistent field (MCSCF) method an extension
to the CI method is made in that the expansion coefficients in front of each molecular
orbital describing each Slater determinant are also varied to minimize the energy. In the
multi reference configuration interaction (MRCI), an MCSCF wave function is used as the
reference instead of a HF type wave function. This allows for more than one electron to
be excited out of all determinants that enter into the MCSCF wave function. (Jensen,
2002)
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observed. This was thought to be due to either a predissociative upper state
or due to a low temperature of the molecular beam source preventing the
population of higher ground state levels.
1994
TiH in argon matrix
Chertihin & Andrews (1994) captured the products from a pulsed laser
evaporation source into a matrix of argon condensed on a 10 K cold window
of CsI. From a Fourier transform infrared absorption spectrum obtained
through this window they claimed identification of TiH/TiD by comparing
with ab-initio calculations of the vibrational frequencies. This identification
was later questioned by Burrows et al. (2005) as it gave a too low vibrational
value compared to their ab-initio calculations.
1996
TiH B4 Γ – X4 Φ (0,0)
Launila & Lindgren (1996) presented a rotational analysis of the green
– X4 Φ transition belonging to TiH at 530 nm. The analysis included
all four subbands and was made between the (0,0) vibrational levels. The
upper Γ state was confirmed to be influenced by numerous perturbations,
as pointed out by Gaydon (1974). The spectrum used for the analysis was
from a Fourier transform spectrophotometer (FTS) recording of the emission
from a King type furnace in which titanium powder was heated to ∼2800 K
in a hydrogen atmosphere. This recording was made at the Stockholm University.

4Γ

2003
TiD B4 Γ – X4 Φ (0,0)
A FTS recording made in Stockholm, using the same King type furnace
as Launila & Lindgren, was made of the green 530 nm band of TiD by
Andersson et al. (2003a). Only the transitions involving the first two spin
components (F1 and F2 ) were included in the analysis. Other band structures thought to belong to the missing components were observed but these
could not be reliably analysed.
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TiH/TiD A4 Φ – X4 Φ (0,0)
Andersson et al. (2003b) obtained FTS spectra from a hollow cathode lamp
at the National Solar Observatory, Kitt Peak, USA. The recorded spectra
revealed a new TiH/TiD band around 938 nm (near infrared), which could
be analyzed both for the TiH and TiD molecule as a 4 Φ – X4 Φ transition.
Large and numerous perturbations are reported to be present in the upper
state for both molecules. Anglada et al. (1990) had postulated this transition
based on ab initio calculations. Additional branches were found between 938
and 910 nm that did not belong to the 4 Φ – 4 Φ transition and it was proposed
these could belong to the 4 Σ− – 4 Σ− transition also postulated by Anglada
et al. (1990) to exist in the same region.
2005
TiH abundances in cold stars
In a theoretical work, Burrows et al. (2005) combined experimental data
with their own MRCI based calculations on the spectroscopic constants of
the TiH molecule and calculated absorption opacities and abundances of
TiH in the atmospheres of cold M and L type dwarfs. The labeling scheme
of the electronic states (A, B, . . . etc.) is introduced in this work. Based on
these calculations the abundances of TiH in M and L dwarf atmospheres,
while not high, could be sufficient to make the ratio TiH/TiO exceed unity
at high temperatures and low metallicities. Also, TiH spectral absorption
features at 0.94 and 1.6 µm in the spectra from subdwarf L and M dwarf
objects were concluded not to be weak and could be searched for in such
objects.
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Chapter 3

Experiment on TiH/TiD
3.1
3.1.1

Search for forbidden transitions in TiH
Intention

To find and analyse forbidden transitions in TiH that would improve the
description of the upper perturbed 4 Γ state.

3.1.2

Introduction

An example of a ”forbidden transition” in TiH between different spin components in the B4 Γ – X4 Φ transition at 530 nm could be between the rotational levels F2 ’(3.5) - F1 ”(2.5). If these spin forbidden transitions, violating
∆Σ = 0 in a Hund’s case (a), (Herzberg, 1989) were found, the separation
of the two lowest spin multiplets in the upper 4 Γ state (F1 and F2 ) could be
experimentally determined and this would enhance the description of this
perturbed state. Without such observed transitions the multiplet splitting
of the upper state can only be estimated by assuming it is described by a
model in which the spin multiplets are separated from a reference energy
level by a shift equal to ∼ASO ΛΣ. The term value program with a 4 Φ
Hamiltonian describing the lower state gave approximate locations of where
to start the search for the forbidden transitions.

3.1.3

The experiment

A resonant two-photon ionization technique combined with a time of flight
detection system (R2PI-TOF) was used in the search for these transitions.
The R2PI-TOF setup was described by Pettersson & Sassenberg (1999)
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Figure 3.1: The resonant two-photon ionization setup with the time-of-flight
(TOF) tube.

although the actual apparatus used was slightly modified to have the TOF
tube perpendicular to the traveling molecular beam. Figure 3.1 shows a
schematic view of the setup.
The TiH was produced in a pulsed Smalley-type laser ablation source
(Smalley, 1983) using a rotating titanium rod. The ablation was achieved
using the quadrupled light from a YAG laser (λ = 266 nm ≈ 4.7 eV). The
creation of the plasma was synchronized with the opening of a fast pulsed
solenoid valve against ∼8 bar pressure of argon gas mixed with approximately 20% partial pressure of H2 gas. The products formed in the interactions together with the carrier gas made a free expansion into a vacuum
chamber, pressure ∼10−4 mbar, evacuated by a diffusion pump. The inner
part of the molecular beam was selected by a skimmer when entering into a
second vacuum chamber held at ∼10−6 mbar where the R2PI procedure took
place in the beam. The first excitation step was arranged by a pulse from a
tunable dye laser (Lumonics HD-500) utilizing Coumarin 153 pumped by the
third harmonic light from a Nd:YAG laser (Lumonix YM600). The wavelength of the dye laser was measured with a wavelength meter (Angstrom
Ltd, Russia). An excimer laser (Lumonics Excimer-510) was operated with
the KrF∗ molecule to provide light pulses of 248 nm (∼5.0 eV) and was used
18

Figure 3.2: A schematic view
of the resonant two-photon
ionization used in TiH. A
pulsed dye laser populates
the B state from where the
excimer photon ionizes the
molecule.
to ionize the excited molecules, see Figure 3.2.
A single 248 nm photon was not sufficient to ionize a neutral TiH molecule,
whose ionization energy was measured by Chen et al. (1991) to be 6.59 eV.
To prevent two-photon ionization from 248 nm photons, the intensity from
the excimer laser had to be reduced. The duration of the dye laser pulse and
the excimer laser pulse was ∼7 ns and ∼10 ns, respectively. Once the TiH
molecules were ionized they were gradually accelerated by a static (later
switched) electric field perpendicular to the beam direction into a TOF
tube. In the tube the ions were electrostatically reflected to a double microchannel plate (MCP) detector. The signal from the MCP was amplified
and monitored by an oscilloscope (Lecroy9400). A computer recorded the
signal by reading the same signal displayed on the oscilloscope. The same
computer also synchronized the tuning of the dye-laser and the recordings of
the wavelength meter. The laser ablation, R2PI and data acquisition were
repeated at a frequency of 10 Hz with the timing events controlled by two
pulse generators (Stanford research DG535 and Bergmann BME SG02P).
To enable identification of the titanium isotopes in the mass spectra,
the intensity from the excimer laser was increased and focused onto the
molecular beam. This caused multiple photon ionization of the constituents
in the molecular beam and a mass spectrum could be recorded as shown
in Figure 3.3. To confirm the production of TiH in the R2PI-TOF setup
during startup, the signal corresponding to a mass-to-charge ratio of 51,
which comes from 50 TiH+ , was monitored. However, when searching for
forbidden transitions, the signal at the mass-to-charge ratio of 49 (48 TiH)
was monitored as 48 Ti is the most abundant isotope (73.8%).
Optimization of the setup was achieved by maximizing the signal from
the TiH R1 (1.5) rotational line. It was necessary to repeat this optimization frequently while running the R2PI-TOF setup in order to obtain an
acceptable signal during the search.
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Figure 3.3: A mass calibrated spectrum of a oneshot TOF signal. The five
stable isotopes of Ti are
resolved with a FWHM of
0.1 amu.
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The presence of oxygen in the ablation zone was a problem for the experiment, as reaction of Ti with O and/or O2 to form TiO appeared to
compete with the formation of TiH. The presence of oxygen is seen in Figure 3.3 as TiO and originated probably from the oxide coating of the Ti
rod. In an attempt to reduce this problem, the movements of the Ti rod by
the step motor were synchronized with the data acquisition. After a rotation of the Ti rod, a few ablations of the rod were allowed to occur on the
newly exposed surface before the data acquisition was resumed. Approximately 40-60 ablations on each spot were done before a new rotation took
place. Unfortunately, the improvement was not up to the expectation. In
the tuning of the dye laser, 10-20 data acquisitions were averaged at each
wavelength before the dye laser was moved to the next wavelength.
The signal obtained while tuning the dye laser over the known TiH rotational lines was found to decrease drastically with higher J number and
for rotational transition lines with J” > 5.5 a responce was no longer seen.
To make an estimation of the rotational temperature of the TiH molecules
two consecutive scans were made over the first R1 lines to record their relative intensities, cf. Figure 3.4. The temperature was estimated to be less
than 20 K by making use of that the population of each rotational state was
proportional to (2J+1)exp( EJ /kB T ) (Banwell & McCash, 1994).
Attempts were made to obtain a stronger TiH signal by increasing the
H2 content to constitute 50% of the partial pressure with argon. However,
this did not yield a better TiH production but instead caused extra problems
as the evacuation of the gas became problematic. Attempts were also made
to use CH4 as the source of H in the argon buffer gas but this did not result
20
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Figure 3.4: The intensity distribution of the
first R1 lines of TiH
in the R2PI-TOF experiment.
Each dot
represents the average
value of 20 acquisitions
and the regions were
scanned twice.

Figure 3.5: The measured
intensity of R1 (1.5) as a
function of the relative time
when the trigger was sent to
the YAG laser. The x-axis
has an arbitrary origin, chosen to be t=0 at the optimum time.

in a noticeable improved production of TiH.
It was found that the upper 4 Γ state in TiH had a shorter lifetime than
expected. The two laser pulses could not be separated too long in time, as
the 4 Γ state was then quickly depopulated. This is seen in Figure 3.5, where
the integrated signals over two scans of the rotational line profile of R1 (1.5)
are plotted as a function of the relative times when the trigger pulse were
sent to the YAG laser (to pump the dye laser).

3.1.4

Results

No forbidden transitions between the spin multiplets in the B-X transition
of TiH were found. No signals were detected for lines that originated from
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the higher multiplets (F2 -F4 ) in the ground state. The lifetime of the upper
4 Γ state seems to be limited to < 20 ns, cf. Figure 3.5.

3.1.5

Conclusions

The short lifetime of the upper state made it difficult to obtain a strong
signal for the B-X transition in TiH with the R2PI-TOF setup. It appears
that the higher spin components in the X state were not populated in the low
temperature molecular beam. As no forbidden transitions from the F1 spin
component could be seen, despite an extensive search was made including
using the amplifier stage of the dye laser, it is concluded that the transition
probability for such transition must be very low.

3.1.6

Comments

The experiment was carried out prior to the publication of Burrows et al.
(2005) article, thus the short lifetime of the upper 4 Γ state was not known
in advance.
A prediction of the spontaneous radiative lifetime for the J’=2.5 rotational level in the B state down to the X state can be made by making use
of the available Einstein A values for the B-X transition and Hönl-London
factors explicitly given by Burrows et al. (2005). This gives a value of approximately 25 ns, in agreement with the experimental observation, although
e.g. the B-A transition has been ignored.
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3.2
3.2.1

Pulsed laser induced fluorescence of TiH
Intention

To use pulsed laser induced fluorescence (LIF) to find the missing branches
in the B-X transition in TiD.

3.2.2

Introduction

The Smalley type source used in the R2PI-TOF experiment had shown that
it could produce TiH. It was decided to make use of this source to record
a pulsed LIF spectrum of TiH. If this attempt on TiH proved successful it
could also be used to record the LIF of the TiD molecule with the goal to pick
out the missing branches from the F3 (4 Γ9/2 – 4 Φ7/2 ) and F4 (4 Γ11/2 – 4 Φ9/2 )
spin components. A relatively cold molecular beam would reveal the beginning of the branches of the higher components as only those rotational
lines with low J values would be visible, thus resulting in a much simpler
spectrum.

3.2.3

The experiment

The pulsed dye laser beam was set to probe the molecular beam a few
centimeters away from the nozzle as shown in Figure 3.6. In this region the
molecular beam was not as cold as in the second chamber after the skimmer.

Figure 3.6: This close-up shows
the zone where the laser induced
fluorescence took place and how
it was collected. The circle at the
arrowhead marks the through
going observation windows by
which the pulsed laser light entered and exited.
A lens system was inserted close to the probed region to collect the fluorescence perpendicular to both the probing dye laser pulse and the molecular
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beam. As the probed part of the beam was thought to have the shape of
a string, the lens system projected it onto a slit to reduce stray light. It
was not possible to see the LIF or the beam emission with the naked eye.
An uncooled R928 (Hamamatsu) photo multiplier tube (PMT) was placed
directly behind the slit to register the fluorescence. Later, a K55 BALZER
interference filter was added. The PMT voltage was ∼ -700 V and the signal was displayed on the same oscilloscope as in the R2PI-TOF experiment.
The procedure for data acquisition and control of the experiment needed
only smaller changes since the previous experiment.
At each wavelength, the readings from approximately 20-30 shots were
averaged. The strongest signal from the radical was found when probing
the peak of the underlying broad feature with the laser, an observation also
reported by Ebben et al. (1990).
From the relative intensity among the first Q1 lines the rotational temperature of the beam was calculated to be roughly six times warmer than in
the R2PI experiment, and these data are plotted in Figure 3.7. The average
pressure in the LIF survey was ∼0.1 mbar.

Figure 3.7: A LIF spectrum
showing
power
broadened TiH lines.
Each dot represents the
average of 30 readings.
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As the higher components were visible, c.f. Figure 3.8, the setup could
be suitable for recording a LIF spectrum of the TiD molecule although the
scan time might be limited by the short supply of D2 gas. To enable the
most information to be extracted in case a switch to TiD was made, it
was decided to modify the setup to be able to decompose the pulsed LIF
responses into its R, Q and P components.
By extending the lens system, the collected fluorescence from TiH was
projected onto the entrance slit of a 1.5 m monochromator (Jobin-Yvon
THR 1500). Unfortunately, not until much later was it discovered that the
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Figure 3.8: A survey LIF spectrum of TiH from adding several individual
scans. A few identified lines are indicated. Smaller lines, probably TiO,
surround the broad TiH lines.

entrance slit in the monochromator was not properly projected onto the exit
slit. The light that was registered by the PMT originated from scattered
light from the projection of the entrance slit onto a region close to the exit
slit, resulting not only in a major loss of the registered intensity but also
in an increase of the broadness of the observed features. At the time of
data acquisition this error was not realised, and the entrance slit was made
larger and the tuning speed of the monochromator grating was reduced to
compensate for the weak intensity of the dispersed light registered by the
PMT.
The intensity of the doubled frequency of the YAG lasers fundamental
was sufficiently high that it proved difficult to shield it from entering the
entrance slit. Thus all resolved spectra covering ∼18790 cm−1 (532 nm)
recorded this light, c.f. Figure 3.9. The resolved LIF setup had to be
operated at ∼1 mbar to obtain a useful intensity through the monochromator
and this was not realistic considering the limited amount of D2 gas.
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Figure 3.9: The dispersed LIF
from TiH recorded in the
setup. The pulsed dye-laser is
probing R1 (3.5). An unknown
response, visible in several
scans when probing R1 (3.5),
is located at ∼18570 cm−1 .
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Results

A pulsed LIF survey of TiH was collected in the region 18622-18836 cm−1
where only the low rotational lines of the TiH molecule were visible. Besides
the TiH lines there were additional rotational lines with a small B value,
visible in Figure 3.8, that probably belonged to TiO. These bans features
could be removed by placing a K55 filter in front of the PMT.
Rotational lines between the higher spin components of TiH were visible.
It was not possible to find any candidates for the Q2 and R2 rotational lines
with low J values that were missing in the work of Launila & Lindgren
(1996). Dispersed spectra of the pulsed LIF were obtained but the quality
was poor. It was possible to classify the rotational lines but at the expense
of a high H2 gas consumption.

3.2.5

Conclusions

It was not considered to be feasible to use the current setup as a tool to
search for the missing TiD branches in the B-X transition due to the high gas
consumption needed for observing and probing the higher spin components.

3.2.6

Comments

A spectrum from a mercury lamp was recorded using the monochromator
prior to its incorporation in the setup in order to prove that the monochromator was functional. This test did not reveal the projection error of the
monochromator.
If the setup should have been used for TiD, the population of the higher
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components must have been increased. Two possibilities were considered
to raise the population, either by firing the fundamental from a YAG laser
coaxially to the molecular beam through the skimmer or by installing a slit
discharge, although none of the options would have guaranteed a success in
the search for the TiD branches. Finally, the dispersed setup was abolished.
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3.3
3.3.1

Fourier transform spectra of TiH/TiD
Intention

To record a Fourier transform (FT) spectrum of TiD with high quality that
would enable the missing branches of the B-X band in TiD to be found.

3.3.2

Introduction

The TiD spectrum obtained in the partial analysis of the 530 nm band of
TiD by Andersson et al. (2003a) was recorded using a Fourier transform
spectrophotometer (FTS), with a King type furnace used as an emission
source. Unfortunately, the poor signal-to-noise ratio hindered the analysis, as the P-lines were only slightly more intense than the noise. The new
approach undertaken here to complete the analysis of the B-X band (after
abandoning the pulsed LIF experiment) was to record a FTS spectrum of
higher quality than the one used by Andersson et al. (2003a). With a spectrum of good quality the known ground state rotational second combination
differences (∆2 F”) from the A-X band at near infrared (Andersson et al.,
2003b) could be used. To record a spectrum using the FTS the light source
should be stable for the best result, i.e. the intensity should not fluctuate.
Thus, light from a pulsed source like the previously employed Smalley type
could not be used. The King type furnace that was used by the molecular
physics group at Stockholm University and that was used to record the 530
nm spectrum of TiD and TiH did no longer exist. Although other furnaces
were available they were considered not to be able to reach the high temperatures necessary for an adequate TiD production. Hollow cathode lamps
(HCLs) of various constructions have been a frequently used emission source
for experiments on diatomic molecules, including hydrides. Both the TiH
and TiD spectra at 938 nm were recorded at Kitt Peak, USA, (Andersson
et al., 2003b) using a HCL as a light source. A HCL is usually a stable light
source and while the King-type furnace could not be operated for long at
high temperatures, a HCL can be operated for several hours without a notable change in the emission intensity. As a HCL was capable of producing
the TiH molecule in the Kitt Peak experiment, it was also chosen as the
source in this experiment. The working principle of a HCL is to ionize a
stable buffer gas, such argon or neon, by electron impact. Between an anode
and a cathode, with a cavity inside as seen in Figure 3.10, a current of a few
hundred mA are set up by applying a potential difference of 200-400 V.
The pressure in a HCL during operation is usually ∼1 mbar depending
on the size of the cavity and the type of carrier gas used. The strong electric
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Figure 3.10: The cathode used
in the HCL. A titanium tube
was inserted into a copper mantel, which in turn was surrounded by an iron mantel that
the pencil is resting on. This
was pressed into a water-cooled
holder. When in use, an intense light was emitted from
this cavity.
field inside the cathode cavity accelerates the created ions which then strike
the wall inside the cavity and erode the wall by sputtering out excited atoms
(and clusters). This sputtered material gives rise to an intense light from
inside the cavity consisting of atomic spectral lines from the wall material
but also to some extent by spectral lines from the neutral and ionized buffer
gas. Any sputtering or discharge that occurs outside the tube are considered
unwanted (parasitic) as it can substantially decrease the intensity of the light
from inside the cavity.
The FTS used in the current experiment, a Bomem DA 3.002, cf. Figure 3.11, was the same apparatus as used by both Launila & Lindgren (1996)
as well as Andersson et al. (2003a).

3.3.3

The experiment

From earlier experiments conducted at the molecular physics group in Stockholm there existed a variety of old HCLs. The first (of two) HCL used in
the experiment had the water cooled cathode at a negative voltage while
the anode and the casing of the lamp were grounded. Figure 3.12 shows a
picture of this HCL.
This construction was of a poor design and proved to be operationally
unstable and often showed parasitic glowing outside the cavity and suffered
electrical breakdown, especially after hydrogen had been added. The HCL
was first used to produce emission from the TiH molecule using either argon
or neon as the carrier gas. On first creating a discharge in the HCL, after
being unused for some time, it was found necessary to allow it to burn for
an hour before adding hydrogen to the carrier gas in an attempt to produce
TiH. Unless this startup was done, only weak (if any) TiH emission was
observed. It was concluded that this was due to the need to remove the sur29

Figure 3.11: The Bomem DA3.002
Fourier transform spectrophotometer (FTS). The movable mirror is
running inside the tube at the top
of the interferometer.

Figure 3.12:
The
hollow cathode lamp
(HCL) used in the
first
experiment.
Light is exiting the
HCL
toward
the
left.
The ends of
the black cylinders
are equipped with
inspection windows.
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face layer of TiO and/or TiH2 that formed on the wall of the cavity if the
HCL was idle for a long time, i.e. even over night. The many joints of the
construction also made it prone to leaking, resulting in contamination with
air. The presence of oxygen was confirmed by the prominent TiO band head
at 17860 cm−1 of the (0,0) c1 Φ – a1 ∆ transition that was formed if oxygen
was present. The supplied gas entered the HCL on one side of the cathode,
passed through the cathode cavity and was evacuated by a rotary pump
on the other side. When H2 or D2 was added to the burning HCL, it was
found that no more than ∼0.2 mbar was necessary to achieve usable amounts
of TiH/TiD. Adding too much hydrogen gas decreased the TiH/TiD production, and it was found that the pumping speed and effectiveness were
adversely affected if the gas flow was reduced to keep the pressure constant
without a decrease of the TiH emission. This was helpful in extending the
lifetime of the limited D2 supply. After approximately a week of continuous operation, the cathode cavity would be so eroded by sputtering that it
had to be replaced. The sputtering would slowly change the shape of the
cathode and/or clog the needle valve for the gas supply, which resulted in
a change in the working parameters (voltage, current and pressure) of the
HCL. This usually limited the integration time for a FTS recording made
in this experiment to 10-15 h. The apodization function mostly used in
the FTS recordings was the Hamming function, which can be described as
an intermediate function. The resolution in spectra recorded from the HCL
was commonly set to 0.07 cm−1 and was restricted by the minimum possible
aperture size of ∼1 mm for the recorded wavelength region. The speed of the
moving mirror was usually 0.15 cm/s. The filters most commonly used were
the BALZER K55 interference filter in combination with an IR blocking filter as the former transmits these wavelengths. Once the experimental setup
had been optimized for producing TiH emission, the H2 gas was replaced
with D2 and TiD spectra were recorded. The rotational temperature in the
spectra recorded from the existing HCL was estimated to be ∼1000 K based
on the maximum intensity of the rotational lines. Attempts were made to
investigate if a less congested TiD spectra could be obtained by recording a
TiH spectrum using a HCL that instead of water used liquid nitrogen (LN2)
for cooling. An existing HCL that had been constructed for being cooled by
LN2 (Appelblad & Schmidt, 1985) was used. A drawing of the construction
is shown in Figure 3.13. This construction applied a positive voltage to the
anode while the cathode and the casing were grounded.
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Figure 3.13: A drawing of the symmetric liquid nitrogen cooled hollow cathode lamp. The figure is taken from Appelblad & Schmidt (1985).
Table 3.1: The different combinations used in recording the emission spectra
from the HCL.
Ti
Ti
Ti
Ti
Ti
Ti

3.3.4

+
+
+
+
+
+

Ar
Ne
Ar + H2
Ne + H2
Ar + D2
Ne + D2

(TiH)
(TiH)
(TiD)
(TiD)

Results

Several different types of spectra were obtained covering the region of the
530 nm band by using the combinations listed in Table 3.1 with up to 1200
co-added scans (mirror movements), corresponding to integration times of
up to 22 hours. The full width at half maximum (FWHM) of TiH and TiD
lines in the spectra did not differ from that of titanium atomic lines and
were usually 0.10-0.12 cm−1 with the Hamming apodization.
The purpose of recording TiH using either Ar or Ne as the carrier gas
was to see which of them gave the optimal TiH signal although no notable
difference was seen. Comparison of the two spectra helped to distinguish between atomic and molecular lines and remove blending effects. The largest
32

benefit of recording TiD spectra using both Ar and Ne as the carrier gas
and H2 as the reagent was in identifying TiD rotational lines. The intensities of both spectra were normalized with respect to a strong rotational
Q-line and plotted together on sheets of paper which were then added to a
long plot. This comparison showed a remarkably good intensity agreement
among all TiD lines belonging to the (0,0) vibrational transition, while lines
originating from atomic transitions mostly showed a poor intensity correlation between the two spectra. The intensities between some lines deviated
slightly from the two normalized spectra and it was not until much later it
was realized that most of these TiD lines belonged to the (1,1) band. The
spectra from the HCL were obtained with a lower level of noise compared
with the spectrum from the King type furnace recorded by Andersson et
al. (2003a), but the intensity of the rotational P-lines made them hard to
find. Efforts were made to pick out branches belonging to the missing TiD
spin components, mainly by staggering through the plotted spectrum using
a compass in attempts to manually pick out branches (Herzberg, 1989), but
without success. The use of a LN2 cooled HCL to record a TiH spectra did
not succeed in reducing the number of visible TiH lines in the spectrum by
having only those rotational levels with a low J number occupied. Thus,
this approach was never applied for a TiD spectrum.

3.3.5

Conclusions

Although several spectra of high quality had been obtained this was not
sufficient to manually identify the missing branches of the TiD molecule.
By comparing intensity-normalized recordings of TiD spectra from a HCL
used with either argon or neon as the carrier gas, lines from TiD can be
distinguished from atomic lines.

3.3.6

Comments

Often a few lines could be found forming a promising succession in a branch
just to be abruptly terminated. Although the accurate ∆2 F”(J), for TiD
were known for the ground state, X4 Φ, this did not provide much help, as
the rotational P-lines in addition to being weak often were congested with
other much stronger lines in the same region. Furthermore, as the A-X
transition at 938 nm was between 4 Φ states, only a few short Q-branches
were available that could provide some of the (less accurate) first rotational
combinational differences, ∆1 F”(J). The sputtered material filled the HCL
and resettled on the inner surface of the HCL, e.g. a thin layer of conducting
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Figure 3.15: A well-developed
Doppler broaden base feature
of the atomic Hα line. These
wing features did not evolve if
the HCL was not burning intensively.

Intensity (arb. scale)

Figure 3.14: This is a view
into the HCL through an inspection window. The inner bright spot is the cavity. The outer bright ring is
light reflected on the cylinder shaped anode, cf. Figure 3.13.
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metal was formed on the inspection windows. This made the pressure meter
suffer and made the pressure reading doubtful.
When trying to produce TiH using the HCL there were three things that
seemed to be critical:
1. No oxygen should be present in the HCL.
2. Before adding hydrogen gas to the burning HCL, the light from the
cavity should be so intense that the end surface of the cathode, outside
the cavity, should look black. Figure 3.14 illustrates this. When this
was the case, the light from the cavity was so intense that it was painful
to look into the cavity.
3. Well-developed far wings (Ayers & Benesch, 1988) of the atomic Hα
line were associated with TiH production, cf. figure 3.15. These wings
were poorly developed if the HCL was not burning sharply.
If these criteria were not met, TiH emission was often not observed when
H2 was added to the burning HCL.
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3.4
3.4.1

Resolved laser induced fluorescence of TiD
Intention

To resolve the laser induced fluorescence (LIF) of TiD using a continuous
wavelength (cw) laser to find the missing branches in the B-X band of TiD.

3.4.2

Introduction

In an attempt to overcome the stalemate situation reached in the analysis of
the FTS spectra of the TiD, the HCL shown in Figure 3.12 was prepared for
an experiment to resolve the LIF from unknown TiD lines. It was thought
that if a few unidentified TiD rotational lines in what looked like branches
could be identified as either R, Q or P lines, the rest of the analysis would
unfold.
A FTS emission spectrum was taken from one of the side windows of the
HCL, see Figure 3.12, probing the region just outside the cathode cavity.
The obtained spectrum revealed the presence of excited titanium atoms. A
pipe was installed close to the probed region to allow hydrogen to be injected through the pipe into the stream of excited titanium atoms emerging
from the cathode cavity. The idea was that a laser beam could be directed
through the cathode cavity to produce LIF, which could be recorded without
the strong background from inside the cavity. This would turn the HCL into
a hollow-cathode sputtering source similar to that constructed by Trkula et
al. (1982) for the production of gas-phase metal atoms of the refractory elements. Steimle et al. (1991) probably intended, although their reference was
incorrect, to refer to this description for the flowing Ti hollow-cathode sputtering source they used, in addition to a micro-wave discharge, to record the
LIF of TiH. Unfortunately, converting the HCL into a hollow-cathode sputtering source proved impossible since before the modification was completed
the Teflon insulation close to the cathode in the HCL had become so eroded
by unwanted discharges outside the cavity that the HCL was beyond being
repairable. (It could no longer be used for other purposes than producing
Swan bands from the C2 molecule.)
The design of the LN2 cooled HCL, cf. Figure 3.13, had turned out to
be superior compared to the previously used design and no electrical breakdowns or parasitic light could be obtained even as aggressive attempts were
made to achieve this. In addition, the fewer number of joints used in the
construction reduced the number of air leaks. A HCL of this design was
changed to be water cooled in order to resume the resolved LIF experiment
of TiD. Observation windows were installed on one arm of the HCL close
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to the cathode. Unfortunately, this modification resulted in parasitic light
appearing in the footing of the windows and the intention had to be abandoned in favor of collecting the LIF through the same window that the laser
beam entered.

3.4.3

The experiment

To generate the cw laser light a tunable dye laser was used (Coherent Standing wave dyelaser 599). A pair of etalons, one thick and one thin, inside the
resonator restricted the bandwidth together with a birefringent filter. The
latter was manually turned to make coarse changes in the output frequencies while fine-tuning was made by tilting the etalons. The dye used for the
530 nm region was Coumarin 6, which was pumped by the 488 nm light from
a cw argon ion (Ar+ ) laser (Coherent Innova 400-20). To increase the short
lifetime of the dye, a quencher (9MA) was added, making the dye useful for
roughly 100 Wh. The used Ar+ laser had a slightly higher pressure than
what was optimal and this limited the output power of the 488 nm light. The
pumping power needed for the 599 dye laser to start lasing in the 530 nm
region was above 2.0 W even with the thick etalon removed. Tuning the
birefringent filter while maintaining lasing operation was difficult, especially
at shorter wavelengths. As a consequence, the wavelength of the laser could
not be tuned to all selected rotational lines while maintaining lasing and if it
could, the laser intensity was generally poor. For intensity reasons only the
thin etalon was used in combination with the birefringent filter inside the
cavity, which resulted in a bandwidth of approximately 0.1 cm−1 . Throughout the experiment the weak intensity was the main obstacle. As noticed on
one occasion, an increase in the pumping power with 0.2 W could double the
intensity of the recorded LIF signal. Later in the experiment this problem
was partly reduced as the pumping power was increased from ∼2.7 W to
∼3.7 W by increasing the maximum main power that could be delivered to
the transformer of the Ar+ laser.
The experimental setup built for the purpose of resolving the LIF is
outlined in Figure 3.16 with the (now) water-cooled HCL. To be able to
detect the weak LIF signal against the strong light from the HCL, a lock-in
amplifier was used. The polarized laser beam from the dye laser was chopped
at 1.9 kHz and directed into the HCL by a beam splitter (BS) close to the
Brewster angle, cf. Figure 3.16. A lens focused the laser light into the cavity
of the titanium cathode. The same lens collected the emission from the
HCL, including the LIF emission. This light was passed through the BS and
focused down onto the entrance slit of the monochromator (Jobin Yvon THR
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Figure 3.16: The experimental setup in the cw resolved LIF experiment.
At a fixed wavelength of the laser, the grating of the monochromator was
tuned. BS = beam splitter, PMT = photo multiplier tube, HCL = hollow
cathode lamp, FTS = Fourier transform spectrophotometer.
1500). A polarizer blocked scattered laser light and a colour filter removed
short wavelengths so these would not appear in second order in the 530
nm region. The same monochromator was used in the present experiment
as in the earlier pulsed LIF experiment on TiH, including the same R928
PMT. However, the internal misalignment of the monochromator, which
had been present in the earlier pulsed LIF experiment, was now discovered
and corrected during the alignment of the apparatus. The PMT was cooled
with ice to approximately 5 and its output was terminated with 100 kΩ to
prevent charge buildup if the output signal cable became disconnected. The
signal was sent to an amplifier-discriminator (EG&G Ortec Model 9302) and
finally to a lock-in amplifier (EG&G 5101). It was tuned to the reference
signal at 1.9 kHz from the mechanical chopper of the laser beam. This
reference signal was modified from its original square waveform to appear
more sinusoidal to the lock-in amplifier, which was the optimal signal form.
The most commonly used integration time of the lock-in amplifier was 3-10
ms with the sensitivity set to 100 µV. The output signal from the lock-in
amplifier was measured using a multimeter (HP3457A).
The symmetric construction of the HCL (Figure 3.13) allowed light from
the cathode cavity to exit the HCL on both sides and could also be projected
onto the aperture of the Bomem FTS. Each time the HCL was started prior
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Figure 3.17: The upper spectrum
shows TiD lines recorded in a socalled ”day scan”. The lower spectrum shows a recording of stray light
from the laser. The laser is overlapping a TiD rotational line intended to
be probed by LIF.

to a LIF measurement, an adequate production of TiD was confirmed by
recording a FTS spectrum (a “day scan”). The wavelength meter (Angstrom
Ltd, Russia) was found to be unreliable when compared to the Fourier transform spectrometer and could deviate a few hundredths of a cm−1 , which was
sufficient to result in a poor overlap between the laser wavelenth and the
rotational line it was intended to probe. Thus, the wavelength meter was
used to coarsely tune the dye laser to the desired wavelength and then a
confirmation that the laser was tuned onto a rotational line was made with
the Bomem FTS by recording stray light from the laser and comparing the
obtained spectrum with the “day scan” spectrum. Such a comparison is
shown in Figure 3.17 and was done for each probed rotational line.
The current experimental setup was originally designed to be used for
probing the character of ∼20 unknown rotational lines which had been chosen in advance. For this purpose it was thought to be adequate if the R, Q
or P responses could to be determined with an accuracy of about ∼20 cm−1 .
Consequently the monochromator was set to automatically scan through a
region while a computer passively monitored the signal from the lock-in amplifier. The start and stop values of the mechanical wavelength display on
the monochromator were written down prior and after a scan for later calibration of the obtained spectra with the help of the known wavelength of
the probing laser light. A gated photon counter (SR400 Stanford Research
systems), used in lock-in mode, was used for a short while as a replacement
for the lock-in amplifier (model 5101) in the experiment with the hope of
obtaining a better signal-to-noise ratio. However, this was abandoned since
it could not match the simplicity of operation and the ease by which the
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Figure 3.18: A resolved LIF spectrum from the experiment. The upper gray
trace is the signal from the rate meter connected to the PMT. The lower
trace is the signal from the lock-in amplifier.
setup was optimized using the earlier analogue lock-in amplifier. The results
from the first set of probed rotational lines were difficult to interpret and
were followed by a new set of lines that were found necessary to investigate
further. It soon became clear that the accuracy had to be increased. To
achieve this, the control computer was set to actively scan the monochromator while also monitoring the signal from a rate meter (EG&G Ortec 661),
by using a multimeter (MX 554 Metrix), connected to the discriminated
signal from the PMT. The resulting spectrum from such a scan is shown in
Figure 3.18. With the setup in this new configuration, most of the rotational
lines giving a response to the probing laser could be identified by comparing a monochromator scan, such as that shown in Figure 3.18, with a high
resolution spectrum obtained from the Bomem FTS. It was not uncommon
to probe the same rotational line several times in order to be able to reveal
its identity, mostly due to the weak intensity of the laser.

3.4.4

Results

The experimental approach of using the resolved LIF setup was undertaken
in parallel with the manual task of picking out and identifying branches in
the plotted FTS spectrum. This joint effort lead to the discovery of several
more fragments of branches than were anticipated. Although one initial
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guess for this was that the new unknown branches belonged to the (1,1)
transition, this was later doubted as only the (later identified) F1 (1,1) and
F2 (2,2) branches could initially be picked out. The F3 (0,0) and F4 (0,0)
branches were soon identified with the aid of the resolved LIF although
the P-branches were more problematic due to their low intensity. The lack
off rotational lines with a low J-value for the unknown branches made the
correct J-numbering of these uncertain as a plot of ∆2 F” versus J had proven
to yield correct J numbering only if the lowest rotational lines were used.
When the precision of the experimental setup was improved, the fragmented
branches of the remaining (1,1) transitions were found and incorporated in
a 4 Φ Hamiltonian. During the analysis, the term value program described
in the introduction of this thesis was a helpful complement to the manual
analysis in puzzling together a branch. The term value program could be
used to estimate the position of missing lines through the first or second
combination difference. A high quality spectrum of TiD was calibrated
against Ti atomic lines from the same reference used both by Launila &
Lindgren (1996) as well as by Andersson et al. (2003a) for the calibrations
of the TiH and the TiD spectra, respectively. The rotational line positions
were determined using this calibrated spectrum both from using a software
peak finding routine and by manually zooming in on the digitized spectrum
and estimating the center of gravity of the line. In the final analysis all
line wave numbers were restricted to two decimals, as it was considered not
possible to pick out the individual lines manually with a better accuracy.
Also, the line positions that were considered uncertain due to stronger lines
blending them were excluded. This mostly occurred with P-lines and the
P2 (5.5) and P2 (11.5) that were identified by Andersson et al. (2003a) in the
earlier TiD analysis of the B-X transition were omitted for this reason. The
R1 (16.5) was incorrectly assigned by Andersson et al. (2003a) as were the
last lines of the Q branch, Q1 (20.5) and Q1 (21.5).
The 4 Γ and 4 Φ Hamiltonians used mostly during the experiment and
analysis differed in some minor details from the Hamiltonians explicitly written out in the TiH article by Burrows et al. (2005). Although the differences
on the derived diatomic constants were almost negligible, in the final analysis the Hamiltonians presented in the article by Burrows et al. (2005) were
used for consistency, although they had to be modified to incorporate the
vibrational levels. To obtain better statistics for the ground state, parts of
the rotational lines for the A-X transition (Andersson et al., 2003b) were
included in this fit. However, only those lines that were unambiguously
identified were incorporated in the calculations, i.e. the Λ doubled lines
were excluded as well as the R2 (1.5) line that can not exist in a 4 Φ – 4 Φ
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transition. The final molecular constants are given in Table 3.2 and the
corresponding molecular constants for the more abundant isotopologue TiH
are given in Table 3.3 using the isotope relations (3.6), (3.7) and (3.8).
4B3e
(Kratzer’s relation)
ωe2

(3.1)

6(ωe xe B3e )1/2 6B2e
−
(Pekeris’ relation)
ωe
ωe

(3.2)

De =
αe =
ρ=

s

µ(48 TiH)
5
≃ , µ is the reduced mass
48
µ( TiD)
7

(3.3)

ωe (TiD) = ρωe (TiH)

(3.4)

ωe xe (TiD) = ρ2 ωe xe (TiH)

(3.5)

αe (TiD) = ρ3 αe (TiH)

(3.6)

Be (TiD) = ρ2 Be (TiH)

(3.7)

4

De (TiD) = ρ De (TiH)

(3.8)

The arbitrarily chosen reference level of the ground state was fixed so
that the rotational level with J”=1.5 of the X4 Φ3/2 state represented the
zero reference level, as was done in the analysis of TiH by Launila & Lindgren (1996). Table 3.2 and Table 3.3 make use of a few relations that are
listed above. The errors from fitting the ground state to a 4 Φ model showed
no clear systematic deviations in any of the vibrational levels, and this is
illustrated in Figure 3.19. As the upper state in the final term value calculation was allowed to have separated e/f levels, the Q lines are not connected
(in the program) to any known levels in the upper state from which their
deviations can be expressed. Therefore the data plotted in Figure 3.19 does
not display deviations for Q-lines although it is noted that no obvious deviations were observed in the previous term value calculations where the
separation was neglected.
The fit of the upper state to the model of a 4 Γ state is poor, as it is
also known to be for the TiH molecule. The obvious deviations of the upper
state term values to a fit of the 4 Γ model are shown in Figure 3.20. The
r.m.s. did not improve significantly by allowing the spin components to be
decoupled from one another as was done by Andersson et al. (2003b) in the
analysis of the A4 Φ state in the 938 nm band, nor could the deviations be
suppressed by further expansions of the molecular constants without these
becoming statistically undefined. Excluding all of either the F1 or F4 term
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Table 3.2: The molecular constants (in cm−1 ) of the X4 Φ state and the
B4 Γ state of the TiD molecule. The errors for the models are given in the
parenthesis. The values marked with an asterisk were kept fixed during the
fitting process.
State
Te
ωe
ωe xe
ASO
λSS
102 λSR
Be
105 De
1011 He
102 αe
re (Å)
#Data
r.m.s.

X4 Φ
-440.5420∗
1120.00∗
12.50∗
33.075 (42)
--9.53 (25)
2.78038 (12)
6.819 (23)
82 (16)
4.6614 (73)
1.777
462
0.0136

B4 Γ
18269.50 (42)
1151.75 (64)
14.12 (23)
38.122 (21)
-2.125 (61)
-0.6036 (78)
2.9005 (19)
7.37 (16)
--5.43 (14)
1.741
123
0.807

Table 3.3: The approximate molecular constants (in cm−1 ) for the X4 Φ and
the B4 Γ state of the TiH molecule derived using the isotope relations. For
the upper perturbed state the isotope relation is less trustworthy. Inside the
parenthesis is the values calculated and used by Burrows et al. (2005).
State
Be
104 De
αe

X4 Φ
5.450 (5.5088)
2.620
0.128(0.2895)
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B4 Γ
5.680 (5.8544)
2.83
0.149(0.3062)

Figure 3.19: The differences between the raw and the reconstructed lines for
the TiD ground state X4 Φ. (a) The higher vibrational levels (ν=1,2). (b)
The ground vibrational level (ν=0).

values in the fit does not improve the r.m.s. much either. Despite the bad
fit, the long observed Q branches rules out a ∆Λ = 0 transition and the
weakness of the P lines in emission indicates that it is a ∆Λ = +1 transition
down to the ground state that is well described by a 4 Φ model. Due to the
fact that the bad fit still remains even when running the Hamiltonian with
decoupled spin components indicates that a 4 ∆ model would not work well
either. The use of a Hunds case (a) Hamiltonian seems motivated as a plot
of the term values against J(J+1) gave a better description compared to
using N(N+1), where J = N + S (Herzberg, 1989).
Although the vibrational constants ωe and ωe xe have not been found for
TiD or TiH, the Kratzer’s (3.1) and Pekeris’ (3.2) relations (Bernath, 2005),
in combination with the isotope relations, were used to estimate the vibrational constants ωe and ωe xe for the ground state of TiH to be 1570 cm−1
and 25 cm−1 , respectively. In contrast, Burrows et al. (2005) used ab initio
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Figure 3.20: The deviations between the term values and the calculated term
values based on a 4 Γ Hamiltonian. Observe that the Y-scale is 10 times that
of figure 3.19.

methods to calculate the same values to be ∼1548 and ∼19.3 cm−1 , respectively. This agreement supports the claim by Burrows et al. (2005) that
the TiH vibrational assignment reported by Chertihin & Andrews (1994)
was wrong. Burrows et al. (2005) used ab initio calculations to obtain an
αe value for TiH which they subsequently used in their calculations of the
abundances and opacities for the TiH molecule in the atmosphere of M and
L type dwarf stars (or brown dwarfs). Their αe value does not agree with the
experimental result for TiH obtained from applying the isotope relation (3.6)
to the αe value for TiD nor does it agree with the Pekeris relation (3.2) applied on the vibrational constants ωe and ωe xe calculated by Burrows et al.
(2005) themselves, cf. Table 3.3. Burrows et al. (2005) concluded from their
calculations that a TiH absorption feature at 1.6 µm should emerge and,
in particular for subdwarf L and M type stars, may not be weak but the
obtained result shows that this absorption feature might not even exist as
its existence is based on a calculated Bv value obtained from a vibrational
expansion using αe , i.e. Bv ≈ Be - αe (v+ 12 ) +...
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3.4.5

Conclusions

The vibrational sequence ∆ν = 0 is visible and many of the lines in the 530
nm band of TiD belong to more than the (0,0) members in the sequence,
cf. Figure 3.21. The branches are sufficiently affected by perturbations in
the upper state that lines are displaced such that their positions in a branch
can not be described by a smooth varying function of J. This is a likely
reason why the previous attempts to visually identify the branches failed.
The experimentally derived αe for TiH, obtained from the isotope relation,
is almost half the value used by Burrows et al. (2005) in their opacity calculations for TiH. The proposed TiH absorption feature in subdwarf L and
M type stars at 1.6 µm might therefore not exist.

3.4.6

Comments

Chertihin & Andrews (1994) reported that a vibrational transition ∆G1/2
at 1003.6 cm−1 and 1385.3 cm−1 in a condensed argon matrix at 10 K
belonged to trapped TiD and TiH molecules, respectively. The vibrational
transition v(1,0) = ∆G1/2 equals approximately ωe + 2ωe xe (Herzberg, 1989)
although the observed frequencies might shift slightly for molecules trapped
in an argon matrix compared with observing free molecules although seldom
more than 2 % in diatomic molecules (Jacox, 2002). This assignment was
later doubted both by Burrows et al. (2005) and Andrews (2007). The
Kratzer’s (3.1) and Pekeris (3.2) relations were used in the final analysis to
estimate ωe and ωe xe for TiD to be 1120 cm−1 and 12.5 cm−1 , respectively.
The ωe for TiH can be estimated from the tentative value of TiD to be ∼1570
cm−1 by using the isotope relation (3.4), as previously mentioned. This
agrees with the calculated ground state values of ωe calculated by Burrows
et al. (2005) by using different ab initio methods to be between 1533-1593
cm−1 . The ∆G1/2 values for TiD and TiH obtained by combining table 3.2
and the isotope relations (3.4) and (3.5) are 1095 cm−1 and 1523 cm−1 ,
respectively. It is tempting to assign the 1079.9 cm−1 and 1485.2 cm−1
transitions in Chertihin & Andrews (1994) experiment as belonging to TiD
and TiH, respectively, instead of the suggested H-Ti-Ti-H molecule and its
isotopologue. However, Andrews (2007) doubted they would have been able
to capture TiH in the argon matrix based on the experience he had gained
since the experiment.
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Figure 3.21: On the next page. The B-X transition in TiD. Many atomic
lines are truncated in their intensities. When this work was started only 6
branches had been identified so far. These were extended and 21 additional
branches were found and incorporated into the analysis. Fortrat parabolas
of all the identified branches are inserted at the top.
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Chapter 4

The dissociative
recombination experiment
For investigation into the dissociative recombination reaction, DR, at the
ion storage CRYRING there are three kinds of experiments undertaken:
i DR rate constant measurements
ii DR branching fraction measurements
iii Imaging
The name of the last type of experiment, imaging, originates from the detection technique used to probe a fragmentation channel or channels in detail,
i.e. how the DR breakup occurred and what electronic or vibrational state
the product fragments are created in.
The various techniques which are used to investigate these three types of
experiments are described in detail both in the literature and in a number
of theses. For measurement of the DR rate constant and the DR branching fraction, see Neau (2002), Petrignani (2005) or Ehlerding (2006). For
the Imaging experiments, see Rosén (2001) or Hellberg (2005). For a number of review articles in the field that have emerged during the years, see
e.g. Larsson (1997), Florescu-Mitchell & Mitchell (2006) and Adams et al.
(2006).
A schematic view of the storage ring is given in Figure 4.1. The low
pressure inside the ring is essential to be able to store ions for a longer
time. The pressure inside the ring is ∼10−11 mbar, which corresponds to a
rest gas concentration of ∼2×105 molecules per cm3 , consisting mostly of
molecular hydrogen. Although this is considered to be ultra high vacuum
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Figure 4.1: The ion storage ring CRYRING in Stockholm. Bending magnets
connect 12 straight sections to give the ring a circumference of 51.6 m.

it is still roughly 10 times higher than that in a dark interstellar cloud such
as TMC-1 (Woodall et al., 2007). The various single charged molecular ions
usually studied in the DR experiments are usually stored in the ring for a
few seconds up to several dozens of seconds depending on their mass.
An experimental beam-cycle (injection-acceleration-storing-measuringdumping) begins with the creation of the ions in one of several ion sources,
of which most are described by Österdahl (2006). The ions are extracted
from the source using a potential drop of 20-40 kV and are directed into
a mass selecting magnet. After passing through this bending magnet, but
before being injected, the ions can be pre-accelerated1 in the radio frequency
quadruple (RFQ) unit, cf. Figure 4.1, if their charge-to-mass ratio is larger
than 0.25. For heavier ions the RFQ is set to be idle and the ions simply
pass through. Injection into the storage ring takes place during multiple
turns and the main acceleration of the ions is achieved by a radio frequency
(RF) unit located in on of the straight sections of the ring, cf. Figure 4.1.
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During this acceleration, that takes roughly one second, the current through
the bending magnets is simultaneously increased to keep the ions confined
in the ring. During this acceleration the ion beam is automatically divided
up into small bunches but once the acceleration is complete, and the RF is
switched off, these bunches are quickly smeared out. An electron cooler2 is
located on an other straight section of the ring. Due to the relatively large
mass of most of the molecular ions studied, the electron cooler has a limited
effect on cooling down the ion beam. It serves a dual purpose in that it also
serves as a source of electrons for the DR experiment.
After acceleration, but prior to any measurements, the ion beam is usually stored for a few seconds to allow for vibrational de-exitation to take
place. As a too high count rate would damage the detector located in the
0o arm positioned after the electron cooler, cf. Figure 4.1, a protective flag
is inserted in front of the detector to shield the same when no measurement
takes place. After a period of measuring, usually during a few seconds, the
current through the bending magnets is altered in preparation for the next
beam cycle to come and what remains of the ion beam is lost. In a DR
experiment on an ion, many such measuring cycles, up to a thousand and
beyond, are averaged to obtain good statistics.

4.1

i) DR rate constant measurement

The rate of a DR reaction,
[A+ ] + [e− ] → [products]

(4.1)

or any chemical reaction, can be expressed by the general form:
v=−

d[A+ ]
dt

(4.2)

where the minus sign emphasizes that the rate of a reaction is positive. The
two reactants in equation (4.1), the ion and the electron, must encounter
each other for the reaction to take place and both have unity stoichiometric
1

This will reduce losses of light ions as at low velocities these are hard to store in the
ring, especially during acceleration.
2
An electron gun supplies electrons that are accelerated and passed through a decreasing magnetic field that forms an electron beam that is much colder than any ion beam it is
later merged with, cf. Figure 4.2. Heat will then be transferred from the ion beam to the
electron beam through the Coulomb interaction. This reduces the movement (momentum
spread) among the ions and favors a well defined ion population.
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Figure 4.2: A schematic view inside the electron cooler where the DR takes
place. In the toroidal regions the electron and ion beam are not parallel as
the electrons are bent in and out to overlap the ion beam. In an 85 cm long
section the overlap of the two beams are parallel.
coefficients. DR is therefore a second order reaction, i.e. the rate of the
reaction is proportional to the product of the two concentrations.
v=−

d[A+ ]
= α[A+ ][e− ], i.e.
dt

α(T ) =

−1
[A+ ][e− ]

d[A+ ]
dt

(4.3)

(4.4)

The proportionality constant ( or rate coefficient or rate constant), α, is
independent of the concentration of the reactants but depends on the temperature (T) or, as in the CRYRING experiment, on the collision energy
between the ions and electrons. It follows from equation (4.3) that the dimension of the DR rate coefficient is (concentration)−1 per unit time. As
the astrophysical community works with processes which mainly operate in
the gas phase, where the concentrations are measured in the number of particles per cubic centimeter, the reported DR rate constant is for convenience
always reported with the size and dimension of cm3 s−1 .
The isolation method is used during a measurement of the DR rate, i.e.
one of the reactants (the electrons) is present in such a large excess that the
concentration of this reactant during the measurement can be considered to
be constant. This is true in the DR experiments where for each ion there
are approximately 105 - 106 electrons available. This makes the DR reaction
first order in the reactant [A+ ] during the experiment.
The cold electron beam has an approximately homogeneous charge distribution, as the guiding magnetic field prevents the beam from blowing up.
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The concentration of electrons in the beam is:
[e− ] =

Ie
cm−3
ve qπre2

(4.5)

where ve is the (lab frame) speed of the electrons, q is the electric charge and
re is the radius of the electron beam. The surface barrier detector3 (SBD)
located after the electron cooler, cf. Figure 4.1, is measuring the count rate
( dN/dt ) of DR and background events.
The former is restricted to originate from an interaction volume, Vint ,
inside the electron cooler where the two beams overlap each other. This
volume is defined by the distance L and the radial extension of the ion beam,
as it is fully ”immersed” inside the thicker electron beam, cf. Figure 4.2,
and equation (4.3) can then be expressed as:
d[A+ ]DR
−1 dNDR
−1 dNDR
=
≃ 2
cm−3 /s
dt
Vint dt
πri L dt

(4.6)

where ri is the approximate radius of the ion beam. In the experiment the
approximation is made that the ion beam also has a homogeneous charge
distribution i.e.:
Ii
[A+ ] ≃
cm−3
(4.7)
vi qπri2
Combining equation (4.5), (4.6) and (4.7) into equation (4.4) gives the expression used for deriving the measured rate coefficient:
αm (E) =

dN ve vi e2 re2 π
dt Ie Ii L

cm3 s−1

(4.8)

where Ii and Ie are the ion and electron currents, respectively. In the experiment, the measured rate coefficient is dependent on the collision energy,
E, and not on the temperature.
During the experiment the velocity of the electrons, ve , is changed in
a controlled manner to obtain measurements of dN/dt at different collision
energies. To extract the “pure” DR reaction rate from the measured rate,
αm , a few data reduction steps are necessary. First, dN/dt is contaminated
with events arising from non-DR reactions and which have to be subtracted.
Secondly, the measured reaction rate, αm (E), has to be adjusted for the
contributions arising from reactions occurring in the toroidal regions of the
3
Two kinds of detectors are used. Beside the SBD type there is an ion-implanted silicon
detector type. The later has better characteristics but comes with a higher price.
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electron cooler where the collision energy (E + dE) is higher due to a nonzero velocity component between the reactants than in the parallel region.
In the third step, αm (E), has to be compensated for the finite transversal
thermal distribution of the electrons (∼2 meV) by using a method called
deconvolution. This is especially important for small collision energies. The
final step concerns the fact that the measurement of the rate coefficient takes
place when the temperature distribution of the electrons is not correlated
to the collision energy. E.g. the collision energy between the ions and
electrons might be 0.05 eV (∼600 K) but the thermal distribution among
the electrons is that described by a much lower temperature (∼20 K). Thus,
what is measured is the collision energy dependent rate coefficient, α(E), but
what the model makers want for their simulations are temperature dependent
chemical rates coefficients, α(T ), that describes reactions rates taking place
between reactants with the same temperature. Note that we are making the
assumption that the DR does not depend on the internal state of the ion,
e.g. the rotational state.
The measured rate coefficient, α(E), can be used to find the thermal rate
coefficient, α(T ). For each specific temperature, the thermal rate coefficient
is created by collecting the contributions from all collision energies that
are present in a reaction between reactants whose thermal distribution is
described by that of a Boltzmann distribution for that specific temperature.
Before being reported, the obtained thermal rate coefficients are fitted to a
convenient expression:
α(T ) = α300



T
300

−β

(4.9)

where α300 is the thermal rate coefficient at room temperature. This is the
form of which DR rate coefficients are reported in databases like UMIST
(Woodall et al., 2007) or osu.2003 (Herbst, 2003).

4.2

ii) DR branching fraction measurements

The aim in this experiment is to find out how the molecule fragments in the
DR reaction and is usually measured while the collision energy between the
ions and electrons are close to zero. A specific reaction channel is only open
if the reaction enthalpy, ∆r H o , is larger than zero for the reaction (4.1). This
restricts how the molecule can break apart in the DR reaction. Most initial
interest is in whether or not a break-up channel is energetically allowed to
occur and less in the quantitative data, i.e. how much energy is released. To
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calculate this information, the products are assumed to be formed in their
electronic and vibrational ground states, when deciding if the channel is to
be included in the analysis. The reaction enthalpy is calculated from the
heat of formation, ∆f H o , of the reactants and products, cf. Equation (4.10).
∆r H o = ∆f H o (A+ ) − ∆f H o (products)
P
= ∆f H o (A) + IE(neutral) − ∆f H o (products)
P

(4.10)

where IE is the ionization energy of the neutral parent molecule, A, to the
A+ ion.
The products from a DR reaction are neutral and will exit the beam
tangentially as they are not affected by the first bending magnet after the
cooler. These neutrals are detected with the energy sensitive SBD, i.e. when
the SBD is hit by a fragment that deposits its kinetic energy inside the SBD,
an output signal is given from the detector that is (to a good approximation)
proportional to the deposited energy. Each neutral fragment from the DR
event carry away a part of the ion’s full beam energy that is equal to its
weight fraction of the parental ion. The time resolution of the detector setup
is not sufficiently high to allow the separation of the individual pulses from
the arriving fragments so only the full beam energy can be detected.
To overcome this obstacle a simple but elegant solution has been found;
a translucent grid is placed in front of the detector. The grid is made
of stainless steel and has an even distribution of small holes, of ∼80 µm
diameter, bored through it so that its transmission, t, for incoming particles
is 0.297 (Neau et al., 2000). With the grid in place, the detector only
registers the energy carried by the fragments that passed through the grid, cf.
Figure 4.3. The detector signals are collected in a pulse-height distributed
spectra where each collective mass of a few fragments will produce its own
peak, limited by the difference in energy of the fragments and the electrical
noise generated by the detector. If the peaks are congested the intensity of
each peak can be estimated by fitting a Gaussian shaped function to each
peak, see Figure 4.3.
A transmission matrix can be set up that connects the intensity contribution from each energetically allowed channel to each observed peak and
enables an equation system to be set up. As an illustrative example: The
energetically allowed product channels in the DR of BH+
2 are BH+H (α),
B+H2 (β) and B+H+H (γ). If the measured intensities for the peaks in
Figure 4.3 are denoted IH+H , IB , IB+H and IB+2H , respectively, then the
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Arb. Counts

Figure 4.3: An MCA pulseheight distributed spectrum
from the DR branching fraction measurement of 11 BH+
2.
This spectrum was recorded
with the grid in front of the detector and the background has
been subtracted.
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equation system to be solved is:






IH+H
IB
IB+H
IB+2H





 
 
=
 

0
t(1 − t) t2 (1 − t)
0
t(1 − t) t(1 − t)2
t(1 − t)
0
2t2 (1 − t)
t2
t3
t3





α′

  ′ 
 × β ,

′

(4.11)

γ

where α’, β’ and γ’ denotes the total number of DR events occurring in each
channel. Each solution is then normalized before being reported, i.e:
α=

α′

α′
+ β′ + γ′
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(4.12)
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Appendix A

Comments on other
TiH/TiD transitions
A.1

Notes on TiH lines in the 530 nm band

During the experiments some observations were made concerning the tabulated TiH lines in the 530 nm band reported by Launila & Lindgren (1996).
These observations originate from the pulsed LIF experiment, the FTS
recordings of the emission from the HCL, as well as from the resolved cw
LIF experiment, and are summarized in Table A.1, A.2, A.3 and A.4.

A.2

Higher TiD vibrations in the 938 nm band

With the vibrational constants of TiH taken from the ab initio calculations
reported by Burrows et al. (2005) and the use of the isotope relations, an

Table A.1: The following lines (in cm−1 ) should probably be changed or
added to the tabulated list of TiH lines in the B-X band.

Q2 (12.5)
R3 (3.5)
Q4 (5.5)
R4 (4.5)
P4 (6.5)

New position
18759.51
18801.16
18762.41
18835.96
18678.45
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Old position
(18759.9541)
--(18763.4110)
-----

Table A.2: The following lines in the B-X band are doubted as being TiH
lines based on the large disagreement in intensity of the lines between the
FTS spectra recorded from a HCL using either argon or neon as the carrier
gas and whose intensities had been normalized with respect to a strong TiH
Q-line.
P1 (17.5)
Q1 (20.5)
R2 (6.5)

P1 (21.5)
Q2 (20.5)
R3 (11.5)

P1 (25.5)
Q3 (12.5)

P3 (13.5)

P3 (20.5)

P3 (21.5)

Table A.3: Although probably TiH lines in the B-X band, the following
lines are doubted as being correctly assigned based on the previously type
of argument and might belong to a higher vibrational transition instead.
R1 (3.5)
R3 (8.5)
Q1 (2.5)
Q2 (8.5)
Q3 (21.5)
P1 (10.5)
P2 (21.5)

R1 (8.5)

R1 (9.5)

R1 (11.5)

R1 (15.5)

R2 (7.5)

R2 (14.5)

Q1 (13.5)
Q2 (11.5)
Q4 (15.5)
P2 (12.5)
P3(6.5)

Q1 (15.5)
Q2 (12.5)

Q1 (16.5)
Q2 (15.5)

Q1 (22.5)
Q2 (16.5)

Q1 (23.5)
Q3 (5.5)

Q1 (24.5)
Q3 (20.5)

P2 (15.5)
P3 (7.5)

P2 (16.5)
P4 (16.5)

P2 (18.5)

P2 (20.5)
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Table A.4: The following unassigned lines (in cm−1 ) in the region of the
B-X band are thought to be TiH lines. Most of these lines probably belong
to the (1,1) transition although a few might be unassigned Ti atomic lines.
An asterisk denotes the identification as being slightly dubious.
18612.91
18613.08
18615.90
18619.50
18621.45
18622.36
18623.20
18624.85
18629.14
18632.20
18632.77
18636.90
18685.24
18701.25
18703.70
18705.73

18711.91
18715.56
18719.62
18740.79*
18741.09*
18740.93*
18745.58
18746.74*
18748.52*
18751.69
18755.73
18760.97
18773.90
18789.76
18792.56
18801.70
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18802.94
18804.11
18815.93
18816.76
18817.12
18836.51
18838.02
18839.20*
18849.88
18853.74
18886.31
18904.09
18911.29
18912.97*
18927.04*
18946.65*

approximate location of the (1,1) band in the A-X transition of TiD could
be obtained (Herzberg (1989)) using: .
f11 ≈ f00 + ω0′ ν ′ − ω0′′ ν ′′

cm−1 ,

(A.1)

where ω0 ≈ ωe - ωe xe , f00 = the (0,0) band origin and ν is the vibrational
quanta. This placed the approximate position of the f11 band 160 cm−1
below f00 . From the 938 nm TiD spectrum reported by Andersson et al.
(2003b), a set of unassigned lines towards the longer wavelengths was combined with the set of ∆2 F”(ν = 1) in an attempt to identify TiD lines
belonging to the f11 transition in the A-X band; however, this was not
successful.

A.3

The 503-511 nm band

Due to the strong titanium atomic lines present in the emission from the
HCL, it was not possible to record any useful FTS spectra of this region using
this source. Although this band was weakly visible in the TiH spectrum from
the King type furnace used by Launila & Lindgren (1996), the strong ripples
and side lobes in the recorded FTS spectra from the HCL prevented even a
positive identification of them as being present in the HCL emission.

A.4

The 470-480 nm band

This region was relatively free of titanium transitions in the emission from
a HCL and searches for this transition were made. When these FTS spectra
were recorded, the 530 nm band of either TiH or TiD was clearly visible.
Despite that several spectra with low noise, covering the 470-480 nm region,
were recorded there were no signs in the emission of any lines, neither in
TiH or TiD spectra that could be described to this transition. Anglada et
al. (1990) proposed this transition to be between 4 ∆ – X4 Φ and the absence
of lines in emission supports the suspicion by Smith & Gaydon (1971) that
the band might be predissociated.

A.5

The 18400 cm−1 band

Launila & Lindgren (1996) identified a weak TiH band with a violet degraded
head at 18381.3 cm−1 and a possible zero gap at around 18402 cm−1 , which
they labeled the 18400 cm−1 band. Spectra from the HCL that showed TiH
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or TiD in the 530 nm region also had band-looking-features around 1835018450 cm−1 . It was a poor agreement in this region between lines from the
FTS spectrum, which used the furnace as the source of emission, and the
FTS spectra, obtained using the HCL, although both spectra were recorded
with TiH being visible at 530 nm. However, it was also a poor agreement
in this region between spectra from the HCL obtained with TiH and TiD
visible in the B-X transition, as well as with a spectra obtained without
either H2 or D2 gas added. I would guess on this origin.
In the resolved cw LIF setup used for TiD, a few rotational lines in the
18350-18450 cm−1 region were probed with LIF but no molecular response
could be seen. Some strong TiD lines of the B-X system were probed while
looking for responses in the 18350-18450 cm−1 region but no such molecular
response appeared. No definite conclusion could be made about the origin
of these band features but the excitations of atomic transitions have been
seen to vary between spectra obtained from the HCL.

A.6

Unknown branches between 910-938 nm

In the paper “Emission spectra of TiH and TiD near 938 nm” by Andersson
et al. (2003b) they reported on a number of branches close to the short
wavelength side of the A4 Φ – X4 Φ transition located between 910-938 nm
that did not belong to the A-X band. Tables of these branches, in the
form of unnumbered parabolas, were inherited and attempts were made to
combine the unnumbered TiD branches to form a base for an analysis. All
the seven branches were red degraded, i.e. B’<B”, but notably less than the
branches in the A-X transition. No match to any of the known ∆2 F series of
TiD, including all the vibrational levels and upper states, were found when
forming combinations between the unknown branches.
There are no apparent Λ doublings in the branches and at least one
branch seems to be of Q type going through a maximum in intensity. It does
not appear to be any more unassigned rotational lines in the region from
which more branches can be constructed. The transition is probably between
two of the many lower electronic states postulated to exist e.g. from ab initio
calculations by Burrows et al. (2005). Anglada et al. (1990) postulated
a 24 Σ− – 14 Σ− in this region but the calculations made by Burrows et
al. (2005) placed this transition at 1.3 µm i.e. considerably lower. In
addition, both Anglada et al. (1990) and Burrows et al. (2005) predicted the
rotational constants B’ and B” in this transition to give rise to a slightly
violet degraded band, in contrast to what is observed.
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Based on these observations as guidance, attempts were made to arrange
the branches to fit either a 2 ∆ or a 2 Π model to the lower state but these
attempts were not fully convincing although this might be due to that the
lower state could be perturbed.
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Appendix B

Search for VH and ZrH
B.1

Intention

To search for spectra from the vanadium and zirconium mono-hydrides.

B.2

Introduction

After having gained experience in how to operate the HCL and how to reproduce FTS spectra of good quality of TiH, the opportunity was taken to
replace the titanium cathode with cathodes made of zirconium and vanadium, respectively. This enabled a search for the electronic spectrum of the
ZrH and VH molecule.
To the best of my knowledge no electronic spectrum of ZrH has been
published. Balasubramanian & Wang (1989) used ab initio calculations
predict the ground state of ZrH to be 2 ∆, which was further supported by
calculations made by Koseki et al. (2002) who also predicted an absorption
feature of ZrH to be located around 16000 cm−1 .
In 1973 R.E. Smith presented the first known spectra of VH and VD
(Smith, 1973). It was produced using the same shock tube apparatus as has
been used in obtaining the spectra of the TiH and TiD molecules reference.
The vanadium hydride was reported to appear in the region 440-480 nm
(20800-22700 cm−1 ) with a diffuse complicated structure that was not degraded. Since then has no electronic spectra, to the best of my knowledge,
been published of the VH molecule.
Recently, the spectra of VH and VD have been obtained in the infrared region in the emission from a HCL using a FTS by Bernath and Ram
although it has not yet been analyzed (Balfour, 2008). Ab initio calcula71

tions reported by Koseki et al. (2004) as well as Anglada et al. (1990) have
postulated a 5 ∆ as the ground state for VH .

B.3

The experiment

Several FTS recordings were made with the Zr cathode in the HCL and with
argon as the carrier gas but without H2 gas added. These spectra served as a
reference to the spectra later obtained with H2 gas added. When comparing
these spectra no molecular band belonging to the hydride was detected, only
the molecular spectra of the ZrO molecule. Based on the experience that it
was difficult to record spectra of TiH in the presence of oxygen, in the form
of TiO, the same analogy was thought to apply for ZrH. It was not possible
to remove the source of oxygen in the HCL and the source of oxygen was
traced to be oxygen impurity being present in the hydrogen gas itself. To
circumvent this the H2 gas was replaced by CH4 gas but the only observed
features were the prominent C2 Swan bands. Only when D2 gas was used
could spectra free of ZrO bands be recorded. Two low noise FTS spectra
with the resolution 0.1 cm−1 were recorded with a Zr cathode using argon
as the carrier gas both with and without D2 gas being present, covering the
range 10000-18900 cm−1 .
With a cathode made of vanadium, FTS spectra were recorded from the
emission of the HCL using argon as the carrier gas. Spectra covering the
range 10000-27000 cm−1 as well as narrower regions, including the range
18000-24000 cm−1 , were recorded both with and without H2 gas and D2
gas, respectively.
It was difficult to obtain a sharp light from the HCL with the vanadium cathode inside, something that was necessary when trying to produce
TiH and this might have decreased the chance of observing some VH/VD
transitions in the regions, if they existed in emission.

B.4

Results

In the search for ZrD spectra several prominent D2 bands belonging to Rydberg transitions were identified, including the (i→c) and (j→c) transitions
(Herzberg, 1989). No obvious band structures or lines could be linked to ZrD
when comparing the two spectra recorded with and without D2 , respectively.
Comparisons made between the spectra recorded from the vanadium
cathode did not reveal any obvious band structures or lines that could belong
to the VH/VD molecules.
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