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Die tiefsten Quantenzustände der Rotation in Hydroxylanio-
nen untersucht durch photoinduzierte Elektronablösung in einem
Tieftemperatur-Speichering:

Der elektrostatische Tieftemperatur-Speichering [32] in Heidelberg bietet eine
Umgebung, in der Ionen-Strahlen bis zu Stunden unter interstellaren Bedin-
gungen gespeichert werden können. Ein niedriger Strahlungshintergrund und
eine Restgasteilchendichte von < 140 cm−3 werden erreicht, indem die experi-
mentellen Kammern des Tieftemperatur-Speicherings mit flüssigem Helium auf
6 K abgekühlt werden. In einer solchen Umgebung kühlen intern angeregte
infrarot-aktive Moleküle durch Photonenabstrahlung in ihre tiefsten Rotations-
und Vibrationsniveaus. Das Strahlungskühlen eines Rotations-angeregten OH−-
Strahls bei 60 keV wird nahe der photoinduzierten Elektronablösungsschwelle
untersucht. Hiermit werden Strahlungslebensdauern der niedrigsten Rotations-
zustände (193(3)stat(3)sys s für J = 1) durch exponentielle Zerfälle gemessen und
Übergangsdipolmomente bestimmt. Theoretische Berechnungen [84, 90] für das
Übergangsdipolmoment im Vibrationsgrundzustand weichen ungefähr (7 ± 1)%
vom experimentellen Wert dv=0 = 0.971(10) D ab. Die Korrelation zwischen den
Rotationsenergieniveaus und deren entsprechende Strahlungslebensdauern wird
verwendet, um die Besetzung der einzelnen Niveaus und deren Wirkungsquer-
schnitt bei Elektronenablösung zu bestimmen. Im stationären Zustand wird ein
intern kalter OH−-Strahl mit mehr als 90% der Besetzung im Rotationsgrundzu-
stand erreicht. Dies entspricht einer effektiven internen Temperatur von 15 K.

The lowest rotational quantum states of hydroxyl anions probed by
electron photodetachment in a cryogenic storage ring:

The Heidelberg electrostatic Cryogenic Storage Ring (CSR) [32] provides an en-
vironment for storing ion beams up to hours under interstellar conditions. A low
radiative background and a residual particle density of < 140 cm−3 is achieved
by cooling the experimental chambers of the CSR down to 6 K by liquid helium.
In such an environment internally excited infrared-active molecules cool to their
lowest rovibrational levels by emitting photons. The radiative cooling of a rota-
tionally hot OH− beam at 60 keV is probed by near-threshold photodetachment.
Thereby the radiative lifetimes of the lowest rotational states (193(3)stat(3)sys s
for J = 1) are measured directly by the exponential decays and the rotational
transition dipole moment is determined. Calculations [84, 90] for the transition
dipole moment in the vibrational ground state deviate about (7 ± 1)% from the
experimental value of dv=0 = 0.971(10) D. The correlation between the rotational
energy levels and their corresponding radiative lifetimes is used to reveal the in-
dividual level populations and their relative photodetachment cross sections. In
the steady state an internally cold OH− beam is reached with more than 90%
of the population in the rovibrational ground state, corresponding to an effective
internal temperature of 15 K.
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1 Anions and cold molecules: an
overview

This chapter gives an overview about the production, probing techniques and phys-
ical applications of molecular anions in their lowest rovibrational quantum states.
We start with the methods to cool molecules to temperatures of a few Kelvin (see
section 1.1). Molecules in this temperature regime are ideal to study chemical reac-
tions under insterstellar conditions. The next section 1.2 motivates the cooling of
molecules by explaining the formation and destruction pathways of molecular anions
in interstellar space.

In contrast to cations and neutrals the outer electron in anions is bound by a
shallow binding potential. The resulting molecular properties of anions are explained
in the section 1.3. In many molecules the covalent binding between the atoms is
affected to a rather low extent by the additional electron bound to the neutral. In
these cases photons can directly detach the electron and neutralize the molecule.
At the threshold photon energy, the detachment process becomes highly sensitive to
the rotational excitation of molecular anions. Thus, the internal states of molecular
anions become accessible for laser diagnostic methods. In this context, section 1.4
deals with the developments in photodetachment spectroscopy.

In order to study molecular processes like the radiative rotational cooling of OH−
it is essential to store molecules as long as possible. We discuss such storage of
beams in the current research in section 1.5. In this work we focus on beam storage
in space free from matter and radiation using an electrostatic cryogenic storage ring.
Hence, in the last section 1.6 we give an overview about the development in the field
of electrostatic storage devices and their applications.

1.1 Cooling atoms and molecules

Cooling means controlling the degrees of freedom of a particle ensemble. Cold
atoms and molecules have lead to rapid advances in various physical fields: atomic,
molecular and optical physics, chemistry, quantum information science, condensed
matter physics, nuclear physics and astrophysics [17]. Due to large energy split-
tings between the lowest electronic states, atoms are normally not excited at room
temperature. Hence, the temperature in atomic ensembles is defined by its veloc-
ity spread. The velocity distribution can be reduced for example by laser cooling

2



1.2 Laboratory astrochemistry

[69, 16, 57], by evaporative cooling or even by acceleration like in fast-beam laser
spectroscopy experiments (e.g. Collaps at CERN [2]).

But in order to get cold molecules we have to cool the internal degrees of freedom:
the vibrations and rotations. In comparison to atoms, molecules are more complex,
but in particular cold molecules introduce many new research options [22]. Never-
theless the achievement of laser cooling of the first diatomic molecule had to wait
until the year 2010 [80]. Still a large set of molecules can not directly be cooled by
laser light. Thus, the internal temperature in a molecular ensemble is often reduced
by inelastic collisions with other particles. Temperatures down to ∼20 K are reached
by cooling the molecules with cold helium buffer gas in a radiofrequency trap [65].
Letting the molecules collide with laser cooled atoms, molecular temperatures below
1 K have been achieved (sympathetic laser cooling) [64]. But exothermic reactions
between the coolant and the molecule can inhibit the cooling process [21], which is
especially the case for many anions. The temperatures reached by collisional cooling
are of the order of a few Kelvin and thus comparable to those measured in interstellar
clouds. Internal and external temperature in the same molecular ensemble in space
as well as in experiments are not necessarily equivalent. For this reason, the opti-
mal experimental setup for laboratory astrochemistry allows to cool the molecular
rotations and vibrations independent of its kinetic energy.

The new cryogenic storage rings [32, 60, 76] support - opposed to many types of
ion traps - a way to cool the internal degrees of freedom in a matter-free environ-
ment. Due to a low radiative background and long storage times in such devices
infrared-active molecules lower their internal temperature to a few Kelvin by emit-
ting photons. Hence the population distribution of the molecular ensemble changes
during the cool down. The internal temperature dependence for molecular reactions
can be determined by monitoring the corresponding rates over time. Furthermore
the kinetic temperature in a molecular ensemble can be controlled separately by
acceleration and in the Cryogenic Storage Ring by means of the electron cooler [86].
In comparison to the collisional cooling the new storage rings provide a method to
study molecular reactions under vacuum condition, closely reflecting a low-density
astrophysical environment.

1.2 Laboratory astrochemistry

Astrochemistry aims at explaining the formation and the abundance of molecules
in the interstellar medium [82]. Since interstellar clouds (99% gaseous) [28] are
not accessible, the molecular species are identified by spectrometry and molecular
processes are combined to large chemical models to calculate abundances in such
environments. Thus it is crucial to know reaction rate coefficients. Low densities
of 1 to 500 particles per cm3 and temperatures of a few Kelvin [82] lead to an
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1 Anions and cold molecules: an overview

unusual chemistry in interstellar clouds. Hence room temperature measurements
can lead to erroneous conclusions [28], when using the Arrhenius equation to model
the temperature T effects in reaction rate coefficients k(T ) [82]. Thus laboratory
astrochemistry tries to measure molecular processes under interstellar conditions.

To obtain molecules of a few Kelvin they can be produced in an expansion source
or cooled by collisions after production. The resulting molecular kinetic temperature
of ions, on the one hand, can be measured by the Doppler profile of narrow spectral
lines in traps [74] or, in anion beams, by Doppler broadening of the photodetach-
ment threshold (see, e.g. figure 5 in [83]). Internal temperatures in molecules on
the other hand are determined in the interstellar medium by comparing the strength
of rotational transition lines [82]. There, Einstein coefficients and thus transition
dipole moments are needed to reveal the rotational population distribution. Calcu-
lations of molecular transition dipole moments are assumed to reach precisions of
several percent [82], but theoretical results have rarely been confirmed by experi-
ment. Only very recently, the first direct measurements on the dipole moment have
been performed for pure rotational transitions [54, 75].

In order to induce reaction rates, stored molecules collide in experiments with pho-
tons, electrons and other particles. Even though in interstellar chemistry, gas phase
reactions of cations and neutrals play a crucial role, also anions were recently found
in interstellar space. Anions can be easily destroyed by radiation. Nevertheless, the
first anion C6H− has been detected in 2006 [51]. The smallest observed anion in
space is the closed shell molecule CN− [1]. All detected ions have in common that
the Electron Affinity of their corresponding neutral is rather large. CN− can be
formed in dense interstellar clouds by charge transfer from polycyclic aromatic hy-
drocarbons PAH− to CN. Another important gas phase reaction is the dissociative
electron attachment [67]

e− + AB→ A− + B. (1.1)

But for most species the dissociative electron attachment is an endothermic reaction
[67] which is inhibited in cold environments. Thus anions might also be produced
by radiative attachment [67]

e− + A→ A− + hν, (1.2)

which is the inverse process of photodetachment. For this reason photodetachment
measurements may be used to infer reaction rates for radiative attachment.

Today molecular ion beams can be stored in cryogenic electrostatic storage rings
like the Cryogenic Storage Ring [32] at the Max-Planck-Institut für Kernphysik
(MPIK) in Heidelberg. Such devices provide conditions like in interstellar clouds.
Merged beam experiments on cold molecular ions will lead to experimental results,
which can directly serve as parameters for modeling the astrochemical processes.
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1.3 Anions

1.3 Anions

Anions are atomic or molecular systems which have an additional electron bound to
a neutral particle. While the electrons in neutral atoms and positive ions are bound
by the long-range Coulomb field of the core (V (r) ∝ r−1), the outermost electron in
an anion is attracted by electron correlations and by polarizing the electron cloud
(polarization potential V (r) ∝ r−4). The typical shallow potential in atomic anions
allows only a limited number of bound electronic states, many simple negative atomic
ions have only one electronic bound state. Excited states below the Electron Affinity
have been found in C−, Si− and Ge− [6]. But only anions with complex electronic
shell structures like in Os− and La− have bound electronic states of an opposite-
parity electronic configuration and can be considered as a candidate for laser cooling
[63, 88].

For molecular anions, additional effects enter through different symmetry prop-
erties of the molecular states and the influence of permanent dipole moments. To
simplify the picture we focus on diatomic molecules. OH− molecules have a shift
between the center of mass and the center of charge along the binding axis, which
results in a static dipole moment [90]. By vibrating, the molecule changes its bind-
ing length and thereby its dipole moment. Similarly, the dipole moment changes
by rotation of the molecule. Since an oscillating dipole radiates, the molecule can
cool its excited rotational and vibrational states by emitting photons. By measuring
radiative lifetimes of the internal molecular states we determine the Einstein coeffi-
cient and thus the transition dipole moment, which depends also on the electronic
configuration. If we compare the neutral OH with the OH− anion, the binding
length and thus the position of the atomic cores remains nearly unchanged [10], but
the dipole moment varies significantly [84, 90]. Hence, the additional electron in the
OH− changes in first approximation only the charge configuration in the electron
shell. By this, the transition dipole moment is a sensitive quantity to test electron
correlation in theoretical calculations. The implementation of electron correlations
in molecular and atomic calculation can be quite challenging. We find in this thesis
differences of the order of 7% between the theoretical values for OH− dipole moment
[84] and experimental results.

In the interstellar space anions like C6H− [51] have been found, although most
anions can be easily neutralized by radiation. Absolute photodetachment cross sec-
tions are needed to model anionic abundances in interstellar space by formation and
destruction processes. Absolute experimental photodetachment cross sections for
many anions are often linked by normalization to the O− anion [40]. Thus, absolute
cross sections for the O− anion have been measured to a rather large extent [11,
40, 49]. The photodetachment process itself has simplified the probing of molecular
processes in-vacuo and has lead to a large variety of applications for anions in ion
physics experiments (see section 1.4).
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1 Anions and cold molecules: an overview

1.4 Photodetachment

Classically the interaction between photons and matter is studied by observing the
absorption spectra. In order to obtain a sufficient signal the particle density in
the interaction zone has to be rather high compared to ion densities achievable in
ion beams. Moreover, in this high density regime particles interact with each other,
leading to shifts in measured quantities like the position. To determine the free-space
absorption frequency these shifts are calculated by theoretical modeling. Today, line
shifts are reduced by measuring for example the absorption spectra of C+

60 and C−60

in a weakly-interacting cold helium matrix [46], but systematic uncertainties still
remain. Thus measurement in-vacuo can most directly reflect the properties of
isolated systems in free space.

For anions, photon-particle interaction can lead to neutralization by photode-
tachment of the electron. There the surplus electron of an anion is released by the
photo-electric effect. In comparison to photofragmentation or photo-ionization of
neutrals and cations, photodetachment cross sections are large and can reach even a
few wavenumbers above the threshold photon energies given by the electron affinity
with a typical magnitude of 10 to 100 Mb [66]. Already in the 50’s, Branscomb
measured already the absolute photodetachment cross sections of H−, D− and O−
by measuring the electron flux with a collector [12, 11]. He used a lamp at a temper-
ature around 3300 K as a light source in combination with filters to achieve spectral
resolution. With such simple experiments he determined also the electron affinity
of OH− and the binding shift between OH− and OH [10].

The photon energy dependence of a photodetachment transition is often described
by the Wigner threshold law [92]

σ ∝ (E − Et)l+1/2, (1.3)

where (E − Et) represents the kinetic energy of the released electron and l is the
angular momentum of its partial wave. For OH− in the ground state Σ+ (l = 0) the
threshold should rise as (E−Et)0.5, but experiments have found threshold exponents
of ∼ 0.2. This was explained by mixing of Λ doublet states in the OH molecule [26].
Since the Wigner threshold law includes only effects of the longest range potential
between the neutral and the electron, the validity of the Wigner threshold law
even for atomic anions depends on the strength of short range interactions like
dipole polarizability, which are rather large in Li and K [72]. Thus more advanced
models include multipole forces and polarization, e.g. the modified effective range
theory of Watanabe and Green [89]. As a result the threshold behavior carries a
lot of information about the interaction between neutral and electron, but needs
sophisticated theoretical background to reveal the interaction properties.

Additionally photodetachment spectroscopy can be used to understand the level
structure of the anion. Each transition for the anion to the neutral opens up a
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1.4 Photodetachment

threshold in the photodetachment spectrum. By assigning the photodetachment
thresholds to their corresponding anionic states we can determine the energy split-
tings between them [41]. In contrast to atomic anions, molecular negative ions have
many populated states at room temperature due to their internal degrees of freedom.
Hence, the photodetachment spectrum is more complex, but yields information on
the rotational structure. Rotational constants for the OH− molecule have been de-
termined by resolving the fine structures in the photodetachment spectrum of OH−
[42, 78].

Another way to obtain anionic properties is to measure the kinetic energy of
the released electron. Hence, some research groups developed photodetachment
experiments employing an electron energy spectrometer [81, 14]. Since the electron is
much lighter than the produced neutral particle, the electron carries almost all of the
released reaction energy. Hence, photon electron spectroscopy allows to determine
the state of the interacting anion. This was applied in various electron affinity
measurements on diatomic molecular anions [19, 18, 14]. Another way to measure
the electron spectrum is to image the spatial distribution of electrons on a Multi-
Channel Plate (MCP) detector [30]. By analyzing the electronic spectrum on the
MCP, Goldfarb et al [30] determined with high precision the Electron Affinity of
the OH and the rotational constants for OH−. The idea of monitoring the kinetic
energy of the electron by the spatial distribution on a MCP detector lead to the first
implementation of such a detector in an electrostatic cryogenic ion beam trap [45].

In these studies, photodetachment has been mainly applied to measure molecular
parameters. But the strength of the thresholds in the photodetachment spectrum
is directly proportional to the populations of the addressed states. Otto et al [65]
cooled an OH− ensemble in a 22-pole-trap by helium buffer gas and fitted the near-
threshold photodetachment spectrum with transition intensities [79] estimated by
the Wigner threshold law to reveal the rotational population distribution. With
this technique called rotational state or photodetachment thermometry, Hauser et
al measured the cross section of cold inelastic rotational collision of OH− in a helium
buffer gas [34].

With the upcoming electrostatic cryogenic storage rings in Stockholm [76], Hei-
delberg [32] and Tokyo [60], photodetachment became a versatile tool to monitor
ion beams for storage times up to hours in collision free environments. For example
Bäckström et al measured the decay of a metastable state in 32S− ion of 503± 54 s
lifetime [3]. Furthermore time-resolved photodetachment thermometry discussed
in this thesis lead to the first direct measurements of rotational cooling in-vacuo
[54] and were recently complemented by depletion studies of rotational levels by
photodetachment [75].

Photodetachment has been also applied to more complex quantum systems like
clusters to monitor internal cooling processes. The laser excites the anion to a
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1 Anions and cold molecules: an overview

metastable state which decays by emitting an electron. This process is called delayed
photodetachment. The decay rate of the metastable ion changes rapidly with its
internal energy. Radiative cooling is observed by changes in the decay rate of the
metastable ions. A prominent example is the detection of a low lying electronic state
in C−6 by observing fluorescence decay in the storage ring at Tokyo Metropolitan
University [43]. Furthermore cooling of internal degrees of freedom in Co−4 clusters
have been measured by delayed photodetachment in the Cryogenic Trap for Fast ion
beams (CTF) at the MPIK [13].

To summarize, photodetachment has evolved from a purely spectroscopic tool for
measuring electron affinities and rotational constants to a probing technique which
resolves and disentangles decay processes in-vacuo by time-resolved spectroscopy.

1.5 Storage of molecular ions

To study processes and properties of molecular ions they are confined in all three
dimensions by magnetic or electric fields. The most common storage device for
molecular ions is the radiofrequency trap. In such traps molecules are stored by an
oscillating electric multipole field combined with an electrostatic field. Those traps
can be applied to a large set of molecules by tuning the offset and amplitude of the
oscillating field to a stable orbit [23]. Furthermore ions in a radiofrequency trap can
be cooled by buffer gas and exposed to laser light from all directions. The oscillating
electric field leads to micromotions of the ions in the trap. By colliding with other
particles molecular ions can heat up internally. Thus, many radiofrequency traps
have instead of a quadrupole a higher pole (often a 22-pole) field, reducing the
micromotion [91]. But still this effect remains.

To cool ions further down magneto-optical traps are used. Here ions are stored
by radiation pressure in a magnetic field [69]. To transfer the momentum of the
photon to the particle the laser has to address a closed dipole transition. The
internal structure in molecules and the non-existence of dipole transitions in many
anions makes the type of trap impracticable for molecular anions. Nevertheless
molecules can reduce their internal excitation by collisions with laser-cooled atoms
[64]. But reactions with the coolant can inhibit the cooling process like dissociative
attachment between OH− and rubidium [21].

Another possibility to store molecular ions are Penning traps. Those are normally
used for atomic ion in precision mass measurements, but they have also been applied
to molecular ions [24]. But neutral products, e.g. induced by photodetachment, are
difficult to detect in Penning traps.

Electrostatic storage devices are another technique for storing molecular ions. In
contrast to radiofrequency and magneto-optical traps the kinetic temperature of the
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1.6 Electrostatic storage devices

ions is well decoupled from the internal degrees of freedom in the molecule. Thus
the next section 1.6 deals with electrostatic storage devices and their application.

1.6 Electrostatic storage devices

Many molecular properties and interactions have been studied in merged beam ex-
periments at magnetic storage rings with an ion energy in the MeV range [73]. Due
to the high velocity the energy between the stored and colliding particles can be pre-
cisely tuned. Magnetic storage devices are limited by the charge-to-mass ratio of the
ions they can store. Thus the options for investigating heavy atoms and molecules
in magnetic storage rings are limited. Another important drawback of magnetic
storage devices is the presence of magnetic fields that can mix close-lying states
with the same magnetic quantum number. By using purely electrostatic fields, the
effect of state mixing can be significantly reduced in specific cases [93].

In order to study more complex molecules and to avoid magnetic state mixing,
the first electrostatic storage ring was taken in operation at Aarhus in the year 1997
[56]. At almost the same time the first linear electrostatic trap (Zajfman trap) was
set up in Israel [94]. Those facilities are already quite compact compared to the for-
mer magnetic devices and can store molecules of a given energy independent of their
mass. With further advancement the electrostatic storage devices got smaller and
more compact [4, 77]. The compact size allowed the research groups in Stockholm
and in Tokyo to build up electrostatic rings like the Double ElectroStatic Ion-Ring
ExpEriment (DESIREE) [76] and the RIKEN Cryogenic Electrostatic ring (RICE)
[60], which are fully contained in an isolation vacuum to cool the experimental cham-
bers to cryogenic temperatures. Thus very low residual gas densities are reached
allowing to store ion beams for several hours.

Simultaneously with these developments, the motivation to study internally cold
complex molecules in merged beam experiments triggered the construction of the
Cryogenic Storage Ring (CSR) at the MPIK in Heidelberg [32]. In contrast to other
electrostatic storage devices, ions in the CSR can reach kinetic energies of up to
300 keV to measure reactions with a well-defined collision energy in merged-beams
experiments. Similar to the design ideas of other cryogenic storage rings the ultra
cold vacuum chambers provide an environment in which infrared-active molecules
can cool to the temperature of the surrounding beam enclosure.

In order to test the cooling in cryogenic storage devices a simple, well-studied
molecule with a large dipole moment is desired which can be state-selective probed
by laser light in a reasonable wavelength range. Due to the related studies described
in this thesis, we choose the molecule OH−.

Chapter 2 introduces the rotational cooling of linear molecules in a broad-band
radiation field. Here the photon interactions between rotational states are described

9



1 Anions and cold molecules: an overview

by the Einstein coefficients depending on the corresponding level structure and line
intensities. The modeled radiative rates are combined to simulate the rotational
cooling. To monitor the decay of the rotational populations the OH− molecule in
the CSR is probed by photodetachment. Thus, chapter 3 describes the process of
the electron photodetachment from the electronic ground state of a closed-shell an-
ion into its corresponding neutral molecule. Here the electronic structures of both
molecular species are introduced to assign the rotational structures in the photode-
tachment spectra to the transitions. Furthermore the intensities for photodetach-
ment transitions are calculated and combined with a Wigner-type dependence to
model the relative rotational cross section close to the Electron Affinity. To reveal
the rotational populations the relative cross sections are measured at various pho-
ton energies. Therefore chapter 4 deals with the experimental concept to monitor
cross section ratios at multiple wavenumbers over time. The time-structure of the
cross section ratios is pre-analyzed and fitted with a combined cooling and probing
model. In chapter 5 the fit results are analyzed, revealing radiative lifetimes of rota-
tional states and relative, population-independent photodetachment cross sections.
The experimental results are compared to the predicted values in chapter 2 and 3.
In chapter 6 the results of this work are discussed with regard to the advances in
photodetachment spectroscopy and the potential of cryogenic electrostatic storage
devices.

10



2 Radiative cooling of rotational states in
linear molecules

This chapter describes the rotational cooling of linear molecules such as OH− in
broad-band radiation fields. The fundamental interactions between the molecule
and the radiation field are explained in detail (see section 2.1). Transition rates
depend strongly on the energy splitting between the rotational states. Thus, section
2.2 deals with the rotational structure of a linear molecule. To model the intensities
for the rotational transitions the degeneracy of states and the difference between the
permanent and the transition dipole moment have to be considered (see section 2.3).
The radiative rotational dynamics are analyzed and discussed (see section 2.4).

2.1 Interaction of light with matter

Molecules in-vacuo equilibrate with the environmental radiation field by emitting
and absorbing photons. Thus, the measured internal population distribution in
equilibrium depends on the photon energy density of the radiative field. In a two-
state system (see figure 2.1) only photons which are in resonance with the transition

E1

E0

N1

N0

B̃0→1ρν̃0→1

Absorption

::::I
E1 − E0 = hcν̃0→1

Emission

A1→0

spontaneous

::::I
hcν̃0→1

B̃1→0ρν̃0→1

stimulated

::::I
hcν̃0→1

::::
::::
2hcν̃0→1

I
I

Figure 2.1: The two state system represents the three fundamental photon matter
interactions: Absorption and stimulated and spontaneous emission. The
transition rates are given by Einstein coefficients B̃0→1, B̃1→0, Ã1→0 (see
equation 2.3, 2.4 and 2.5) and the photon energy density ρν̃0→1 (see
equation 2.1) at resonance.
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2 Radiative cooling of rotational states in linear molecules

energy ∆E = E1 − E0 = hcν̃0→1 can drive the transition and thereby change the
population distribution. In general, quantized systems such as molecules are only
sensitive to photons, which are in resonance with one of their transitions. Hence, it
is essential to know the photon energy density at those resonant frequencies in the
experimental storage device, which is considered as a cavity with rigid opaque walls.
Since this thesis deals mostly with spectroscopic properties of molecules the energy
scale is chosen to be in wavenumbers (cm−1).

2.1.1 Radiation field in thermal and non-thermal cavities

In a cavity at temperature T (thermal cavity) the radiation field is described by a
blackbody emitter. According to Planck the photon spectral energy density is [68]

ρν̃dν̃ =
8πhcν̃3

ehcν̃/kT − 1
dν̃. (2.1)

Ideally the cavity itself is thermalized, but local thermal temperature gradients
have to be expected. Not only different coupling strengths of the various parts of
the experimental beamline with the thermal bath, e.g. the liquid helium reservoir of
the closed-cycle refrigeration system, but also openings to the injection beamline at
room temperature lead to a position dependent radiative field. Since the oscillation
frequency of the molecular ensemble in the storage device is much higher than the
radiative transition rate, an effective radiative field described by a linear combination
of several blackbody radiators is considered:

ρeffν̃ =
∑

T

aTρν̃(T ). (2.2)

Here the linear coefficients aT represent the fractions of the different thermal radia-
tion fields.

To understand the effects of combined radiation fields the spectra of non-thermal
and thermal cavities are compared (see figure 2.2). The intensity and the range of
the spectral energy density is very sensitive to thermal changes (see figure 2.2). If
only a300 K = 0.1% of radiation modes are excited according to 300 K, the combined
radiation field is dominated by the 300 K radiator across the spectral range only
reduced by the linear coefficient a300 K (see figure 2.2). Thus, molecular temperatures
in such a field depend on the addressed mode in the photon frequency spectrum.
For a molecular transition of a few wavenumbers the population ratio agrees in
the combined radiation field with a 10 K temperature. But at the crossing of the
green and purple line in figure 2.2 the energy density in the combined radiation field
matches a thermal distribution at 50 K.
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2.1 Interaction of light with matter
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Figure 2.2: The spectral distributions of the photon energy density for thermal cav-
ities at 10 K (blue line), 50 K (purple line) and 300 K (red line) respec-
tively are shown. Additionally a radiation field combined with a 99.9%
10 K and 0.1% 300 K field is included (green line).

2.1.2 Einstein A and B coefficients

Light can change the state of a system in three different manners: absorption, spon-
taneous emission and stimulated emission. While photon absorption and stimulated
emission are driven by an external radiation field, the spontaneous emission is a
random process depending only on the atomic or molecular properties. In case of a
broad-band radiation field, the processes are described by the Einstein coefficients
for absorption, spontaneous emission and stimulated emission. A detailed descrip-
tion can be found in the concise summary by Bernath [5].

A radiative field with the photon spectral energy density ρν̃0→1 at the resonant
frequency ν̃0→1 drives a transition from the ground state (0) to the excited state (1).
The absorption rate is

dN1

dt

∣∣∣∣
abs

= B̃0→1ρν̃0→1N0. (2.3)

Here the Einstein coefficient of absorption B̃0→1 represents the coupling strength
between the two-state system and the radiation field. Instead of exciting the system
by photon absorption the radiative field can also induce a transition from the excited
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2 Radiative cooling of rotational states in linear molecules

to the ground state with the stimulated emission rate

dN1

dt

∣∣∣∣
stim

= −B̃1→0ρν̃0→1N0 (2.4)

in which B̃1→0 is the Einstein coefficient of stimulated emission. Thus, processes
induced by the radiative field are described by the Einstein coefficients B, which are
equal disregarding a possible degeneracy of states. In the third process an excited
state decays by spontaneous emission of a photon with a rate

dN1

dt

∣∣∣∣
spont

= −A1→0N0. (2.5)

Here, A1→0 is defined as the Einstein coefficient for spontaneous emission. Its inverse
τ1 = 1/A1→0 is the radiative lifetime of the excited state. In the absence of a radia-
tive field the decay of the excited state directly reveals the Einstein coefficient for
spontaneous emission. At equilibrium the rates of all three processes are balanced:

dN1

dt
=
∑

p

dN1

dt

∣∣∣∣
p

= 0, (2.6)

where p denotes the processes of absorption, spontaneous and stimulated emission.
In radiatively dominated regimes the Einstein coefficients define the population ratio
of the states

N1

N0

=
B̃0→1ρν̃0→1

A1→0 + B̃1→0ρν̃0→1

. (2.7)

Comparing the state of equilibrium with the Boltzmann distribution

N1

N0

=
g1

g0

e−hcν̃0→1/kT , (2.8)

the energy density in the photon spectrum at thermal equilibrium is defined by

ρν̃0→1 =
A1→0

B̃1→0

1
B̃0→1

B̃1→0

g0
g1
ehcν̃0→1/kT − 1

. (2.9)

To match the photon energy density distribution of a blackbody radiator (see equa-
tion 2.1) the Einstein coefficients need to fulfill the following relations:

B̃0→1

B̃1→0

=
g1

g0

and
A1→0

B̃1→0

= 8πhcν̃3
0→1. (2.10)
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2.1 Interaction of light with matter

Thus the lifetime of an excited state can be determined by measuring the absorption
rate and vice versa.

The spectral energy density of a blackbody radiator

ρν̃ = 8πhcν̃3nν̃ (2.11)

can also be written in terms of the photon occupation number nν̃ which follows the
Bose-Einstein statistics [8]

nν̃ =
1

ehcν̃/kT − 1
> 0 (2.12)

in quantum gases like blackbody photon radiation fields. Here, the photon occu-
pation number nν̃ describes the number of photons in a single mode at frequency
ν̃. The rate constants induced by the radiative field can be written in terms of the
Einstein coefficient of spontaneous emission by using the relations 2.10 and equation
2.11:

B1→0ρν̃0→1 = A1→0nν̃0→1 and B0→1ρν̃0→1 =
g1

g0

A1→0nν̃0→1 . (2.13)

While the Einstein coefficients determine the interaction between a photon and
the system, the photon occupation number nν̃ quantifies the radiative field. The
relations of the Einstein coefficient 2.13 are also valid for non-thermal broad-band
radiative fields. Hence the ratio in the steady state is

N1

N0

=
g1

g0

nν̃0→1

1 + nν̃0→1

< 1, (2.14)

which is independent of the photon coupling strength. As a consequence the pho-
ton occupation numbers at the corresponding transition frequencies determine the
steady state ratios. Furthermore, the molecular system quantizes the relevant pho-
ton field spectrum.

To relate the molecular properties to the Einstein coefficients we have to under-
stand the coupling between the electromagnetic waves and the molecule. In weak
photon fields molecules couple to photons via their dipole moments. By using pertur-
bation theory Bernath [5] derives the following equation for the Einstein coefficient
of spontaneous emission

Ã0→1 =
16π3d2

10ν̃
3
0→1

3ε0h
. (2.15)

Equation 2.15 in combination with the relations 2.10 link the observed rates to the
transition dipole moment

dij =
∣∣∣〈Ψi|d̂|Ψj〉

∣∣∣ =

∣∣∣∣
∫

Ψ∗i d̂ΨjdV

∣∣∣∣ (2.16)
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2 Radiative cooling of rotational states in linear molecules

of atoms and molecules in a non-polarized light field. Here d̂ = −e~r represents the
dipole operator and Ψi the wave function of the state i. As a result the photon
coupling between two quantum states depends on the transition dipole moment,
which is discussed in detail for rotational transitions in section 2.3.

2.1.3 Doppler broadening in electrostatic storage devices

At non-relativistic velocities an object moving at a constant velocity v parallel (-) or
anti-parallel (+) to an electromagnetic wave with frequency ν0 observes a Doppler
shifted frequency of

νD = ν0
c± v
c

. (2.17)

Hence a molecular ensemble with a velocity spread ∆v leads to a spectral broadening
of the absorption lines. The velocity probability distribution Pv can be transformed
into a spectral line shape

Pν = Pv
dv

dνD
=

c

ν0

Pv. (2.18)

The longitudinal velocity distribution Pv in storage devices can be measured by the
frequency spectrum of the Schottky pick-up. In the CSR the Gaussian frequency
distribution of a 60 keV Ar+ beam was observed with a maximal standard deviation
of σf = 200 Hz [86]. The frequency broadening at Full Width at Half Maximum
(FWHM) ∆f =

√
2 ln 2σf in the Schottky spectrum is connected to the momentum

uncertainty ∆p by the slip factor η:
∆f

f
= η

∆p

p
= η

∆v

v
. (2.19)

The slip factor for the employed quadrupole settings of the CSR is about η = 0.6
[31]. With the linear transformation 2.19 the shape of the distribution is conserved.
The standard deviation of the longitudinal Gaussian velocity distribution is

σv =
vσf
ηf

. (2.20)

in the longitudinal direction. Thus, the velocity spread depends on the mean velocity

v =

√
2Ekin
m

(2.21)

at which the ions are stored. Here Ekin is the mean kinetic energy of the ion beam.
In the velocity frame of the ions the spectral line shape including Doppler broadening
is

Pν =
1√

2πσ2
νD

e

(
ν−νD√
2σνD

)2

with
σνD
ν0

=
σv
c
. (2.22)
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2.1 Interaction of light with matter

Since all singly charged molecules are stored with identical settings of the storage
ring, the frequency spectrum measured at the Schottky pickup applies to a large
number of molecules. Thus the Doppler broadening for a 60 keV OH− beam can be
adapted to

∆ν̃D
ν̃0

=
∆νD
ν0

=
√

2 ln 2
v0σf
cηf

=
√

2 ln 2

√
2 · 60 keV · 200 Hz√

17 u · 0.6 · 178 kHz · c
= 3.84 · 10−7. (2.23)

For the transition between the lowest rotational states of OH− (ν̃ = 37.5 cm−1

=̂1.12 Thz, see table 2.1) the maximal transition line Doppler broadening is ∆νD =
0.43 MHz.

2.1.4 Effects of line shape functions in broad-band radiation
fields

Up to now the absorption and emission lines of a molecular ensemble are expected
to be infinitesimally small, which is forbidden due to the Heisenberg uncertainty
principle [36]. Hence, Einstein coefficients are often folded by a lineshape function.

To determine the shape and the width ∆ν of the lineshape the dominating broad-
ening mechanism has to be found. An excited state decaying exponentially with the
lifetime τ has a natural lineshape of a Lorentzian function with a FWHM of

∆ν̃n =
1

2πcτ
(2.24)

in the frequency spectrum [5]. Most rotational transitions in molecules have a nat-
ural linewidth below ∆ν̃n/c = 1 Hz, which is negligibly small in comparison to
Doppler broadening ∆ν̃D = 3.84 · 10−7ν̃ at THz photon energies in the CSR (see
section 2.1.3). Effects like transit-time and power broadening (see pages 31-34 in [5])
can be disregarded for long interaction times in weak broad-band radiation fields.
Pressure broadening (see pages 27-28 in [5]) is absent in a vacuum environment.
Thus, the linewidth is dominated by Doppler broadening.

If the spectral intensities of the radiation field are constant over the width of
the lineshape, the effect of transition line broadening cancels out in the Einstein
coefficients. To approximate the effect of the Doppler lineshape on the transition
rates the variation of the photon occupation number (see equation 2.12) is calculated
by

∆n

n
=
hcν̃

kT

1

1− e−hcν/(kT )

∆ν̃

ν̃
. (2.25)
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2 Radiative cooling of rotational states in linear molecules

For a 10 K blackbody radiation field the absorption rate of the lowest rotational state
in OH− is shifted by only ∆n

n
≈ 4 · 10−6. Thus, Einstein coefficients for broad-band

radiation fields are often assumed to be constant over the lineshape. For this reason
radiative rotational cooling can be modeled without folding the Einstein coefficient
with the proper lineshape function.

2.2 Rotational level structure

To model the rotational transition rates the structure and rotational effect of the
system have to be analyzed in order to determine the transition energies. Starting
with the simplest model of a quantum mechanical rotator (see section 2.2.1) effects
such as a varying bond length (see section 2.2.2) are discussed. Both models are
limited to cases of a vanishing electronic moment (1Σ state).

2.2.1 Rigid rotator

The simplest model of a quantum mechanical rotator is called the rigid rotator.
Here, the masses m1 and m2 are point-like particles bonded at a constant length
r. In such a model the finite size of atoms and the centrifugal distortion in a
diatomic molecule are neglected. Both simplifications are well justified, since the
finite size of a nucleus (∼ 10−14 m) is around 4 magnitudes smaller than the bond
length (∼ 10−10 m) and the spring constants of covalent bonds such as for the OH−
molecule are rather strong [5]. The latter one will be discussed later in terms of the
derived centrifugal coefficient.

In classical mechanics the rotational energy of a rigid body is given by

Erot =
L2

2I
=

1

2
Iω2 (2.26)

Here L = Iω is the angular momentum and I =
∑
mir

2
i is the moment of inertia

about the rotating axis with the angular velocity ω. Free molecules rotate about
their center of mass

S =
∑

miri = 0. (2.27)

The distances r1 and r2 of the masses m1 and m2 to the center of mass (rotating
axis) are given by

r1 =
m2

m1 +m2

r and r2 =
m1

m1 +m2

r. (2.28)

Combining these relations with the moment of inertia I one obtains

I = m1r1 +m2r2 =
m1m2

m1 +m2

r. (2.29)
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Figure 2.3: Here the spectral distribution of the photon energy density for a thermal
cavity at 10 K is shown. The photon frequencies ν̃J→J+1 for the lowest
three rotational transitions of the OH− molecule are marked by dashed
lines. See figure 2.2 to compare with other thermal radiation fields.

Hence, the rigid rotator has the same energy as a point-like particle with the mass

µ =
m1m2

m1 +m2

(2.30)

rotating about at a distance r. µ is often called the reduced mass.

Since the rigid rotator has no potential along the internuclear axis, wave functions
are identical to the angular solutions ΨJM = YJM(θ, φ) (spherical harmonics) of the
hydrogen atom. Equivalent to the hydrogen atom the rotational states are char-
acterized by the rotational and magnetic quantum number J and M , respectively.
The values of the rotational quantum number are integer numbers {0, 1, 2, · · · } and
for each rotational state 2J + 1 different values of the magnetic quantum number
M ∈ {J , J−1, · · · , −J} exist. To derive the rotational energy levels EJ the Hamil-
tonian of the rigid rotator is obtained by replacing the angular momentum L with
the quantum mechanical operator Ĵ in equation 2.26 and employing the relation of
the spherical harmonics

ĴYJM(θ, φ) = ~2J(J + 1)YJM(θ, φ). (2.31)

The eigenvalues of the rigid rotator, being the rotational energy levels,

EJ =
~2J(J + 1)

2I
=

~2J(J + 1)

2µr2
(2.32)
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2 Radiative cooling of rotational states in linear molecules

increase in a good approximation quadratically with increasing J and are inde-
pendent of the magnetic quantum number M . Thus, each rotational state has a
degeneracy of 2J + 1. The energy splitting of rotational levels

∆EJ = EJ − EJ−1 =
~2J

µr2
(2.33)

increases linearly with J . Hence, the spectral distance between two adjacent rota-
tional transition lines in molecular spectroscopy is twice the rotational constant

B =
~2

2µr2
=

~2

2I
. (2.34)

Thus, rotational transitions in a molecule sample the photon frequency space of the
radiative field with a spacing of 2B (see figure 2.3). Thus the molecule determines
the relevant photon frequencies in the radiation field.

Raman spectroscopy [37] and fine-structure photodetachment spectroscopy [14]
are two experimental techniques to reveal the rotational molecular constantB. Thus,
it is common to indicate the rotational constants in spectroscopic energy units of
cm−1, denoted by B̃. The rotational constants for the hydroxyl anion and radical
are listed in table 2.1.

2.2.2 Centrifugal distortion

The rigid rotator model assumes a fixed bond length between the atoms, but rotation
introduces a force along the internuclear axis. The centripetal force stretches the
bond between the atoms from the equilibrium distance re to r and thereby increases
the moment of inertia. The system is well described by a reduced mass µ rotating
about the center of mass. This leads to a modification of the energy level structure.
In the model such a bond is described by a spring with a constant k. The rigidity

Table 2.1: Rotational constants in the vibrational ground state and the correspond-
ing Electron Affinity (EA) of the hydroxyl radical and anion in cm−1

OH OH−

EA B0 D0 B0 D0

Schulz et al [78] 14 741.03(17) 18.7409(45) 0.00205(45)
Rosenbaum et al [71] 18.73503(36) 0.0019791(56)
Smith et al [83] 14 741.02(3) 18.732(3) 0.00205(45)a
Goldfarb et al [30] 14 740.9824(91) 18.7354(16) 0.001982(79)
Maillard et al [50] 18.550401(110) 0.0019791(56)
a Smith et al [83] used the value of D0 measured by Schulz et al [78]
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2.2 Rotational level structure

of a bond increases with the spring constant k. Accordingly to Hooke’s law the
restoring spring force Fr compensates the centripetal force Fc:

Fr = Fc

k(r − re) =
µv2

r
= µω2r =

L2

µr3
. (2.35)

The angular velocity ω is replaced by the angular momentum L = ωr2. Thus, the
change of the internuclear distance is

∆r = r − re =
L2

kµr3
. (2.36)

Since the stretching is small compared to the bond length itself (∆r
re
<< 1), higher

order terms in

r3 = r3
e

(
1 +

∆r

re

)3

= r3
e

(
1 + 3

∆r

re
+O

((
∆r

re

)2
))

(2.37)

can be neglected. The energy in the vibrating rotator is partially stored in the
stretching of the linear molecule. Thus the rotational energy

Erot =
L2

2µr2
− 1

2
k(r − re)2

≈ L2

2µr2
e

− L4

2kµ2r6
e

(2.38)

is reduced by the potential energy Epot = 1/2 k(r − re)2 of the spring elongation.
The additional radially symmetric potential does not change the angular part of the
wavefunctions (Ψ = Ψv(r)YJM(θ, φ)). Thus, equation 2.31 can still be applied and
selection rules for the rigid rotator are still valid for the vibrating rotator. Replacing
the angular momentum L by the quantum mechanical operator Ĵ in the rotational
energy (see equation 2.38) leads to the Hamiltonian of the vibrating rotator. To
calculate its eigenvalues the relation of the spherical harmonics (see equation 2.31)
is applied and a rotational energy structure of

EJ =
~2J(J + 1)

2µr2
e

− ~4J2(J + 1)2

2kµ2r6
e

(2.39)

is revealed. Introducing a second rotational constant

D =
~4

2kµ2r4
e

(2.40)
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2 Radiative cooling of rotational states in linear molecules

compensates for the stretching effect of the molecule in the rotational energy level
scheme. The centrifugal rotational constant D describes a perturbation about the
equilibrium bond length re and is usually several orders of magnitude smaller than
the rotational constant B (see table 2.1). According to equation 2.39 the energy
levels are given by

EJ = BJ(J + 1)−DJ2(J + 1)2. (2.41)

The centrifugal distortion constant D can be rewritten. Thereby the spring constant
of the molecule is replaced by its corresponding equilibrium vibration frequency

ωe =

√
k

µ
(see page 167 in [33]) (2.42)

of a spring oscillator with mass µ. Hence, the vibration frequency of the molecule
can be determined by measuring the centrifugal distortion

De =
4B3

e

~2ω2
e

(2.43)

in the rotational level splitting. Here Be and De denote the rotational constants B
and D in equilibrium. The mean nuclear distance in a molecule increases with its
vibrational excitation due to the anharmonicity in molecular potentials. But the
vibration about the equilibrium distance influences the rotational constants only
slightly, since the rotational oscillation is much slower than the vibrational oscilla-
tion [5]. Thus frequency averaged rotational constants are defined. The rotational
constant of the rigid rotator transforms to

Bv =
~2

2µ

〈
1

r2

〉

v

. (2.44)

Each vibrational state has its own set of rotational constants. Since this thesis deals
with cold molecules, the rotational constants B0 and D0 are given for the vibrational
ground state (see table 2.1).

2.3 Rotational transition intensities

The transition dipole moments are critical for modeling radiative transition rates.
In section 2.3.1 the line intensities for rotational transitions in a rigid rotator are
discussed. Rotational and vibrational stretching effects are neglected in the first step.
In section 2.3.2 the dipole moment is averaged over its rovibrational wavefunctions
in order to include such effects.
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2.3 Rotational transition intensities

2.3.1 Line intensities in the rigid rotator

Photons couple to an atom or molecule by their electric moments. In many systems
the photon-matter interaction is dominated by dipole transitions. Higher order
effects are normally strongly suppressed in weak fields. Thus, photon interactions
with matter are often modeled by considering only dipole interactions.

An oscillating dipole is present in rotating diatomic or linear molecule with a per-
manent dipole moment along the internuclear axis. In molecules with a permanent
dipole moment the center of charge and the center of mass are shifted with respect
to each other. The dipole moment in a rotating molecule changes its direction in
the laboratory frame of reference. Thus, the photon observes an oscillating dipole
moment about the center of mass of the diatomic molecule.

The strength of the photon coupling (line intensities) is closely related to the
transition dipole moment

dJ,M→J ′,M ′ =
∣∣∣〈J ′,M ′|d̂|J,M〉

∣∣∣ (see page 182 in [5])

=

∣∣∣∣
∫

Ψ∗J ′,M ′ d̂ΨJ,MdV

∣∣∣∣ (2.45)

describing the overlap of the two rotational states ΨJ,M and ΨJ ′,M ′ under a dipole
transition. Here, J and M are the rotational and magnetic quantum numbers. As
stated in section 2.2.2 the angular wave functions are not affected by the additional
radial potential in the vibrating rotator approximation. The selections rules

J = ±1 ∆M = 0, ±1 (2.46)

and the J dependence of the rotational line intensities are identical for the rigid and
the vibrating rotator. In his book [5] Bernath derived the transition dipole moment
for diatomic and linear molecules in the rigid rotator approximation between two
neighboring rotational states

d2
J→J+1 =

∑

M

∑

M ′

|〈J + 1,M ′|d̂|J,M〉|2

= d2
0(J + 1) (see page 183 in [5]). (2.47)

Here, d0 represents the permanent dipole moment along the internuclear axis.

The dipole moment of the rigid rotator (see equation 2.45) is used to calculate
the spontaneous decay of a rotational state J . Let us assume a molecular ensemble
in-vacuo, where the state J is populated by NJ molecules. The number of molecules
per single state (J,M) is given by NJ/(2J+1) due to the degeneracy in the magnetic
quantum number. In a radiation-free environment the decay rates are described by
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2 Radiative cooling of rotational states in linear molecules

the Einstein coefficients for spontaneous emission. Thus, each single state (J,M)
decays with a rate

dNJ,M

dt
= −

∑

M ′

AJ,M→J−1,M ′
NJ

2J + 1
, (2.48)

where M ′ can take values of ∆M = 0, ±1 (see selection rules 2.46). Summing over
all magnetic quantum numbers in state J a rotational transition rate of

dNJ

dt
= −

∑

M

∑

M ′

AJ,M→J−1,M ′
NJ

2J + 1
(2.49)

is derived. Replacing the Einstein coefficient by equation 2.15 and the dipole moment
d10 by equation 2.45 leads to the spontaneous decay rate of the rotation state J:

dNJ

dt
= − 16πν3

3ε0hc3

NJ

2J + 1

∑

M

∑

M ′

|〈J,M ′|d̂|J − 1,M〉|2

= − 16πν3

3ε0hc3

NJ

2J + 1
d2
J−1→J

= − 16πν3

3ε0hc3

d2
0J

2J + 1
NJ . (2.50)

Comparing the rate equation 2.50 with the definition of the Einstein coefficient 2.5
leads to a spontaneous decay rate in the rotational state J of

AJ→J−1 =
16πν3

3ε0hc3

d2
0J

2J + 1
. (2.51)

Thus, rotational transitions have a line intensity of J/(2(J + 1)).

Corrections to the spontaneous decay rates due to vibrational bond stretching will
be added.

2.3.2 Vibrational averaging of dipole moment functions

Molecules vibrate even in their rovibrational ground state. Thus, the bond length
is changing during a vibrational oscillation. Since the dipole moment d(r) of the
molecule varies with the internuclear distance r, an effective dipole moment can be
derived by averaging over the rovibrational probability density distribution Ψ2

v,J(r).
This is the vibrationally averaged dipole moment.

While the line intensities in section 2.3.1 result from the angular part of the
wavefunction YJ,M(θ, φ) (see page 183 in [5]), the transition dipole moment arises
from averaging over the radial part of the wavefunction Ψv,J(r), where v denotes
the vibrational excitation. Thus, both calculations can be treated separately.
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2.3 Rotational transition intensities

To calculate the transition dipole moment the dipole moment function d(r) and
the radial wavefunctions Ψv,J(r) in the molecular binding potential are required. The
molecular binding potential in the rotational ground state J = 0 is approximated
by a Morse potential

VJ=0(r) = De(1− e−β(r−re))2 (see [5] page 212), (2.52)

where De denotes the dissociation energy. β controls the width of the potential.

β =

√
ω2
eµ

2De

(2.53)

can be written in terms of the reduced mass µ, the equilibrium frequency ωe and
the equilibrium bond length re. For the OH− molecule the reduced mass µ is ap-
proximated by the masses of the oxygen mO = 16.0 u [52] and the hydrogen atom
mH = 1.01 u [52] (see equation 2.30). The dissociation energy De = 4.8 eV, the equi-
librium frequency ωe = 3731 cm−1 and the equilibrium binding length re = 1.83 rb,
denoted in Bohr radii can be found in the article by Werner et al [90]. The result-
ing Morse potential for OH− is shown in figure 2.4(a). The Morse potential has
its minimum at the equilibrium distance re and increases strongly for lower bond
distances (see figure 2.4(a)). Close to the minimum the Morse potential can be
approximated by a harmonic potential, but for a high vibrational energy the Morse
potential flattens to higher nuclear distances r. Thus, the energy splitting between
the vibrational states reduces with the vibrational excitation.

To include rotational effects in the Morse potential VJ=0(r) the rotational potential
of a rigid rotator (see equation 2.32) is added. The binding potential is described
by

VJ(r) = De(1− e−β(r−re))2 +
~2J(J + 1)

2µr2
. (2.54)

Thus, each rotational state J has its own vibrational wavefunction.

The vibrational wavefunctions Ψv,J(r) and their corresponding energy eigenvalues
are calculated here using the “wavefunction” package written by Robert Johansson
[44]. For the rotational ground state J = 0 the wavefunctions are added to their
corresponding energy eigenvalues (see figure 2.4(a)).

In the next step the dipole moment function d(r) has to be determined along
the internuclear axis. Dipole moment calculations from first principles are quite
challenging. In case of the OH− molecule the calculations of Werner et al are
available (see table V in [90]). But those dipole moment functions, denoted by dO(r),
are based on a coordinate system with the oxygen atom O being in the origin. To
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2 Radiative cooling of rotational states in linear molecules

determine the transition dipole moment for rotational transitions a transformation
of the dipole moment function to the center of mass S is required.

To be consistent with the publication of Ellison [25] the OH− molecule lies along
the z-axis with its center of mass in the origin. If the oxygen atom is projected on
the negative part of the z-axis,

zO = − mH

mO +mH

r and zH =
mO

mO +mH

r (2.55)

reflect the positions of the oxygen O and hydrogen atom H, respectively (see equation
2.28). Here mO and mH are the masses of the oxygen and hydrogen atom and r
denotes the bond length between them. According to the publication of Ellison [25]
the dipole moment is described by

dS = e

(∑

α

qαzα −
∑

i

zi

)
, (2.56)

where zα and zi are the positions of the nuclei and electrons projected on the inter-
nuclear axis and qα is the number of positive charges on nucleus α. To transform
the dipole moment

dS(r) = e

(∑

α

qα(zOα + zO)−
∑

i

(zOi + zO)

)

= e

(∑

α

qαz
O
α +

∑

i

zOi

)
+ ezO

(∑

α

qα −N
)

= dO(r)− ezO (2.57)

the positions of the charges zα = zOα + zO and zi = zOi + zO are expressed in the
coordinate system of the oxygen atom. Here N denotes the number of electrons in
the OH− molecules and e(

∑
α qα−N) = −e is the net charge of the OH− molecule.

Replacing zO in equation 2.57 by the expression 2.55 the dipole moment in the center
of mass is revealed:

dS(r) = dO(r) + e
mH

mO +mH

r. (2.58)

Additionally the dipole moment function dS(r) is cubically interpolated to average
it over the wavefunctions. The result is shown in figure 2.4(b).

Now the dipole moment function d(r) has to be averaged over the probability
density function Ψ2

v,J(r). Numerically solving the radial part of the transition dipole
integral yields

dv,J =

∫
Ψ∗v,Jd(r)Ψv,Jdr. (2.59)
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Figure 2.4: Figure (a) shows the Morse potential of the OH− molecule and its cor-
responding wavefunctions Ψv,J=0. In figure (b) the square of the vibra-
tional ground state Ψ2

v,J and the dipole moment function from Werner
et al projected on the center of mass are plotted versus the internuclear
distance. The internuclear distance in both plots is given in Bohr radii.

For the rovibrational ground state an average vibrational dipole moment of µv=0,J=0 =
1.041 D is derived. This value is about 0.031 D lower than the theoretical, equilib-
rium dipole moment value of µ(re) = 1.072 D from Werner et al [90]. This small
shift results from the anharmonicity of the Morse potential and from the non linear-
ity of the dipole moment function over the width of the probability density function
Ψ2
v,J (see figure 2.4(b)).

In the last step the modeled wavefunctions for different rotational excitations were
used to determine rotational effects on the transition dipole moment. Those effects
on the Einstein coefficients are described by the Herman-Wallis factor [5]

F (v, J) =

( 〈Ψv,J |d(r)|Ψv,J〉
〈Ψv,J=0|d(r)|Ψv,J=0〉

)2

(see page 267 in [5]). (2.60)

Since the Herman-Wallis factor decreases with increasing rotational state (see figure
2.5), it leads to a strengthening of the absorption compared to the emission in the
same transition. In rotational spectroscopy the effect is seen as a weakening of the
P branch (see page 276 in [5]). In this thesis the Herman-Wallis effect is neglected,
because the effect for OH− is below <0.4% in case of the lowest four states.

Including vibrational excitations in equation 2.51 leads to

AνJ→J−1 =
16πν3

3ε0hc3

dv,JJ

2J + 1
. (2.61)
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2 Radiative cooling of rotational states in linear molecules
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Figure 2.5: The Herman-Wallis factor (see equation 2.60) describes the rotational
effect on the transition dipole moment in the Einstein coefficient. Here,
the Herman-Wallis factor is modeled for the vibrational ground state
v = 0 in OH− by determining the wavefunction in a combined potential
(see equation 2.54).The Herman-Wallis factor reduces transition rates
for higher rotational excitations J .

Now the radiative rotational cooling for different radiation fields can be modeled.

2.4 Radiative cooling of rotations

In this section all radiative transition rates are combined in a broad-band radiation
field yielding a linear differential equation 2.67 to model the rotational cooling dy-
namics (see section 2.4.1). The radiative steady state (see equation 2.71) and the
radiative rotational cooling are discussed in the zero (see equation 2.73) and low
temperature regime (see equation 2.74). The cooling behavior for different temper-
atures (see figure 2.6) and for different types of cavities (see figure 2.7 and section
2.4.2) are analyzed.

2.4.1 Rotational cooling in thermal cavities

The radiative rotational cooling of a linear molecule is modeled by describing the
emission and absorption processes by the Einstein coefficient for spontaneous emis-
sion AJ→J−1 (see equations 2.5 and 2.61) and by the photon occupation number
nν̃J−1→J (see equations 2.12 and 2.13). The state of the rotational excitation J in a
molecule changes to J − 1 by photon emission and to J + 1 by photon absorption.
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2.4 Radiative cooling of rotations

Rotational states couple only to the neighboring states (∆J = ±1, see selection
rules 2.46).

Let us assume a molecular ensemble withNJ ions in the rotational state J . Photon
emission reduces the number of molecules NJ with a rate

dNJ

dt

∣∣∣∣
emis

=
dNJ

dt

∣∣∣∣
spont

+
dNJ

dt

∣∣∣∣
stim

= −AJ→J−1(1 + nν̃J−1→J )NJ

= −kJ→J−1NJ (see also equation 2.5, 2.4 and 2.13), (2.62)

simultaneously increasing the number of ions NJ−1 in the state J − 1. Photon
absorption lowers the number of molecules NJ with a rate

dNJ

dt

∣∣∣∣
abs

= −gJ+1

gJ
AJ+1→Jnν̃J→J+1

NJ

= −kJ→J+1NJ (see also equation 2.3 and 2.13), (2.63)

simultaneously raising the number of molecules NJ+1 in the state J + 1. By com-
bining loss and gain processes for the rotational level J the radiative rate is

dNJ

dt

∣∣∣∣
rot

=
dNJ

dt

∣∣∣∣
abs

+
dNJ

dt

∣∣∣∣
emis
− dNJ−1

dt

∣∣∣∣
abs
− dNJ+1

dt

∣∣∣∣
emis

= −(kJ→J+1 + kJ→J−1)NJ + kJ−1→JNJ−1 + kJ+1→JNJ+1. (2.64)

In addition to the photon-induced processes rest gas collisions reduce the total num-
ber of stored ions Ntot =

∑
iNi. These processes are normally state-independent

and linear to the number of ions leading to a mono-exponential decay

dNJ

dt

∣∣∣∣
CSR

= kCSRNJ , (2.65)

where kCSR denotes the state-independent decay rate. Under these assumptions the
cooling of the population PJ = NJ/Ntot is independent of the storage conditions:

dPJ
dt

∣∣∣∣
CSR

=
1

Ntot

dNJ

dt

∣∣∣∣
CSR
− NJ

N2
tot

dNtot

dt

∣∣∣∣
CSR

= kCSR
NJ

Ntot

− NJ

Ntot

∑

i

kCSR
Ni

Ntot

= (kCSR −
∑

i

kCSRPi)PJ

= (1−
∑

i

Pi)kCSRPJ = 0. (2.66)
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2 Radiative cooling of rotational states in linear molecules

Here the well-known relation
∑

i Pi = 1 is used. Thus, experimental methods al-
lowing the calibration of the signal to the total number of ions reveal the radiative
cooling rate

dPJ
dt

= −(kJ→J+1 + kJ→J−1)PJ + kJ−1→JPJ−1 + kJ+1→JPJ+1. (2.67)

To understand the effects of the different decay rate parameters such as the Einstein
coefficient for spontaneous emission and the photon occupation number, the steady
state (dPJ

dt

!
= 0) is analyzed. In the rotational ground state the radiative cooling rate

(see equation 2.67) simplifies to

dP0

dt
= −k0→1P0 + k1→0P1. (2.68)

Thus, the steady state in a two-state system is defined by

P1

P0

=
k0→1

k1→0

. (2.69)

If we use this expression (see equation 2.69) and the steady state condition (dP1

dt

!
= 0),

a population ratio of

P2

P1

=
k1→2

k2→1

(2.70)

follows. By induction one can demonstrate that the following relation between the
rotational states fullfills the steady state condition dPJ

dt

!
= 0:

PJ+1

PJ
=
kJ→J+1

kJ+1→J

=
gJ+1

gJ

nν̃J→J+1

(1 + nν̃J→J+1
)
. (2.71)

Thus, the steady state population depends only on the radiative field and the de-
generacy of states gJ = 2J + 1. In a thermal cavity the relation (see equation 2.71)
follows the Boltzmann distribution (see equation 2.8).

To gain deeper insight into the cooling rates of the molecule a zero field (nν̃ =
0) approximation is analyzed. Under this assumption the radiative cooling rate
simplifies to

dPJ
dt

∣∣∣∣
T=0

= −kJ→J−1PJ + kJ+1→JPJ+1

= −AJ→J−1PJ + AJ+1→JPJ+1. (2.72)
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Figure 2.6: The radiative cooling of populations for the three lowest rotational states
is presented. Here a 1000 K rotationally hot OH− distribution is cooling
in a thermal cavity at 300 K (a) and 10 K (b). The corresponding
Einstein coefficients for spontaneous emission are modeled with a dipole
moment of µv=0,J=0 = 1.041 D.

Taking into account that the lowest rotational state J = 0 can not cool further, the
eigenvalues of such a system are

λJ =

{
−AJ→J−1 for J ≥ 0

0 for J = 0
. (2.73)

Hence, the observed decay rates (see equation 2.73) under the zero field assumption
directly reveal the radiative lifetime and accordingly the Einstein coefficient of spon-
taneous emission which describes the photon coupling in a broad-band photon field.
Including the photon field and therefore the photon occupation numbers at the res-
onance frequencies in the calculation, the observed decay rates incorporate effects of
stimulated emission and absorption. In the low temperature regime only the lowest
transition frequencies are relevant, since the photon field contributes only to the
long wavelength spectrum (see fig. 2.2). Thus only the photon occupation number
at the smallest transition wavenumber ν̃0→1 is considered. In this approximation the
eigenvalues of our system change to

λJ =





−AJ→J−1 for J ≥ 1

−AJ→J−1(1 + nνJ−1→J ) for J = 1

0 for J = 0

. (2.74)

Hence, a small acceleration of the cooling rate in the J = 1 state is observed.
However, the cooling rate λ1 can directly serve as an upper limit for the Einstein
coefficient for spontaneous emission.
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2 Radiative cooling of rotational states in linear molecules

In order to include photon occupation numbers for higher rotational transitions
fully numerical simulations of the linear differential equation 2.67 by using the ex-
ponential matrix solver implemented in the SciPy package in Python are performed.
The rotational cooling of a 1000 K rotationally hot OH− ensemble in a 300 K (see
figure 2.6(a)) or 10 K (see figure 2.6(b)) radiation field are modeled up to 1200 s.
Here, the calculated dipole moment for OH− of µv=0,J=0 = 1.041 D in the rovibra-
tional ground state is used for all rotational states (see section 2.3.2). As shown in
figure 2.6 the OH− molecule cools down to the temperature of the radiative cavity
in less than 40 s in the 300 K environment (see figure 2.6(a)), but needs about
1000 s to reach the steady state at 10 K (see figure 2.6(b)). In the 300 K cavity the
lowest rotational states seem to cool at a similar rate, but in a 10 K environment the
rotational state J = 2 decays much faster than the state J = 1. Thus the difference
between the rates predicted by the Einstein coefficients for spontaneous emission
is compensated in the 300 K cavity by the stimulated emission and absorption ef-
fects controlled by the radiative field. Thus, only in the low temperature regime a
stepwise cooling of the rotational states is observed. The following two effects are
relevant for such a stepwise time structure:

• The Population in rotational state J can cool only to J − 1.

• Higher rotational states cool faster than the lower ones.

These two statements are generally valid for radiative rotational transitions in cold
environments. The first effect is directly fulfilled by considering selection rules of
dipole transitions. The second effect arises due to the rotational energy structure.
Since the Einstein coefficient for spontaneous emission scales with the third power
of the transition energy and the rotational energy splitting of the states increases
approximately linear with the rotational quantum number, the higher rotational
states cool faster. In total this leads to a stepwise cooling behavior which has also
been observed for molecules like CH+ [62].

In a nutshell natural lifetimes of the lowest rotational states and photon occu-
pation numbers are revealed by observing the time-dependence of the populations.
Thus, the rotational cooling of molecules like OH− is a perfect tool to demonstrate
the power of long storage times and to measure the temperature in radiative fields
in cryogenic storage rings.

2.4.2 Rotational cooling in non-thermal cavities

As seen in section 2.1.1 small leaks of warm radiation can change the photon field
completely. In this section the effects of non-thermal cavities on the rotational
cooling are discussed. First simulations of the rotational cooling in a thermal 10 K
environment (see figure 2.7(a)) are presented. In a second step the radiation field
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Figure 2.7: The radiative cooling of populations for the three lowest rotational states
is presented. Here a 1000 K rotationally hot OH− distribution is cooling
in a thermal cavity (10 K) and non-thermal cavity (99.9% 10 K, 0.1%
300 K) (b). The corresponding Einstein coefficients for spontaneous
emission are modeled with dipole moment of µv=0,J=0 = 1.041 D.

is altered by allowing a small amount of 0.1% of 300 K radiation to enter the 10 K
cavity (see figure 2.7(b)).

Although the combined radiation field differs vastly from a thermal one (see figure
2.2), the rotational cooling shown in figure 2.7 varies only slightly for short storage
times t < 150 s. But for long storage times t > 150 s changes in the rotational
cooling behavior can be observed. As shown in figure 2.7 the resulting steady state
for J = 1 and J = 2 is strongly shifted in the mixed radiation field. Thus, mixed
radiation fields will lead to different measured effective rotational temperatures.
Furthermore the decay of J = 2 shows an interesting behavior (see figure 2.7(b)). It
bends at about ∼ 150 s to the decay rate of the state J = 1. Since the population
P2 and P1 of J = 2 and J = 1 are partially in a steady state, both populations decay
at the same rate. Those effects can also be seen in thermal radiation fields, but are
not obvious, since in a non-thermal radiation field the higher rotational states are
much more strongly coupled.

To summarize, the rotational cooling of linear molecules have been modeled in a
broad-band radiation field in-vacuo with only four parameters: the rotational con-
stants B0 and D0, the photon occupation number and the transition dipole moment
for rotational transitions. While the rotational constants and accordingly the rota-
tional energy structure of many diatomic and linear molecules have been measured,
the photon occupation number and the transition dipole moment are not assumed
in this work to be known a-priori. Thus, the transition dipole moment of the stud-
ied molecule and the photon occupation number in the experimental setup can be
revealed by monitoring the radiative cooling of the rotational population PJ(t) over
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2 Radiative cooling of rotational states in linear molecules

time.
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3 Photodetachment of closed shell anions

Otto et al [65] have shown that the rotational population in OH− can be determined
by photodetachment. If the dynamics of population ratios are observed independent
of the storage time, photon occupation numbers and dipole moments for rotational
transitions can be derived (see section 2). Thus, this chapter deals with the electronic
state structure (see section 3.1) and its impact on the rotational energy levels to
model the photodetachment spectrum of closed shell anions (see section 3.2).

3.1 Electronic state structure

Additional to the nuclear rotation modeled by the rigid rotator (see section 2.2.1)
molecules can have a non-vanishing electronic angular momentum and spin. These
angular momenta can couple to the nuclear rotation and change the rotational en-
ergy structure in the molecule. Thus, it is essential to know the electronic state
(see section 3.1.1) and its coupling (see section 3.1.2) to the nuclear rotation. Fur-
thermore electronic angular momenta can lead to a splitting of states depending on
their wavefunction symmetry (parity). Since dipole transitions are only allowed for
states with opposite parity, the Λ doubling is discussed in a separate section 3.1.3.

3.1.1 Classification of electronic states

Electronic states of molecules are classified in a similar way as in atoms, but taking
the additional symmetry (internuclear axis) into account. Hence, the degeneracy of
the angular momentum which precesses around the internuclear axis is lifted. Thus,
the main symbol Λ = |ML| = {0, 1, · · · } of the classification gives in Greek upper-
case letters {Σ, Π, ∆, Φ, · · · } the absolute value of the electronic angular orbital
momentum around the internuclear axis. If Λ 6= 0, the electronic angular orbital
momentum couples with the spin Σ = {−S, S − 1, · · · , S}, which also precesses
around the internuclear axis, to the total electronic angular momentum Ω = |Λ+Σ|.
This results in (2Σ + 1) splittings of the electronic state. Thus, the electronic state
classification in a molecule is given by [37]

2Σ+1ΛΩ. (3.1)
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3 Photodetachment of closed shell anions

For molecules such as OH− and SH− the electronic ground state is characterized
by a 1Σ state, because all orbitals are completely filled up (closed shell) leading to
zero spin Σ = 0 and zero angular momentum Λ = 0. Since the spin does not couple
to the angular momentum, if Λ = 0, the total electronic angular momentum Ω is not
defined and thus not given. If one electron in such a system is detached for example
by photodetachment, an unpaired electron is produced, which results in a spin of
Σ = 1/2 and an electronic angular orbital momentum Λ = 0, 1 in the molecule. If
the produced neutral has an electronic angular momentum of Λ = 1, both momenta
couple either to Ω = 1/2 or Ω = 3/2. Thus, the electronic ground state of the OH
and SH molecule is a doublet (2Σ + 1 = 2) with the electronic configuration 2Π.

Additional to the quantum numbers the molecular electronic states are classified
by their parity symmetry, since the dipole operator allows only transitions between
symmetric (+) and antisymmetric (−) states

(+←→ −,+ 9 +,−9 −). (3.2)

Thus, the symmetry of the electronic states determines the dipole allowed transi-
tions. For Σ states the ground state can either be symmetric or antisymmetric.
Thus, the OH− electronic ground state is denoted as 1Σ+ (symmetric). Π states
intrinsically have both symmetries.

3.1.2 Hund’s coupling cases for the anion and radical

Molecules intrinsically have three different types of angular momentum: electron
spin Σ, electronic orbital momentum Λ and the angular momentum of nuclear ro-
tation N . These couple to a total angular momentum vector ~J . In the case of
OH− and SH− (1Σ+ state) the electron spin and electronic orbital momentum is
zero. Hence, the total angular momentum is identical to the angular momentum
of nuclear rotation and the molecule can be treated as a rigid rotator. But ground
states of the corresponding neutrals OH and SH have all three different kinds of
momenta. Hund was the first to describe the coupling order of those three angular
momenta for different cases. This section 3.1.2 is based on the concise summary of
Herzberg [37] and concentrates on the first two of Hund’s cases. These two cases
are important to understand the rotational structure and later on the theoretical
description of the photodetachment of closed shell molecules into 2Π states.

Hund’s case (a): In this case the spin Σ strongly couples to the angular
momentum Λ along the nuclear axis and only weakly to the nuclear rotation. The
spin coupling to the internuclear axis leads to a multiplet splitting of 2Σ + 1 of the
electronic ground state and is often called LS coupling in analogy to atomic physics.
The resulting electronic angular momentum Ω along the nuclear axis weakly couples
to the nuclear rotation N . For this reason the precession axis of a molecule in
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Figure 3.1: The schematic structure of the energy levels in OH− indicating their
parity (±) for the lowest rotational states in the vibrational ground state
is presented.

Hund’s case (a) is tilted to the one of the rigid rotator. Hence, the projection on the
internuclear axis is subtracted from the rotational energy. If molecular stretching is
neglected, the rotational energy in Hund’s case (a) is given by [37]

Ea
rot = Bν(J(J + 1)− Ω). (3.3)

Here the rotational constant Bν does not significantly differ between the multiplet
states if the splitting is small (see page 220 in [37]).

Hund’s case (b): Molecules with a zero electronic angular orbital momentum
do not have an intrinsic magnetic field along the internuclear axis. Hence, the spin
is not coupled to the symmetry axis of the molecule. This might be even the case for
Λ 6= 0 if the spin is weakly coupled to the internuclear axis. Thus, Hund’s case (a)
can not apply here. As a result the angular momentum of the nuclear rotation N
is coupled with the electronic momentum Λ to the total angular momentum apart
from spin

K = Λ +N = {Λ, Λ + 1, · · · } . (3.4)

Then the momentum K is combined with the spin to the total angular momentum

J = {|K − S| , |K − S|+ 1, · · · , K + S} , (3.5)

leading as in Hund’s case (a) to (2S + 1) multiplet states. Since the closed shell
anions have neither an angular orbital momentum (Λ = 0) nor a spin (S = 0), the
nuclear rotation is identical to the total angular momentum. Hence, closed shell
molecules are singlets in Hund’s case (b) with no momentum along the internuclear
axis and no Λ doubling (see section 3.1.3 and figure 3.1).
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3 Photodetachment of closed shell anions

As a result the momentum coupling scheme has often to be switched during the
photodetachment transition like between the electronic ground states of OH− and
OH. Hence, Hund’s cases are important to understand the rotational intensities in
photodetachment transitions (see section 3.2.2).

Uncoupling phenomena: Many molecules such as OH can not be strictly as-
signed to the case (a), since the coupling between the orbital angular momenta is
weakened with higher rotational excitation (uncoupling phenomena). With increas-
ing coupling strength Aν of the electronic orbital angular momentum to the spin the
uncoupling phenomenon is shifted to higher rotational energies. Thus, the strength
of the uncoupling in the molecules depends also on the ratio

Y =
Av
Bv

(3.6)

between the rotational constant Bν and the spin-orbit coupling energy Aν . Hill and
Van Vleck [38] calculated for doublet states such as in OH the rotational energy
including a non-infinite spin-orbit coupling neglecting the coupling between the spin
S and the angular momentum K (see equation 3.4), which is the combined momen-
tum of the electronic state Λ and of the nuclear rotation N . Thus, the rotational
energy can be expressed in the state 2Π3/2 (J = K + 1/2) by

F1(J) = Bv

[(
J +

1

2

)2

− Λ2 − X

2

]
−DvJ

4, (3.7)

and in the state 2Π1/2 (J = K − 1/2) by

F2(J) = Bv

[(
J +

1

2

)2

− Λ2 +
X

2

]
−Dv (J + 1)4 . (3.8)

Here we use the correction factor

X2 = Y (Y − 4) Λ2 + 4

(
J +

1

2

)2

. (3.9)

The centrifugal distortion correction in equation 3.7 and 3.8 does not include any
rotational coupling effects. Considering the strengths of the rotational constants Bv

and Dv such an approximation is especially sufficient for the lowest rotational states
(see table 2.1). The resulting rotational energy structure in the vibrational ground
state for OH is shown in figure 3.2.

The last effect on the rotational energy structure which is considered in this thesis
is the Λ doubling (see section 3.1.3). The states split up in energy according to their
wavefunction symmetry, which is an important criterion of the selection rules for
photodetachment transitions.
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Figure 3.2: Schematic structure of the energy levels in OH indicating their parity
(±) for the lowest rotational states in the vibrational ground state is
shown. The Λ doubling effect (see section 3.1.3) between the different
parity states is stretched to visualize the splitting.

3.1.3 Λ Doubling

The electronic angular momentum Λ has two possible orientations along the inter-
nuclear axis (±Λ). Since the two orientations are not eigenstates of the molecule,
we have to describe the wavefunctions Ψ+ and Ψ− by a linear combination

Ψ± = ψ (+Λ)± ψ (−Λ) (3.10)

of both orientations. Under reflection which is a parity symmetry operation (+Λ→
−Λ, −Λ→ +Λ) the wavefunction Ψ+ is symmetric (+) while Ψ− is antisymmetric
(−). Thus, every molecule with a non-zero electronic momentum has both symme-
tries for every combination of molecular quantum numbers. Hence, dipole transitions
to such states are never dipole forbidden by symmetry. The uncoupling of the elec-
tronic momentum from the nuclear axis induces a splitting in the degeneracy of the
Ψ+ and Ψ− states, since the two states observe a different Coriolis interaction. This
splitting is called “Λ type doubling”. The perturbation effect was first solved for Σ
states by Van Vleck [85]. Referring to the isoelectronic HF+ molecule [29] the parity
splitting by Λ doubling in 2Π states is given in the e-f notation [15] by

∆νef = Fe − Ff

= ±
(
J +

1

2

)[(
±1 +

2− Y
X

)(
1

2
p+ q

)
+ 2

(
J + 3

2

) (
J − 1

2

)

X
q

]
.

(3.11)
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3 Photodetachment of closed shell anions

Here states with parity (−1)J−1/2 are denoted as e and those with −(−1)J−1/2 are
designated as f (see figure 3.2). Thus, the + part of equation refers to the Λ
doubling in F2 (see equation 3.7) and − to the one in F1 (see equation 3.8). The Λ
doubling coefficients p and q have been first calculated by Mulliken and Christy for
a variety of molecules including OH [59]. For this thesis we rely on the experimental
parameters from Maillard et al [50] to be consistent with the paper [54]. Especially
for OH there is rather a large number of papers on calculated and measured p and
q coefficients for different states [35, 39, 58].

3.2 Relative photodetachment cross sections

Photodetachment is a versatile tool to reveal properties of anions and their corre-
sponding neutrals. For example fine-structure in photodetachment spectra are used
to determine rotational constants of anionic molecules [78]. In order to reveal ro-
tational constants and populations we have to understand the rotational structure,
line intensities and photon energy dependence of photodetachment transitions (see
section 3.2.1, 3.2.2 and 3.2.3). In the last part all concepts are combined to model
the cross section ratios (see section 3.2.4).

3.2.1 Rotational structure of photodetachment thresholds

The rotational structure in photodetachment spectra is closely related to the rota-
tional structure of the anion and its corresponding neutral. For the OH− molecule
the rotational levels can be described by the vibrating rotator (see figure 3.1 and
equation 2.41). Due to its electronic angular momentum Λ and spin the OH radical
has a more complex structure (see figure 3.2 and equation 3.7, 3.8 and 3.11). Those
structures are energetically connected via the Electron Affinity (EA) which is the
released energy, if an electron is attached to the neutral. For the OH molecule the
EA (ν̃EA = 14741.0 cm−1 [30, 78]) is equivalent to the minimum photon energy
needed to photodetach the OH− in its rovibrational ground state. As we see in
figure 3.3 this transition is marked by the blue arrow with the label R3. But not all
photodetachment transitions are allowed.

In this section the processes are described for the OH− molecule, but they are
transferable to other anions such as OD−, SH− and SD−. In order to derive the
conditions the photodetachment is split into two sub-processes. In the first sub-
process

OH−(1Σ+, J
′′
) + hν → (OH + e−)(1Π, Jc) (3.12)

the OH− molecule in the 1Σ state is excited to a virtual complex 1Π state with
opposite parity [41, 70, 79]. Here J ′′ and Jc are the total angular momenta in the
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3.2 Relative photodetachment cross sections

molecular states. The transition 3.12 is a simple electronic dipole transition. Hence,
the total angular momentum can only be changed by Jc−J ′′ = 0, ±1 (see page 169
[37]).

In a second process

(OH + e−)(1Π, Jc)→ OH(2Π, J
′
= Jc ±

1

2
) + e− (3.13)

the electron leaves the virtual complex state in an s-wave. Thus, the parity is
conserved. The electron hole in the shell results in a spin of 1/2 of the OH molecule.
This spin couples to the internuclear axis of the molecule and leads to a 2Π doublet
state. The spin can either be aligned along (J ′ = Jc+1/2) or against (J ′ = Jc−1/2)
the direction of the electronic angular momentum Λ. During the spin coupling to
the internuclear axis the Hund’s case is switched from (b) to (a), which has to be
considered for calculations of line intensities (see section 3.2.2).

The photodetachment transitions are labeled by the total angular momentum
K = N + Λ apart from spin. Similar to electronic transitions photodetachment
transitions are denoted by O, P , Q, R and S for a change in K by −2, −1, 0, 1
and 2 (see figure 3.3). O photodetachment transitions are only possible to the 2Π3/2

state and S transitions to the 2Π1/2 [78]. To distinguish between the electronic OH
states the branch symbol {O, P, Q, R, S} is followed by 1 or 3 for the states 2Π1/2

or 2Π3/2 respectively. To know the addressed state the transition label includes the
anionic rotational excitation J ′′ in brackets. Thus, the transition is denoted by

T (J
′′
) = {O, P, Q, R, S} {1, 3} (J

′′
). (3.14)

For example the transition R3(0) connects the rovibrational ground states of OH−
and OH (see figure 3.3). The rovibrational ground state of OH− has only three pos-
sible transitions, while all states with J ′′ ≥ 3 can be photodetached into 8 different
levels (see figure 3.3).

In OH the spin uncouples from the electronic angular momentum for high angular
momentum J

′ and Hund’s case (a) switches to Hund’s case (b). In this case the
total angular momentum can either be changed by 0 or ±1. Hence, the O and S
branches exist only for photodetachment transitions to low rotational states. Thus,
the maximum number of transitions per rotational state is reduced to 6 for highly
excited rotational states. In other words, photodetachment branches O and S are
only visible in an LS coupled system [30].

Furthermore the rotational states in OH− have a defined parity. As a result only
transitions to states with an opposite parity are allowed. Due to the Λ doubling
the rotational states in the 2Π states split up according to the symmetry of the
wavefunction. Thus, the transitions S1(0) and P1(3) do not address the same state
(see figure 3.3).
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Figure 3.3: The schematic structure of photodetachment transitions from the ro-
tational state J = 0 (blue) and J = 3 (red) in OH− to OH in their
vibrational ground states is presented. The transitions are denoted by
3.14.

3.2.2 Rotational intensities of fine-structure thresholds

Schulz et al [78] observed in the photodetachment spectrum of OH− different thresh-
olds addressing the same rotational state. The different intensities arise from the
rotational structure of the anion and the neutral molecule. In this section the rela-
tive intensities are modeled for the 1Σ to 2Π photodetachment transition according
to Schulz et al [79]. These intensities are essential to determine the rotational-state-
dependent and population-independent relative cross sections.

In the first process the anion is excited by a dipole transition to a complex 1Π
state (see process 3.12). In bracket description the photon absorption is expressed
by the electronic transition matrix element

〈1
Π, Jc

∣∣µ̂
∣∣1Σ, J

′′〉
, (3.15)
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3.2 Relative photodetachment cross sections

which is propotional to the square root of the Hönl-London factor (see page 208 in
[37])

SJ ′′ =
1

4





J
′′ − 1 P branch

2J
′′

+ 1 Q branch
J
′′

+ 2 R branch
. (3.16)

Similar to section 3.2.1 the change of the rotational excitation by -1, 0 and 1 is de-
noted by the branches P , Q and R (see equation 3.14). The rotational excitation can
also alter the vibrational wavefunctions (see section 2.3.2) and change the transition
dipole moment 3.15. Considering the small variation in the Herman-Wallis factor
(see figure 2.5 and equation 2.60) for the lowest rotational states, the variation on
the wavefunction overlap with the rotational excitation is negligibly small.

In the second process the “free” electron is decoupled from the complex state
1Π. The electron is assumed to leave the complex state in an s-wave, such that
the angular momentum is changed by the electron spin ±1/2. As a result, the
total angular momentum Ω of the molecule can either take values of 1/2 or 3/2.
The emitted electron does not alter the parity of the molecular state, since s-wave
functions have a positive symmetry. Due to the magnetic field along the internuclear
axis the spin of the molecule is coupled to the electronic angular momentum Λ.
Hence, we change the coupling scheme from Hund’s case (b) to Hund’s case (a).
This process is identical to the momentum reprojection from the ls to the jj coupled
state in atomic physics. For the overlap between the complex states 2ΠΩ and 1Π

〈2
ΠΩ, J

′∣∣1Π, Jc
〉
. (3.17)

(see process 3.13) Walker et al derived the coupling coefficient [87]

〈2
ΠΩ, J

′∣∣1Π, Jc
〉

=

√
1

2(2Jc + 1)





√
Jc J

′
= Jc + 1

2
, Ω = 1

2

−√Jc + 2 J
′
= Jc + 1

2
, Ω = 3

2√
Jc + 1 J

′
= Jc − 1

2
, Ω = 1

2√
Jc − 1 J

′
= Jc − 1

2
, Ω = 3

2

. (3.18)

According to Goldfarb et al [30] the signs in equation 3.18 are switched for the cases
J
′
= Jc+

1
2
, Ω = 1

2
and J ′ = Jc+

3
2
, Ω = 1

2
. The coefficients in equation 3.18 include

already the Clebsch-Gordan coefficients. The eigenstates of the jj coupled system
are not necessarily energy eigenstates of the real neutral molecule, defined in the
section 3.1.2 by F1 and F2. The real eigenstates of the OH molecule are a linear
combination of the jj coupling eigenfunctions. The F1 state is mainly affected by
the 2Π3/2 state, while the F2 state follows mainly the 2Π1/2 for a low rotational
excitation. Thus, in the last step the Hund’s case (a) eigenfunctions are projected
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Figure 3.4: Transition intensities for the lowest 20 rotational states are plotted
against their corresponding transition energies.

on the true wavefunctions Ψα of the energy eigenstates F1 (α = 1) or F2 (α = 2)

〈
Ψα, J

′∣∣2ΠΩ, J
′〉. (3.19)

To calculate the mixing coefficients c1 and c2 for the real eigenfunctions

∣∣Ψα, J
′〉 = cα1

∣∣2Π1/2, J
′〉+ cα2

∣∣2Π3/2, J
′〉, (3.20)

we use the solution of the Hamiltonian [87]

Ĥ = B( ~J
′ − ~L′ − ~S

′
)2 + A~L

′ ~S
′

(3.21)

for spin-orbit coupling. Here B is the rotational constant and A describes the
coupling strength between the spin ~S ′ and the angular momentum ~L

′ of the molecule.
For such a system Schulz et al [79] have derived the coefficients cα1 and cα2 for the
OH eigenfunctions, but with a wrong phase factor. If the coefficients of Schulz et al
[79] are applied the transition intensity in the figure 3.4 of the S1 branch increases
and P1 and R3 contributions become negligible [30]. With the correct phase factors
the coefficients for the OH eigenfunctions are given by

cF1
1 = κ = cF2

2 and cF1
2 = −

√
1− κ2 = −cF2

1 (3.22)

with κ =

√
X − 2 + Y

2X
. (3.23)

It is not surprising that the mixing between the states depends on the spin decou-
pling factor X (see equation 3.9) introduced for the energy eigenstates of OH. To
get the total intensity for the rotational transitions one sums over all intermediate
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3.2 Relative photodetachment cross sections

states and takes the square of the transition integral. Hence, one obtains for the
rotational intensities the expression

I(J
′
, J
′′
, α) ∝

∣∣∣∣
∑

Jc=J
′±1/2

∑

Ω=1/2, 3/2

〈
ΨOH
α , J ′

∣∣2ΠΩ, J
′〉

·
〈2

ΠΩ, J
′∣∣1Π, Jc

〉
·
〈1

Π, Jc
∣∣µ̂
∣∣1Σ, J

′′〉
∣∣∣∣
2

. (3.24)

Including all sub-processes the transition intensity for the OH− photodetachment
according to Goldfarb et al [30] is given for O3 and P1 (J ′ = J

′′ − 3/2) by

IJ ′=J ′′−3/2 ∝
J
′′ − 1

2(2J ′′ − 1)

(
cα1
√
J ′′ + cα2

√
J ′′ − 2

)2

, (3.25)

for P3 and Q1 (J ′ = J
′′ − 1/2) by

IJ ′=J ′′−1/2 ∝
J
′′ − 1

2(2J ′′ − 1)

(
cα1
√
J ′′ − 1− cα2

√
J ′′ + 1

)2

+
1

2

(
cα1
√
J ′′ + 1 + cα2

√
J ′′ − 1

)2

, (3.26)

for Q3 and R1 (J ′ = J
′′

+ 1/2) by

IJ ′=J ′′+1/2 ∝
1

2

(
cα1
√
J ′′ − cα2

√
J ′′ + 2

)2

+
J
′′

+ 2

2(2J ′′ + 3)

(
cα1
√
J ′′ + 2 + cα2

√
J ′′
)2

, (3.27)

and for R3 and S1 (J ′ = J
′′

+ 3/2) by

IJ ′=J ′′+3/2 ∝
J
′′

+ 2

2(2J ′′ + 3)

(
cα1
√
J ′′ + 1− cα2

√
J ′′ + 3

)2

. (3.28)

To verify the obtained theoretical calculation the rotational intensities are plotted
versus the transition energy (see figure 3.4). The intensity roughly increases linearly
with the rotational quantum number due to the higher degeneracy. The splitting
between rotational states also increases with the rotational excitation. Hence, the
photon energy needed for inducing a transition decreases for P transitions and in-
creases for R transitions with higher rotational excitation (see figure 3.4).

As stated before the rotation about the center of mass induces a decoupling of
the spin from the internuclear axis. Thus, the energy splitting of doublet states
reduces with increasing rotation. Hence, the difference between the P1/Q1/R1
and the P3/Q3/R3 transition intensities decreases with higher rotational quantum
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3 Photodetachment of closed shell anions

number (see figure 3.4). Furthermore the transitions S1 and O3 are only visible,
if the coupling scheme is switched during the photodetachment (see section 3.2.1).
For higher rotational excitation of OH the spin coupling to the electronic angular
momentum is weakened. Thus the rotational intensities for S1 and O3 for high
rotational excitation are reduced.

3.2.3 Spectral dependence of fine-structure thresholds

The spectral dependence of photodetachment cross sections has been studied theo-
retically [26, 79] and experimentally [42, 78] near the photodetachment threshold,
since the threshold behavior reveals information about the electron and neutral inter-
action. Wigner predicts that close above the threshold the cross section should rise
proportional to k2l+1, where k is the momentum and l the angular orbital momen-
tum of the released electron [92]. Here he assumed only the long range interaction of
the centrifugal potential of a spherical system. For s-wave transitions the threshold
has a spectral dependence of

σ ∝
{

(E(ν̃)− ET )1/2 for E(ν̃) > ET

0 else
, (3.29)

where ET is the minimal needed photon energy to detach the electron by the
transition T and E(ν̃) is the photon energy at the wavenumber ν̃.

But diatomic molecules do not have a spherical symmetry due to the internuclear
axis. Furthermore dipole moments of such molecules interact with the electron and
mix the partial waves of the electron by the angular orbital momentum l. For such
angular wavefunction mixing the molecule needs to have a negative and positive
parity [26]. Thus, such interaction occurs in the 2Π, but not in the 1Σ state. The
photodetachment transitions from OH− to the 2Π3/2, J

′
= 3/2 state of OH are cal-

culated to rise by (E(ν̃)−ET )0.28. The spectral dependence of the photodetachment
transition changes also with the rotational excitation of the neutral [26]. Due to the
Λ doubling there is a short spectral band for some transitions, where the other par-
ity is energy forbidden. In this spectral range Smith et al [83] observed a threshold
behavior of (E(ν̃)− ET )0.42±0.04 comparable to the Wigner exponent of 0.5.

Measurements on OH− photodetachment showed that the spectral dependence
near-threshold can be modeled by a Wigner-type dependence

σ(ν̃) ∝
{

(E(ν̃)− ET )a for E(ν̃) > ET

0 else
, (3.30)

using an exponent a in the range of a = 0.2 to 0.25 [65, 83]. For this thesis the
exponent a is set for all transitions to the value of 0.2, which is sufficient to roughly
predict the relative photodetachment cross sections near the EA.
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3.2 Relative photodetachment cross sections

To take also effects high above the photodetachment threshold into account we
include a factor (E(ν̃)/ET )b−a leading to a decrease of the photodetachment cross
section for large kinetic energy release. Only a few data points are taken for the
range high above the photodetachment threshold of OH− indicating a maximum at
about 16000 cm−1 [10, 40]. To match the spectral shape the factor b is set to −2.8
for the OH− molecule .

Now the spectral dependence of the fine-structure thresholds is combined with
the corresponding intensity IJ ′′ (see section 3.2.2). Since the rotational population
is split between the single states (J,M) the rotational intensity ÎJ ′′ = IJ ′′/(2J

′′
+ 1)

is weighted by the rotational degeneracy of the anionic state. Thus, the rotational-
state-dependent relative cross sections are given by

σT (J ′′ )(ν̃) =

{
ÎJ ′′ (E(ν̃)− ET )a(E(ν̃)

ET
)b−a for E(ν̃) > ET

0 else
. (3.31)

The resulting photodetachment spectral intensities (see equation 3.31) for the OH−
molecule are plotted against the photon energies close to the electron affinity for
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Figure 3.5: Spectral intensities (see equation 3.31) for photodetachment transitions
are shown for the lowest four rotational states in the OH− molecule. The
thresholds are assigned by their corresponding transition (see notation
3.14).
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the lowest four rotational states in OH− (see figure 3.5). As we see in figure 3.5 the
relative cross section rises in a stepwise behavior. The photon energy at which the
first photodetachment threshold occurs reduces with the rotational excitation of the
molecule (see figure 3.5). As a result, the addressed rotational states in the anion
can be chosen by tuning the photon frequency for the photodetachment. Thus,
rotational states in OH− can be state-selectively probed.

3.2.4 Total cross sections

In order to model the photodetachment cross section we assign to each rotational
state all allowed transitions (see section 3.2.1). For the ground state these are the
R3, R1 and S1 transitions (see figure 3.3). In the next step we calculate the relative
intensity for rotational fine-structure thresholds (see section 3.2.2). Those intensi-
ties are multiplied with a spectral dependence for photodetachment transitions to
determine the rotational-state-dependent relative cross sections (see equation 3.31).
Especially if a rotationally cold OH− ensemble is photodetached near threshold, this
assumption seems to be valid [65].

To model the total photodetachment cross section

σtot
J ′′

(ν̃) ∝
∑

J ′′

σT (J ′′ )(ν̃)PJ ′′ (t) (3.32)

the state-dependent cross sections σT (J ′′ ) are folded with the population distribu-
tion PJ ′′ (t). While the rotational-state-dependent cross sections depend only on the
molecular properties, the total cross section varies with the population distribution
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Figure 3.6: The modeled photodetachment spectrum of OH− (see equation 3.32) is
presented for a 10 K and 300 K rotational hot population distribution.
Here the relative total cross section σ is normalized to the cross section
σr at the helium neon laser line at 633 nm.
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in the molecular ensemble. Thus, a higher rotational temperature broadens up the
photodetachment threshold and reduces the energy needed for releasing the electron
(see figure 3.6). If all OH− molecules are in the ground state the number of ob-
served fine-structure thresholds reduces to 3 corresponding to the R3(0), R1(0) and
S1(0) transition. Hence, cooling anions simplifies their photodetachment threshold
structure and hence, the deduction of molecular properties like the EA (see figure
3.6).

To compare the modeled total cross sections for different exponents of a and b
(see equation 3.31) they are normalized to a reference cross section high above the
photodetachment threshold. At those photon energies the total cross section should
theoretically be state independent (see figure 3.6). Thus, the photon energy deter-
mines the sensitivity of the total cross section to the population distribution. Ex-
perimentally the population-independence has been confirmed by total cross section
measurements for OH− at the helium neon laser wavelength 633 nm (ν̃HeNe = 15754
cm−1) to a precision of 10% [10, 40]. Additionally experimental absolute cross sec-
tion values at this wavelength are available for O− [11, 40, 49], often used as a
calibration molecule for cross section measurements [40]. Hence, it is reasonable
to normalize th modeled relative cross section for OH− to the cross section at the
helium neon line by building cross section ratios σ/σr. Thus, the next chapter deals
with the methods to measure cross section ratios for OH− at several wavenumbers
in dependence of the storage time in the CSR.
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4 Photodetachment probing experiments:
methods and results

As we have seen in chapter 3 the radiative cooling of OH− molecules can be probed
by photodetachment. The experimental technique to determine photodetachment
cross section ratios are described in this chapter 4.

The first section 4.1 deals with the experimental setup of the CSR focusing on
laser-ion beam interactions. Thus, the next section 4.2 connects the photon-induced
neutralization reaction rates of OH− to the photodetachment cross sections. Here
the experimental technique is described to determine photon-energy-dependent cross
section ratios over time by measuring photodetachment reaction rates of two lasers
simultaneously. Then the reaction rates are analyzed by their time-of-flight spectrum
and amplitude spectrum (see section 4.3). In the end of this chapter the cross section
ratios are constructed from the reaction rates and fitted by a combined cooling and
probing model (see section 4.4).

4.1 The Cryogenic Storage Ring

To measure the radiative rotational cooling the OH− ions are stored in a collision-free
environment with a low radiative background. Those properties are given in recently
developed cryogenic electrostatic storage devices like the electrostatic Cryogenic
Storage Ring (CSR) [32] at the Max-Planck-Institut für Kernphysik (MPIK) in
Heidelberg. An overview about the experimental setup is given (see section 4.1.1)
followed by a more detailed description of the laser setup used in the year 2015 (see
section 4.1.2).

4.1.1 Experimental setup

In the CSR the ions are forced on a closed orbit of 35 m by a combination of several
electrostatic deflectors (see figure 4.1). As we see in figure 4.1 the ion beam is bent
in every corner by two 39◦ and 6◦ deflectors. The earth magnetic field and the
maximum voltage at the electrodes roughly restricts the kinetic energy of ion beams
between 20 and 300 keV per charge unit.

The experimental chambers of the CSR are cooled to several Kelvin by a liquid
helium refrigerator system [32]. To decouple the experimental chambers from the
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Figure 4.1: A schematic overview of the Cryogenic Storage Ring (CSR) at the Max-
Planck-Institut für Kernphysik (MPIK) in Heidelberg is given. The cor-
ners and linear experimental section are numbered in the ion beam di-
rection (anti-clock wise). In the year 2015 the section B included a laser
setup which was altered in 2017 to implement also the electron cooler.
The ion beam (red line) enters the CSR at corner 1 and encounters the
first 6◦ deflector marked with a star (*).

laboratory environment they are enclosed in an isolation vacuum and surrounded by
two stages of radiation shields to prevent heating by thermal radiation from room
temperature surfaces. In cold operation a residual particle density in the experi-
mental vacuum of lower than 5.8 · 10−15 mbar [32] in room temperature equilibrium
is reached. Thus, ion beams can be stored up to several hours. Hence, processes on
the timescale of several 100 s can be observed like rotational cooling of OH−. The
cryogenic temperature at the experimental chambers drastically reduces the thermal
radiation field in the CSR. As a result, infrared-active molecules can cool down to
their lowest quantum states by interacting with the radiative environment in the
CSR. Thus, the CSR is the perfect tool to observe processes of cold cations and
anions under interstellar conditions.

To inject ions into the ring the CSR is connected to an ion source platform.
On the platform the particle beam is produced for example in a Penning source
or a Middleton Ion Sputter Source (MISS) [55] chosen for OH−. If necessary, it is
foreseen to accumulate and bunch the ions to increase the number of stored particles
in the ring. The ions are accelerated with 20 to 300 kV and guided to the CSR
by electrostatic and magnetic optical elements. In the transportation beamline an
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electrostatic deflector (chopper) is switched to bunch the ion beam. This ion bunch
is injected the CSR and stored by switching the first 6◦ deflector which the ions
encounter (see figure 4.1). Up to several 108 ions can be stored in the CSR.

To study ions in the storage ring they interact in the experimental sections with
neutrals (see linear section A in figure 4.1), electrons (see linear section B in figure
4.1) or photons (see linear section B in figure 4.1). The reactions in the CSR
produces neutrals and charged particles with a charge-to-mass ratio different from
the stored ions. The products leave the closed orbit of the CSR and are counted by
MCP detectors in the corners (see corner 3 in figure 4.1).

The Neutral Imaging in Cold Environment (NICE) detector [32] is specialized in
counting neutrals position sensitively and with high time precision. This is especially
useful to time correlate events. The COld Movable PArticle CounTer (COMPACT)
[47] can be moved quasi-perpendicularly to the ion beam, allowing to detect also
charged product particles. Due to the single particle sensitivity even weak ion beams
can be monitored by inducing interactions. Particularly photon-induced reactions
are simple to implement by crossing the ion beam with a laser beam in the experi-
mental chamber.

4.1.2 Laser setup of this experiment

To induce photon interactions the stored ion beam is overlapped with a laser beam.
The laser enters and exits the CSR vacuum system by two sets of sapphire viewports
(see figure 4.2). The viewports at the isolation vacuum chamber need to have an
effectively larger view diameter, so that the shrinking of the experimental chamber
during the cooldown of the ring can be compensated for by shifting the laser beam
outside. The viewports at the experimental chambers withstand the large tempera-
ture range of 4 K to 250◦ C and have a sufficiently good heat conductivity to get a
cold surface in the experimental chambers. Additionally the sapphire glass in optical
quality transmits a large wavelength range of 250 nm to 6 µm. The spectral energy
distribution of 300 K radiation has its maximum at around 15 µm (see figure 2.2).
Thus, most of the 300 K radiation is blocked by the sapphire glass viewport.

To transport the laser in the isolation vacuum to the experimental chambers the
radiation shields have small holes combined with tubes. Particles which try to enter
the region between the radiation shields and the experimental chambers through the
laser holes should freeze to the tubes before the particles reach the sapphire glass
windows. Hence, the tubes reduce the amount of particle freezing to the viewports
during the cryogenic operation.

In many experimental setups like in the CTF [48] the laser beam crosses the ion
beam perpendicularly. Such a setup would result to relative small beam overlaps
especially in the CSR due to its large circumference. To increase the interaction

52



4.1 The Cryogenic Storage Ring

neutrals

storedxionxbeam

storedxion
beam

quadrupolexdeflector

6°xdeflector

NICExdetector

39°xdeflector

80xKxradiationxshield

40xKxradiation
shield

experimental
vacuumxchamber

isolation
vacuumxchamber

laserxbeam:
quasi-aligned

laserxbeam:
crossed

laserxmirrors

sapphirexviewports

sapphirexviewports

laserxbeam:
OPO:x225x-x2600xnm
HeNe:x633xnm

Figure 4.2: The interaction section in the CSR (see linear section B in figure 4.1)
in the year 2015 is presented including the NICE in corner 3. At this
time the linear section B included only a laser setup. The anions in the
section are neutralized a laser (purple line) in two different alignments:
quasi-aligned and crossed. The neutrals travel through the 6◦ deflector
and hit the NICE detector in corner 3. The experimental chambers
are surrounded by 40 K and 80 K radiation shields and by an isolation
vacuum chamber.

probability of a photon the laser beam inside the experimental chambers is reflected
by a mirror to graze the ion beam at angle of 3.4◦. With a second mirror the laser
is coupled out. As a result the overlap length along the ion beam is increased from
∼ 1 cm to ∼ 50 cm (see equation 4.7) which raises the absorption probability of a
photon by a factor of ∼ 50. The mirror holders inside the experimental chambers are
surrounded by a copper shield to prevent charging of the dielectric glass substrate
and to protect the reflecting surface of the mirror. The mirror holders inside the
experimental chambers keep the angle of the mirrors during the whole heating and
cooling process sufficiently stable.

Since the dielectric mirrors inside the experimental chambers limit the wavelength
range between 300 nm and 2000 nm, the copper shield around the entrance mirror
holder has a hole to pass the mirror with the laser and hit the ion beam also perpen-
dicularly. Thus, the laser setup possesses two types of laser-ion beam alignments:
one quasi co-propagating (see laser beam: quasi-aligned in figure 4.2) and one per-
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pendicular (see laser beam: crossed in figure 4.2).

This is the setup used in the beamtime for the measurements of this work, in the
year 2015. It was later modified to allow experiments with the electron cooler.

4.2 Measuring cross section ratios

This section 4.2 deals with the technique to measure photodetachment cross section
ratios at various photon energies over time. Therefore a concept is established to
construct cross section ratios from two measured reaction rates (see section 4.2.1).
The events at the detector are time-correlated with the laser pulse to separate reac-
tion rates from two lasers quasi-simultaneously (see section 4.2.2). In the last section
4.2.3 a measurement time scheme is presented which facilitates time-correlation of
photon-induced events and cycling of laser wavelengths.

4.2.1 Measured quantities

In the CSR relative cross sections σtot
J ′′

(ν̃) are measured by counting the number of
reactions in the overlap region. The probability of absorbing a photon in the target
volume with the particle density ρT and the overlap length l is given by

POH− = σtot
J ′′

(ν̃)ρT l. (4.1)

To approximate the probability of absorbing a photon the target density ρT ≈
Nion/VCSR ≈ 114 cm−3 in the CSR is estimated by the stored number of ions Nion ≈
107 and the volume of the ion beam VCSR = lCSRπr

2
CSR. Here, lCSR ≈ 35 m is defined

by the circumference of the ring and rCSR ≈ 5 cm by the mean width of the ion
beam in the overlap region. From geometrical considerations the overlap length is
estimated by l ≈ 40 cm. With the given absolute cross section σtot

J ′′
(ν̃) ≈ 10−17 cm2

for the OH− molecule (see reference [10]) the probability of absorbing a photon
POH− ≈ 5 · 10−14 is much smaller than one (POH− << 1).

In this thin target the photon flux Φ = dNp/dt from the laser is not significantly
screened in the overlapping volume and the number of interactions Nreact = PNp is
proportional to the number of photons Np. Hence, the relative total cross section
σtot
J ′′

(ν̃) can be linked to the laser-induced rate Rp = dNreact/dt by

Rp(ν̃, t) = σtot
J ′′

(ν̃)ρT (t)lΦ(ν̃). (4.2)

The overlap length l depends only on the geometrical overlap between laser and ion
beam and the photon flux Φ(ν̃) = I(ν̃)/(hcν̃) is proportional to the laser intensity
I. Hence, both properties are time-independent. But the ion beam density ρT inside
the target volume decays over time due to ion loss processes and beam divergence.
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Figure 4.3: The modeled photodetachment spectrum of OH− is presented for 10 K
and 300 K thermal rotational distribution. While the helium neon laser
(red solid line) far above the Electron Affinity is nearly independent of
the internal excitation, the OPO laser (dashed lines) probes the rota-
tional population changes near the threshold.

Thus, the particle density ρT is directly observed by a second photon-induced rate
Rr(ν̃r, t) at a photon frequency ν̃r high above the photodetachment threshold. At
those photon energies rotational-state-dependent relative cross sections σtot

J ′′
(ν̃r) = σr

for all J ′′ are considered to be equal for all rotational excitations J ′′ leading to a
population- (see figure 4.3) and time-independent total cross section

σtot
J ′′

(ν̃r) =
∑

J

σT (J ′′ )(ν̃r)PJ(t) = σr
∑

J

PJ(t) = σr. (4.3)

If the rates Rr(ν̃r, t) and Rp(ν̃, t) are measured at the same time in the same overlap
volume, the rate ratio

Rp(ν̃, t)

Rr(ν̃r, t)

Φ(ν̃r)

Φ(ν̃)
=
σtot
J ′′

(ν̃)

σr
∝ σtot

J ′′
(ν̃) (4.4)

weighted by the photon flux Φ is proportional to the total cross section ratio.

The obvious choice for the reference photon frequency ν̃r is the helium neon laser
line at 633 nm. The photon frequency ν̃r = 15754 cm−1 in the OH− rest frame
(see equation 4.5) is about ∼ 1000 cm−1 above the Electron Affinity (EA) (see table
2.1). Close to this position several absolute cross section measurements have been
conducted, indicating no dependence on the rotational population distribution [40].

In a second step the wavenumbers for probing the rotational distribution are cho-
sen. Close to the EA the relative contribution of each state to the total cross section
varies with the photon energy ν̃ (see figure 3.5). The strength of each fine-structure
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threshold in the photodetachment spectrum is proportional to the population of the
corresponding rotational state. Hence, the rotational cooling of this state can be
observed by monitoring the photodetachment rates just above and below the tran-
sition energy. Thus, with a small set of wavenumbers the cooling of the rotational
population distribution can be measured. In this thesis the photodetachment spec-
trum is monitored at ten different wavenumbers ν̃k ∈ {14879, 14859, 14769, 14732,
14672, 14616, 14561, 14495, 14428, 14360} cm−1 denoted by k ∈ {1, 2, · · · , 10}
in descending order. The photon energies ν̃k and the reference photon frequency ν̃r
(HeNe line) are presented in figure 4.3 which is an extension of figure 3.6. As we
see in figure 4.3 the cross section at the laser probing lines ν̃k close to the EA varies
with the population distribution, but the cross section at the helium neon laser line
ν̃r stays constant.

The wavelength-tunable, ns-pulsed OPO laser system (EKSPLA NT342B) with a
spectral width of ∆ν̃ ≈ 5 cm−1 is used to probe the photodetachment spectrum close
to the EA. Close to a photodetachment transition the cross section rises rapidly with
the photon energies (see figure 3.5). Thus, the rate Rp(ν̃, t) varies strongly with the
photon frequency, even over the spectral width of the laser. To be insensitive to
small photon frequency shifts, e.g. induced by the velocity distribution of the stored
ions, the probing wavenumbers ν̃k are set between the fine-structure thresholds. At
those positions the cross sections are assumed to be flat over the spectral width of
the laser (see figure 3.5) and effects of the line shape in the photodetachment signal
can be neglected.

4.2.2 Detecting laser-induced neutralizing reactions

A technique to simultaneously induce and detect photon reactions at several wavenum-
bers is established. Therefore the ion beam is overlapped in the second straight
experimental section with a laser beam consisting of a pulsed OPO laser and contin-
uous helium neon laser in a quasi co-propagating manner (see beam: quasi-aligned in
4.2). The ions at velocity vion = βc observe an electromagnetic wave at a frequency

ν̃OH =
ν̃L

1 + β
cos(α)

, (4.5)

which is Doppler shifted to the photon energy of the laser ν̃L in the laboratory frame.
Here, the coefficient cos(α) takes into account the angle α ≈ 3.5◦ between the laser
and ion beam. The photons inside the CSR neutralize a small fraction of the anionic
ensemble by photodetachment. Particles neutralized in the field-free experimental
section B fly ballistically, leave the closed orbit of the CSR and are detected in the
corner 3 by either one of the two MCP detectors (see figure 4.1). Here, the flight
times of the neutrals to the detector 3 m downstream reflect the reaction positions
in the field-free section.
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Figure 4.4: Both figures present the flight time of the neutrals induced by the pulsed
OPO and continuously running helium neon laser in the overlap region
to the detector. The helium neon laser randomly produces neutrals,
leading to a flat distribution in figure (a). The neutrals induced by the
pulsed OPO laser reach the NICE detector in a defined time range (see
peak at 5 µs in figure (b)). The red vertical lines show the acceptance
time range for pulsed correlated counts and the green lines the neglected
time window for randomly induced neutrals.

To assign the neutrals to their induced laser the detection times are correlated to
the ns-short OPO laser pulses. In the interaction time of the laser tlaser = 3–5 ns
the OH− ions with a kinetic energy Ekin = 60 keV and mass mion cover a distance
of

lion = viontlaser =

√
2Ekin
mion

tlaser . 0.41 cm. (4.6)

Thus, the flight distance lion during the laser pulse is small compared to the overlap
length l ≈ 40 cm. Hence, the arrival times of the neutrals at the detector reflect
their production position in the overlap region. For OH− at a kinetic energy Ekin
of 60 keV the ions reach the detector roughly after ttof ≈ 5 µs within a time spread
of ∆ttof ≈ 0.6 µs (see figure 4.4). Thus, the length of the overlap between the ion
and the laser beam is given by

∆ltof =

√
2Ekin
mion

∆ttof ≈ 50 cm. (4.7)

A detailed analysis of the time-of-flight spectrum is given in section 4.3.1.

The time-correlation between the laser pulse and the detection of the photon-
induced neutrals can be used to assign the counts at the detector to their corre-
sponding laser. Around the main peak at 5 µs in the time-of-flight spectrum (see
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figure 4.4) a time window between 4.7 µs and 5.2 µs is set (red lines in figure 4.4).
Counts in this time range are assigned to the OPO laser. In the same way counts
outside the green window between 0 µs and 10 µs (green lines in figure 4.4) are
considered to be induced by the helium neon laser. Thus, the photon-induced rates
of two laser can be separated quasi-simultaneously. The small acceptance window
for the pulsed induced neutrals reduces the number of counts assigned to the OPO
laser, but suppresses also the background rate from random processes by roughly
six orders of magnitude. The time correlation of counts allows us to probe photon-
induced processes over several orders of magnitude, although the dynamic range of
the MCPs is reduced in the cold environment of the CSR [47].

For multiple hits in a short time window the detection system is limited by its
dead time tdead. The number of hits per laser pulse is called the multiplicity n. In
the pulsed laser mode the NICE detector is chosen due to its short dead time of
tdead ≈ 6 ns [32]. To avoid missing hits at the detector the number of neutralized
ions n in one laser pulse is always kept small enough. Experimentally this is assured
by limiting the number of photons per laser shot, so that the detection system always
stays in the linear regime. If the system works in a non-linear regime, the shape of
the time-of-flight spectrum flattens for higher multiplicity events. For OH− ions at
a kinetic energy of 60 keV the NICE detector system is linear even for events with
∼ 10 hits per laser shot (see section 4.3.2).

If the multiple hit mode is compared to the single hit mode, the same statistical
precision is reached in shorter measurement times. If the overlap length between
ion and laser beam is increased, the time-of-flight spectrum broadens, allowing even
more photon-induced reactions per laser shot. For lasers in continuous mode or
quasi-continuous operation with a repetition rate of more than 1 kHz the COMPACT
is the more reasonable choice due to its higher dynamic range and lower dark count
rate compared to the NICE detector. For the OH− experiment the NICE detector
is chosen due to the low OPO laser repetition rate of fL = 20 Hz.

4.2.3 Measurement time scheme

To monitor the internal energy distribution of the OH− anion by photodetach-
ing, the measurement time scheme needs to fulfill certain requirements. While the
Continuous Wave (CW) helium neon laser with a fixed wavelength at 633 nm con-
stantly produces neutrals, the OPO laser photodetaches the OH− anions in the
overlap region only during the laser pulse. Thus, OPO-laser-induced neutrals are
expected to reach the MCP detector in a time range of around 0.6 µs. To observe a
reasonable number of neutrals n > 1 during the laser pulse the signal of the detector
is digitized with nanosecond resolution, but timescales of up to hours are monitored.
Thus, the signal at the NICE detector is acquired in steps of tst = 33.55 ms (see
figure 4.5) and directly analyzed for pulse times and heights. This technique does
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Figure 4.5: The timing of the control signals of the measurement scheme for one
injection is presented.

not allow to continuously measure the MCP signal during the whole injection, but
nanosecond time resolution is achieved in the steps.

Those steps are synchronized with the OPO laser trigger of fL = 20 Hz (see figure
4.5), so that data acquisition initiated by the laser shot trigger (see Laser shot in
figure 4.5) starts 10 µs before the laser pulse is shot into the CSR. Thus, counts
induced by the OPO laser are always detected and phase shifts between laser pulse
and step are prevented. The arrival times of the neutrals are given in respect to
the start time of the step. Hence, the time distribution of the pulses in the steps
corresponds to the time-of-flight spectrum of the neutrals to the detector only shifted
by 10 µs. This fixed time structure between laser and step facilitates to assign the
neutrals to their induced laser. Due to the dead times between the steps (see Acquire
in figure 4.5) the measurement duty cycle DCacq = tstfL in one injection is reduced
to 0.67, neglecting dead times at the beginning and the end of each injection.

On purpose the injection of the ion beam is not synchronized to the pulsed OPO
laser. Thus, the phase between the first laser shot and injection varies with each
injection. Hence, the gaps in the measurement time which arise from the stepwise
recording of the detector signal can be filled up by combining several injections.
Thus, decays can be scanned faster than the laser repetition rate fL. Additionally
the binning of the data has not been set to a multiple of the laser frequency fL.

While the background in the OPO laser signal is reduced by roughly 6 orders
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of magnitude, the signal assigned to the CW helium neon laser inherits significant
amounts of noise. Although pulse height discrimination significantly lowers the
signal to noise ratio (see section 4.3.2), the background has to be subtracted from
the helium neon laser signal. Hence, the ion beam is kicked out up to 150 s before
the end of each injection and the count rate is measured with the same detector
system. The measurement time for the background rate is 150 s for 1200 s, 50 s for
300 s and 5 s for 31 s storage time.

So far the time scheme allows to measure photon-induced rates from two lasers
quasi-simultaneously over long storage times. To address several rotational states of
the OH− anion with the OPO laser, the wavelength is tuned during the experimental
run. Each run consists of several injections. Normally the new wavenumber is
set between the injections to interleave the wavelength change with the ion beam
preparation to increase the duty cycle. At the CSR the storage times are large
against the breaks between the injections. Additionally averaging gets more reliable,
if wavenumbers are iterated shorter in time. Thus, the measurement time scheme
allows to change the wavelength during the injection (see figure 4.5). However
this reduces the measurement duty cycle, because no data can be acquired during
the wavelength change for 0.6 s. Thereby one avoids measuring counts from laser
pulses with unknown photon energy. The OPO laser beam is blocked during the
wavelength change by a shutter and the laser shot trigger is stopped, so that no step
is acquired in between two wavelengths (see figure 4.5). To reach at least a total
measurement duty cycle DCtot = DCν̃ · DCacq > 0.5 the wavenumber cycle period
is set to minimum 3.6 s. Thus, a reasonable measurement duty cycle is achieved,
although photon frequency cycling is allowed during the injection.

4.3 Analyzing photodetachment rates

This section deals with the methods to analyze the measured photodetachment
rates. Here, the time-of-flight spectrum 4.3.1 and the amplitude spectrum 4.3.2 are
discussed. Furthermore the continuously acquired rates are checked for non-random
noise (see section 4.3.3).

4.3.1 Time-of-flight spectrum

For the OH− experiment the laser beam consists of a pulsed OPO and a continuous
helium neon laser. Both lasers photodetach the OH− molecule in the overlap region
and produce a neutral rate at the NICE detector. The flight time to the detector
depends on the position of the photodetachment reaction in the overlap region (see
section 4.2.2). To measure the time-of-flight spectrum the reaction time is linked to
the detection time by synchronizing the data acquisition with the laser pulse.
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As mentioned in section 4.2.3 the data is acquired in steps which are initiated by
a laser shot trigger 10 µs before the laser pulse. The detection time of the neutrals
is measured by the pulse at the MCP detector. The time of the pulse is given with
respect to the beginning of the step. By summing up all steps in one experimental
run and shifting the start time of the steps by 10 µs the time-of-flight spectrum is
revealed (see figure 4.4). To analyze the flight spectrum it is split at 20 µs into two
parts.

As we see in figure 4.4(a) the time-of-flight spectrum after 20 µs is constant. Thus,
the neutrals are randomly produced to the laser pulse, which results mainly from
the continuously running helium neon laser. The figure 4.3.1(b) is dominated by
a peak at around ∼ 5 µs after the laser shot. This peak results from the neutrals
produced in the overlap region by the pulsed OPO laser. This peak has long tails
which expand from nearly ∼ 2 µs to ∼ 8 µs. If these counts are induced by the
OPO laser, the corresponding positions are far from the estimated overlap region.
But their positions are still located in the linear section B. Stray light produced at
the sapphire windows may lead to neutralization far from the overlap region. If an
anion is neutralized outside the linear section, the neutral trajectory does not hit
the NICE detector. Thus, the electrostatic configuration limits the time range of the
laser pulse correlated counts between ∼ 2 µs and ∼ 8 µs. Hence, all counts outside
of this time range are produced by random processes. Thus, it is reasonable to set
the neglected time region for the helium neon laser between 0 µs and 10 µs after a
laser pulse (see figure 4.4(b)).

The figure 4.4(b) reveals also a small peak at 6 µs. If the time between both peaks
is translated into position in the field free region, the neutrals are produced ∼ 1 m
ahead of the overlap region. The laser setup at the CSR has two options. In the first
configuration the laser passes the mirror and hits the ion beam perpendicularly. In
the second configuration the laser is reflected by the mirror to overlap with the ion
beam in grazing configuration (see figure 4.2). Thus, light which passes the mirror
hits the ion beam ∼ 1 m before the considered overlap region. Those effects can
happen if the laser is not perfectly aligned or light is diffracted at an iris shutter
close to the CSR entrance.

All photodetachment reactions outside the overlap region produce neutrals at a
different angle between the laser and the ion beam. Thus, the photon frequency
in the ion rest frame changes due to the Doppler effect (see equation 4.5). As a
result a small acceptance range around the main peak between 4.7 µs and 5.2 µs is
set to keep the photon angle distribution sufficiently small (see figure 4.4(b)). This
change of the incident angle happens also, if the ions are photodetached with the
helium neon laser. But the total cross section around the helium neon laser line high
above the threshold varies slowly within the Doppler frequency shift (see figure 4.3).
Additionally the total cross section in this photon energy range stays independent
of the population distribution. Hence, the rate ratio weighted by the photon flux
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4 Photodetachment probing experiments: methods and results

(see equation 4.4) remains proportional to the total cross section.

In a nutshell the time-of-flight spectrum is a crucial tool to separate count rates,
to suppress the background and to assure a constant observed photon frequency in
the ion rest frame at one laser line.

4.3.2 Pulse amplitude discrimination

By time-correlation the pulsed induced counts are separated from the randomly
distributed events. While the background in the pulsed photodetachment signal is
reduced by the short observation time of 0.5 µs (see figure 4.4), the signals from
the continuously running helium neon laser inherit various types of background. To
reduce the background rate induced by dark counts at the NICE detector the pulses
are discriminated by their amplitude.

The voltages at the NICE detector are set, so that the intensity of the pulse at
the MCP varies with the type of impact. Heavy particles like molecules produce
multiple free electrons on impact, while photons can release only one electron. The
amplitude distribution of the dark counts differs significantly from the molecular
one (see figure 4.6). While the dark count rate decreases rapidly with the pulse
amplitude, the molecular impact leads to a bump in the amplitude spectrum. This
bump is best observed in the amplitude spectrum of the pulsed induced laser counts
due to its better signal-to-noise ratio (see figure 4.6(b)). The background rate in the
photodetachment signal is significantly reduced by setting an acceptance interval
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Figure 4.6: The pulse amplitude distribution at the NICE detector is presented for
the two laser-induced signals. The counts assigned to the helium neon
laser (outside the green dashed line in figure 4.4(b)) are shown in figure
(a). The amplitude distribution for MCP pulses between the red dashed
lines in figure 4.4(b) is revealed in figure (b).
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4.3 Analyzing photodetachment rates

for the pulse amplitude. The noise reduction in the signal at the helium neon laser
line has a higher priority. Thus, the acceptance interval between 0.4 V and 1.6 V is
based on the amplitude distribution for the continuously detected signal.

The amplitude distribution is a well established method to check for saturation
effects at the detector. Thus, the amplitude distribution and the time-of-flight
spectrum are split up according to the multiplicity n of the pulsed laser event (see
figure 4.7). If saturation takes place the peak in the time-of-flight spectrum flattens
and the pulse amplitude distribution shifts to lower intensities. While the time-
of-flight spectrum shows no significant changes in the time discriminated window
(see figure 4.7(a)), the maximum of the bump in the amplitude spectrum shifts to
lower amplitudes (see figure 4.7(b)). The amplitude distribution consists of a dark
count and a molecular impact distribution. If the signal-to-noise ratio increases,
the combined maximum of both functions shifts to lower amplitudes. Although an
amplitude shift in the maximum is observed, the detector seems to work in the linear
regime.

To be safe the maximum number of count per laser shot is set to 20. Steps with
more time correlated counts exceed the 3σ deviation, if the mean multiplicity per
laser shot is n = 10. Additionally those steps with more than 20 counts per laser
shot have a higher probability to be affected by non-random distributed noise (see
section 4.3.3).
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Figure 4.7: The time-of-flight spectrum (a) in the pulsed induced acceptance window
(see red dashed lines in figure 4.4(b)) and the pulse amplitude distribu-
tion (b) (see figure 4.6(b)) at the NICE detector is presented for laser
pulses with different multiplicities n.
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4 Photodetachment probing experiments: methods and results

4.3.3 Non-random noise

Randomly distributed noise can be subtracted by measuring the background signal
afterwards, but non-random noise can lead to systematic shifts in the data. Thus,
the counts induced by the helium neon laser are statistically investigated for non-
random effects. The event rate for two following counts is plotted against the time
∆t between those. For a random distribution this ∆t distribution is flat, if the
observed time interval is much shorter than the step length (see figure 4.8(a)). Non-
random behavior is seen at times smaller than 3 µs (see figure 4.8(b)). This noise
might result from electromagnetic waves coupling into the detector system leading
to time correlated multiple counts. To avoid systematic errors in the data counts
with a time distance of less than 3 µs are ignored in the count rate assigned to the
helium neon laser. The OPO-laser-induced counts are already time correlated by
the laser pulse. Thus, this cut can not be applied here.

In the section 4.3 the time-of-flight spectrum the amplitude and the ∆t distribu-
tion were analyzed. The time-of-flight spectrum is crucial to separate counts and
to assure the right incident angle between the laser and the ion beam. The am-
plitude cut increases significantly the signal-to-noise ratio in the helium neon laser
signal. The ∆t cut suppresses time steps with unexpectedly high count rates in the
continuous signal. The effect of the ∆t cut is rather small.
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Figure 4.8: The event rate of two following pulses at the MCP in one step is plotted
against their time distance ∆t. To avoid time correlation with the laser
pulse the time window between the green vertical lines in figure 4.4(b) is
disregarded. If the processes are randomly distributed and the times are
much shorter than the step length, the ∆t distribution is flat. Hence,
the red vertical dashed line separates time-correlated noise from random
processes.
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4.4 Analysis technique

In this section the photodetachment rate R(ν̃k, t) at the probing wavenumbers ν̃k is
normalized by the rate R(ν̃r, t) at the reference photon frequency (see section 4.4.1)
and fitted with a combined probing and cooling model (see section 4.4.2). This
model includes already experimental effects, which are discussed in section 5.2.

4.4.1 Constructing the photodetachment signal

To reconstruct the population of the rotational states the photodetachment rates
R(ν̃k, t) are measured at different photon frequencies ν̃k. Hence, the laser wavelength
is cycled during the storage time. Different wavelength schemes per injection are
applied to derive a complete set of photon energies at all storage times. The number
of the schemes coincides with the number of the used photon energies.

First all injections with the same wavelength scheme are summed up by using a
bin size of 0.3 s for 31 s, 3 s for 300 s and 15 s for 1200 s storage time. Due to our
experimental background from O− (see section 5.2) the number of counts N in all
bins is high enough to calculate the statistical error by ∆N =

√
N and to apply

Gaussian error propagation. Furthermore the summed counts are divided by the
number of steps per bin.

Additionally the dark count rate at the detector is measured in the beam-off time
and subtracted from the helium neon laser signal. No dark count rate subtraction
is needed for the pulsed induced signal.

In the next step the rate assigned to the OPO laser R(ν̃k, t) is normalized by the
signal at the helium neon laser line R(ν̃r, t). As equation 4.4 predicts the rate ratio
R(ν̃k, t)/R(ν̃r, t) is independent of the number of ions in the ring. Thus, variations
on the number of injected ions cancel out in the rate ratios. Now the rate ratios
R(ν̃k, t)/R(ν̃r, t) are combined to get a full time coverage at all wavelengths. Here,
the rate ratios are averaged by weighting them with their corresponding number of
steps per time bin. Thereby the measurement time per bin is considered.

Thus, one receives measured rate ratios, also called the photodetachment signals
Sk with k ∈= {1, 2, · · · , 10}, at the wavenumbers ν̃k ∈ {14879, 14859, 14769,
14732, 14672, 14616, 14561, 14495, 14428, 14360} cm−1 for CSR run 108, 109, 121,
123, 125 and 127 (see figure 4.9). Since the signals S9,10 are neither used in the fit
nor in the argumentation, we ignore them in the further context.

4.4.2 Fit parameters and fitting method

The data in figure 4.9 are used to determine the cooling of the rotational pop-
ulation distribution. In this section 4.4.2 the photodetachment signals Sk(t) =
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Figure 4.9: Photodetachment rates of the OPO laser R(ν̃k, t) normalized to the
helium neon laser R(ν̃r, t) are plotted against the storage time in the
CSR for the run 108(a), 109(b), 121(c), 123(d), 125(e) and 127(f).
Each color corresponds to one photon energy ν̃k. The rate ratio Sk =
R(ν̃k, t)/R(ν̃r, t) is the key quantity measured in this thesis (see equation
4.4). The data points are fitted by a combined cooling and photodetach-
ment model (see lines). The grey shaded areas give the model variation
for a 1000 K to 6000 K rotational hot start population and are not
considered in the fit.
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R(ν̃k, t)/R(ν̃r, t) are fitted by a combined cooling and probing model. The signals
Sk(t) are a linear combination of rotational populations PJ(t) (see equation 3.32),
where the rotational-state-dependent cross sections σk,J = σJ(ν̃k) (see equation 3.31)
are its linear coefficients. In vector representation the fit function is represented by

~S(t) = bσ̂ ~P (t). (4.8)

Here, each row of the cross section matrix σ̂ corresponds to one photon energy ν̃k
and each column to one rotational state J . While the cross section matrix σ̂ is a
molecular property, the scaling factor b can vary between the runs due to changes
in the laser and detector setup. Hence, the parameter b is fitted for every run
separately.

The rotational population is modeled by a linear set of differential equations (see
equation 2.67) calculated by the exponential matrix equation

~P (t) = eÂt ~P0 (4.9)

using the Padé approximation implemented in the Python SciPy package. Here, the
matrix Â includes as fit parameters the Einstein coefficients AJ+1→J and the photon
occupation numbers nν̃J→J+1

for the resonant transitions.

From other experiments with the MISS the start population P0 is estimated to
be several 1000 K hot [53]. Thus, the data is fitted for a set of start populations
varying between T0 = 1000 K and T0 = 6000 K. To include all significant population
at all times the cooling is calculated up to the rotational quantum state J = 50.
Thus, a population PJ < 10−4 for J > 50 is received in the upper temperature
limit of 6000 K. The start population affects only the cooling behavior at short
storage times, since the rotational levels decay in a cascading manner (see section
2.4). Hence, threshold times are set at which the population in certain states can
be disregarded for the signal calculation.

The fast decay of the signal S8 reveals that all states J ≥ 4 have decayed after
10 s (see figure 4.9). Thus, the signals after 10 s can already be modeled with four
state-dependent cross sections per photon energy. Furthermore the cross sections for
forbidden transitions are set to zero. Hence, the complete rotational cooling after
10 s storage time can be fitted with a small set of parameters in the cross section
matrix σ̂ (see table 4.1). All non-significant state-dependent cross sections are set
to their modeled values.

The quality of determining the state-dependent cross section depends on the char-
acteristic rotational cooling of the OH−. Due to the stepwise cooling time ranges
can be defined at which cross sections are sensitive to. The cross sections of the
rotational state J = 3 can only be determined, if sufficient statistics is available in
the time range between 10 s and 30 s. Under this consideration the signals S1,2 are
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4 Photodetachment probing experiments: methods and results

Table 4.1: The pulse energies of the OPO laser and the fitted positions in the cross
section matrix are given. The state-dependent cross section at signal S3

detaching the state J = 0 is set to its modeled value (red text).

OPO laser cross section ratio σJ(ν̃k)/σr

k ν̃k (cm−1) pulse energy (mJ) J = 0 J = 1 J = 2 J = 3

1 14879 11.6 fitted fitted fitted not fitted
2 14859 11.6 fitted fitted fitted not fitted
3 14769 11.2 fixed fitted fitted fitted
4 14732 10.8 0 fitted fitted fitted
5 14672 10.3 0 0 fitted fitted
6 14616 10.7 0 0 0 fitted
7 14561 10.4 0 0 0 not fitted
8 14495 10.3 0 0 0 0

fitted after 30 s and signals S3,4,5,6 after 10 s. A full set of the fitted state-dependent
cross section is given in table 4.1.

To take into account the different photon flux at the probing wavenumbers ν̃k
each row in the cross section matrix σ̂ is scaled by the corresponding photon flux
(see table 4.1). The photon flux is inferred from the OPO laser intensity. To gain
the relative cross section the fitted values for the matrix elements are scaled back.
By this method the error of 3% on the laser intensity is included in the relative cross
section calculation, but not in the fitting process. Thus, additional errors on the
radiative lifetimes are avoided.

In the next step the relevant Einstein coefficients are defined. After 10 s stor-
age time three different decay rates are observed in the photodetachment signals
(see figure 4.9). Those three decays correspond to the lifetime of the three lowest
rotational excitated states (J = {1, 2, 3}) in the OH− molecule. Thus, the Ein-
stein coefficients for those states can be fitted separately. The rotational cooling
of all higher states is modeled by using the fitted transition dipole moment in the
rotational level J = 3.

Futhermore a reasonable set of fitted photon occupation numbers is chosen. In-
cluding the effect of laser reflection (see section 5.2) only the lowest two states reveal
significant population in the steady state. Thus, only one photon occupation number
can be fitted. If the photon field is in thermal equilibrium, the photon occupation
number follows the Bose-Einstein statistics. Hence, the photon occupation ratio
n2/n1 where the photon energy E2 is greater than E1 (E2 > E1) monotonically
increases with the temperature. Hence, a thermal distribution determined by the
occupation number at the lowest frequency gives a minimum value for the radiative
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field at all other transitions. Thus, the radiation field is fitted by a temperature Teff
instead of the photon occupation number nν̃0→1 .

Including also the experimental effects of reflection and O− contamination the fit
function has the form

~S(t) = bσ̂ ~P (t) +Rσ̂R ~P (t) + cO− , (4.10)

where R is the reflection coefficient, σ̂R the theoretical cross section matrix at the
positively Doppler shifted frequency and cO− the photodetachment rate induced by
O− (see section 5.2). The resulting fits and the photodetachment signals of all runs
are given in figure 4.9. Independent of the start temperature a reduced mean chi
squared of χ2

red = 1.30 is reached.

Before the results of this fit can be analyzed in the next chapter the effect of the
start population has to be discussed. Although the first 10 s are excluded in the
fitting process, the temperature of the start population varies some fit parameters
significantly. Thus, the start temperature is considered as a systematic uncertainty.
As we see in figure 4.9 the upper limit (T0 = 6000 K) of the grey shaded areas fits
best at short storage times. Hence, the fit with T0 = 6000 K is considered to be
the optimal fit. Thus, the values analyzed in the next chapter are taken from this
fit. To take into account the start temperature dependence in the parameters the
fits at T0 = 4000 K and T0 = 6000 K are compared. The systematic shift in the
fitted values is our measurement for the uncertainty in the start temperature, which
is added to the statistical uncertainties.
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In section 5.1 the photodetachment rate at the reference wavenumber ν̃r is analyzed
for ion beam lifetimes, laser depletion and population effects. Furthermore the
photodetachment signals in figure 4.9 are investigated for experimental effects (see
section 5.2). The fit results for the cooling model are presented in section 5.3,
revealing rotational lifetimes of up to 193(3)stat(3)sys s (see table 5.4). Due to the
cooling dynamics also state-resolved cross sections are determined (see table 5.5).
The concept of using the correlation between the radiative cooling rate and internal
excitation is discussed and the cross section results are compared to the model in
figure 3.5 (see section 5.4).

5.1 Photodetachment at the reference
wavenumber

In contrast to room temperature storage devices the ion beam decay in the CSR
can not be monitored by detecting neutrals from residual gas collisions. Thus, the
ion beam dynamics for the OH− molecule are measured by overlapping the nega-
tive ion beam with a co-propagating helium neon laser beam. In the ion rest frame
the helium neon wavelength at λr = 633 nm is shifted to a photon frequency of
ν̃r = 15754 cm−1. This wavenumber ν̃r is about ∼ 1000 cm− above the photode-
tachment threshold. Thus, the cross section at this wavelength σr is predicted to
be independent of the rotational excitation in the OH− molecule (see section 3.2.4).
Hence, the photodetachment rate at the reference wavenumber ν̃r is a relative mea-
surement for the number of ions NT in the overlap region. If the ion density in the
overlap region is proportional to the number of ions Nions in the ring, the neutral
rate induced by photodetachment

dNion

dt

∣∣∣∣
laser

= −krNion (5.1)

observes the decay process of the ion beam. Here the decay rate kr depends linear
on the cross section σr, the laser intensity Ir and on the overlap between ion and
laser beam. As a result, the beam lifetime can be measured by monitoring the
photodetachment at the reference frequency ν̃r (see section 5.1.1).
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Figure 5.1: The neutral rate at the NICE detector induced by the helium neon
laser is plotted against the time after injection. The exponential fit
(red line) of the data points after 150 s reveals a beam lifetime of
τlife = 607.0(1.8) s.

The laser beam itself induces an additional decay process on the stored negative
ion beam (see equation 5.1), which is investigated in section 5.1.2. All measurements
in this thesis rely on the assumption that the photodetachment cross section at the
reference wavenumber ν̃r is independent of the rotational population distribution.
This assumption is tested in section 5.1.3 by searching for rotational cooling effects
in the ion beam decay.

5.1.1 Beam lifetime

To monitor the decay process of the ion beam with the helium neon laser the effec-
tive laser intensity in the interaction region is set to IHeNe = 0.7 mW. Thereby a
reasonable rate of around Rr ≈ 100 s−1 at the NICE detector is reached. This neu-
tral rate induced by photodetachment exponentially decays after 150 s (see figure
5.1). Thus, the loss processes in the CSR can be described by a linear rate model

Rloss = −dNion

dt
= klifeNion. (5.2)

Here Rloss is the ion loss rate and klife represents the exponential decay rate, which
is the inverse of the beam lifetime τlife = 1/klife. For run 121 a beam lifetime
of τlife = 607.0(1.8) s is fitted for long storage times (t > 150 s) (see figure 5.1).
Such beam lifetimes are sufficient to observe the radiative rotational cooling of OH−
molecules to equilibrium.

For short storage times the neutral rate induced by the helium neon laser behaves
non-exponentially (see figure 5.1). This effect may be caused by non-linear ion
losses in the ring (Rloss 6∝ Nion) or by transversal ion density changes in the overlap
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region (Nion 6∝ NT ). In the first case (Rloss 6∝ Nion) the neutral rate still provides
a relative measurement for the number of stored ions Nions. But in the second case
(Nion 6∝ NT ) the ratio NT/Nion changes during the storage time.

To calibrate the photodetachment rates induced by the OPO laser a measurement
for the number of ions in the overlap region is needed. Thus, a normalization to
the number of ions in the ring may be insufficient. But non-linear storage effects
are intrinsically corrected by dividing the rates induced by the OPO laser by the
photodetachment signal at the reference wavenumber. Hence, the rate ratio (see
equation 4.4) is robust against most storage effects.

5.1.2 Laser depletion

The laser beam in the CSR neutralizes a small fraction of the OH− anions in the
overlap region. Thus, an additional decay process is induced, which shortens the
lifetime of the ion beam in the storage device. The laser depletion is quantified by
tuning the laser intensity.

In a separate measurement only the helium neon laser is operating. By a shutter
the laser beam is switched on and off during the storage time with a duty cycle
of DC = 0.5. If the laser depletes the ion beam, the lifetime in the laser on-
phase is reduced. Thus, the laser-induced decay rate kL can be disregarded, if the
measurement points in a logarithmic plot lie on a straight line (see figure 15 in [32]).
Hence, the uncertainty of the measured lifetime τlife = 425(9) s in reference [32]
gives an upper limit for the laser-induced decay rate

kL <
∆τlife
τ 2
life

≈ 5 · 10−5 s, (5.3)

which corresponds to a laser-induced lifetime of τL & 2 · 104 s ≈ 5.6 h

This laser-induced lifetime is applied to the OH− experiment discussed in this
thesis. In both measurements the helium neon laser is operating at the same intensity
and in grazing configuration with the ion beam. Thus, the laser-induced decay rate
kL weighted by the duty cycle DC gives an upper limit for the depletion rate induced
by the helium neon laser:

kHeNeL =
kL
DC

. 10−4 s. (5.4)

In the next step the laser-induced decay rate of the OPO laser is modeled. Both
lasers are applied in the same overlap region. Hence, the neutral rates Rp(ν̃, t) and
Rp(ν̃r, t) (see equation 4.2) differ only by the applied photon flux Φ(ν̃) and by the
total cross section σtotJ (ν̃). The photon flux ratio Φ(ν̃)/Φ(ν̃r) between both lasers is
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Figure 5.2: In the upper two diagrams the neutral rate induced by the helium neon
laser is plotted against the time after injection into the CSR. The data
is fitted by a mono-exponential (a) and bi-exponential decay (b) (see
equation 5.8) after 150 s (solid red line), giving lifetimes of τmonolife =

607.0(1.8) s (a) and τ bilife = 617.0(1.8) s (b). The two plots below show
the residua of the fits.

represented by the laser intensity normalization b ≈ 3 (see equation 4.8). The rela-
tive cross sections used in this thesis are already normalized to the cross section σr
at the helium neon laser line. The laser wavelength of the OPO laser are cycled dur-
ing injection. Thus, the state-dependent cross sections σJ(ν̃) =

∑
T,J=J ′′ σT (J ′′ )(ν̃)

(see equation 3.31) are averaged over the applied wavenumbers weighted by their
measurement time. Thus, the depletion in the rotational state J is expressed by

kOPO
J = σmeanJ

Φ(ν̃)

Φ(ν̃r)
kHeNeL , (5.5)

where σmeanJ represents the wavelength average cross section normalized to σr. These
rates kOPO

J are used to approximate the systematic shift induced by differential laser
depletion (see equation 5.18).

5.1.3 Rotational cross section variations

The helium neon laser photodetaches the OH− anion high above the EA. Thus,
state-dependent cross sections are predicted to vary less than 10−3 (see section 3.2.4).
Hence, the rotational population distribution should not affect the rate induced by
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the helium neon laser. To verify this assumption one searches for an additional
decay process at the reference wavenumber ν̃r.

The neutral rate induced by the helium neon laser is given by

R(ν̃r, t) = σtotJ (ν̃r)
NT (t)

VT
lΦ(ν̃r) (see equation 4.2). (5.6)

The total cross section σtotJ (ν̃r) is the sum over all state-dependent cross sections
σJ(ν̃r) =

∑
T,J=J ′′ σT (J ′′ )(ν̃) weighted by their population distribution PJ . The

overlap length l, the photon flux Φ(ν̃r) and the target volume VT are assumed to be
constant over the measurement time. Thus, the helium neon laser induces a rate

R(ν̃r, t) ∝ NT (t)
∑

J

σJ(ν̃r)PJ(t), (5.7)

which is proportion to the total number of ions in the target volume NT . Further-
more a linear dependence between the ions in the target volume NT and the ions in
the ring Nions is predicted (NT ∝ Nions) (see section 5.1.1).

If all cross sections σJ(ν̃r) = σr are equal, the sum
∑

J σJ(ν̃r)PJ(t) = σr is inde-
pendent of the population. Thus, the photon-induced rate R(ν̃r, t) at the reference
wavenumber ν̃r shows the time decay of Nion(t). Hence, the equality of the cross sec-
tions at the reference wavenumber ν̃r is tested by searching for additional dynamics
in the decay of the rate R(ν̃r, t). The cooling of the two lowest rotational states are
modeled by analytically solving the differential equation 2.67 for a two state model
after t0 = 150 s. After 150 s storage time all higher rotational states are considered
to be negligible (see figure 2.6(b)). Then the photodetachment rate at the reference
wavelength is described by

Rr(t) ∝ e−klifet(1 + ae−(k1→0+k0→1)(t−t0)) (5.8)

a =
(k1→0P1(t0)− k0→1P0(t0))(σ1(ν̃r)− σ0(ν̃r))

σ0(ν̃r)k1→0 + σ1(ν̃r)k0→1

, (5.9)

where PJ(t0) is the population in state J at t0 = 150 s and kJ→J ′ are the radia-
tive transition rates (see section 2.4). From the global fit (see figure 4.9) of the
photodetachment signals one derives the decay rates k1→0 = 5.32 · 10−3 s−1 and
k0→1 = 0.45 · 10−3 s−1 and the start populations P0(t0) = 0.46 and P1(t0) = 0.54
at t0 = 150 s. By altering the problem parameter a the quality factor χ2 of the bi-
exponential fit is changed (see figure 5.2). In the 1σ confidence region the problem
parameter a can vary up to 2.9 · 10−2. Thus, the relative difference

∣∣∣∣
σ0(ν̃r)− σ1(ν̃r)

σ0(ν̃r)

∣∣∣∣ =

∣∣∣∣1−
k1→0P1(t0)− k0→1P0(t0) + k1→0a

k1→0P1(t0)− k0→1P0(t0)− k0→1a

∣∣∣∣ (5.10)
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5.2 Experimental effects in the photodetachment signal

between the relative cross sections of J = 0 and J = 1 has to be smaller than 6.4%.
This result agrees with previous measurements [40] and the photodetachment model
(see section 3.2.4).

Assuming a relative cross section difference of 6.4%, the measured beam lifetime
would change to τ bilife = 617.0(1.8) s (see figure 5.2). Hence, the fitted radiative
cooling rates of the OH− molecule would systematically shift by the rate

ksyslife = ∆k =

∣∣∣∣
1

τ bilife
− 1

τlife

∣∣∣∣ = 2.670(11) 10−5 s−1 (5.11)

This decay rate affects the measurement of the longest rotational radiative lifetime
τJ=1. Hence, a maximal systematic shift of

ksyslife

k1→0

<
ksys
A1→0

≈ 0.6% (5.12)

is predicted due to normalization by the reference rate.

In section 5.1.1 the lifetime of the OH− ion beam in the CSR is revealed. Addi-
tionally an upper limit for the laser depletion rates is given, which is important for
understanding systematic effects on rotational lifetimes (see equation 5.18). Further-
more state-dependent cross sections at the reference wavenumber ν̃r for the lowest
two rotational states are identical regarding precision (6.4%). Thus, the longest
rotational lifetime can maximally shift by 0.6% due to normalization imperfections.

5.2 Experimental effects in the photodetachment
signal

In the photodetachment signals (see figure 4.9) two experimental effects are observed.
The background in the rate ratio is far above the intrinsic detector noise, which is
explained by photodetachment of 17O− atoms (see section 5.2.1). Furthermore an
unexpected high rate ratio in the steady state of S5 is found, which can not result
from a population in the rotational state J = 2. In section 5.2.2 this effect is
explained by reflected laser light which crosses the ion beam in opposing direction.

5.2.1 17O− beam contamination

The photodetachment signals Si in figure 4.9 reveal a background rate ratio of
(0.46 · · · 1.92) ·10−2 which all signals Si for i > 4 cool down to. Since every signal Si
combines different fractions of rotational states, the background is independent of
the internal excitation of the OH− molecule, but is far above the intrinsic detector
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5 Photodetachment probing experiments: analysis

noise. Instead the background is explained by laser-induced photodetachment of
O−.

The 17O− anion has nearly the same charge-to-mass ratio as the OH− ion. Thus,
the oxygen isotope 17O− can not be separated from the OH− by the 90◦ magnetic
dipole benders in the transportation beam line to the CSR. Hence, an OH− ion
beam with a contamination of 17O− is injected into the CSR. The abundance of
O− in the stored ion beam depends on the production efficiency εp of O− to OH−
and on the natural abundance a17O = 0.038 % of 17O neglecting the transportation
efficiency. To estimate the production efficiency εp ≈ 10 the intensity ratio of mass
16 u to 17 u is measured after the first dipole bender. Thus, an O− contamination of
around 0.38 % is predicted in the stored OH− ion beam. The O− contamination can
alter between the runs, since ion source parameters and beam line settings might
affect the ratio between O− and OH− in the stored ion beam.

The O− atoms inside the ring are photodetached at a photon frequency which
is high above the EA ν̃ = 11785 cm−1 [61]. Thus, theory [95] and experiment [9,
49] predict a rather constant cross section in the small probing range of the OPO
laser. Thus, the neutralized rate induced by the OPO laser is independent of its
used wavenumber. To estimate the abundance of O− in the OH− beam by the cross
sections the background rate ratio is divided by the laser intensity normalization
b ≈ 3 (see equation 4.8). Hence, one gets a photodetachment reference rate ratio
for the background of (0.13 · · · 0.45) · 10−2. An O− abundance of (1.7 · · · 5.9) · 10−3

is calcuted by taking into account that the cross section of O− around the reference
photon energy 1.95 eV (15751 cm−1) is by a factor 0.75 smaller than the one of
the OH− [40]. Thus, the predicted contamination of 0.38% lies perfectly in the
calculated range.

To verify the O− contamination the OPO laser is tuned stepwise to the EA of the
oxygen atom in a separate run. Shortly above the wavenumber 11785 cm−1 [7] a
strong decrease in the photodetachment signal is observed.

5.2.2 Reflected laser beam correction

The laser light enters and exits the experimental chambers in CSR through sapphire
windows (see figure 4.2). If the laser hits the windows at the exit in a perfect
90◦ angle, the reflected light hits the ion beam against its propagating direction.
Hence, the ions observe a reflected light frequency, which is Doppler shifted by
about 40 cm−1 to higher instead of to lower photon energies (see equation 4.5).
Thus, the wavenumber of the reflected laser beam is about 80 cm−1 higher in the
ion rest frame than the normal laser light (see figure 5.3).

The total cross section high above the EA varies slowly with the photon energy.
Thus, the neutral rate induced by the helium neon laser is not significantly affected.
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Figure 5.3: The photodetachment spectrum is shown for 10 K and 300 K thermal
population distribution. For a cold rotational distribution the cross sec-
tion for the reflected and normal laser light differs over several orders of
magnitude. For a broader spectral overview see also figure 3.6.

But near the photodetachment threshold even photon frequency shifts of about
80 cm−1 can drastically change the total cross section (see figure 5.3). The photon
energy ν̃5 used for the rate ratio S5 can normally only detach the rotational states
J ≥ 2. But the reflected light can neutralize all rotational levels J ≥ 0. Due to
the large differences in the population of states the total cross section can vary over
several orders of magnitude (see figure 5.3). If reflections in the range of some per
mill up to several percent are considered, the background at the rate ratio S5 can
be explained by reflected light photodetachment.

To disregard a population in state J = 2 the consistency of the population hier-
archy in the steady state is checked. If the background in signal S5 results from a
population in state J = 2, the photodetachment signals S5, S4 and S3 in run 121
reveal a steady state population of

P0 = 0.907, P1 = 0.061 and P2 = 0.032. (5.13)

Here the modeled cross sections are applied (see section 3.2). The corresponding
photon occupation numbers nν̃0→1 = 0.023 and nν̃1→2 = 0.461 are revealed by apply-
ing equation 2.71. Hence, the photon occupation number would increase with the
photon energy, if the steady state in the signal S5 is explained by population in the
rotational level J = 2. But the Bose-Einstein statistics is a monotonically decreas-
ing function (see equation 2.12). Thus, no set of thermal radiators can induce such
a behavior. The modeled cross sections are maybe incorrect. But Otto et al have
shown that their description is quite well near the photodetachment threshold [65].
Hence, the background in S5 does not arise from a population in the J = 2.
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5 Photodetachment probing experiments: analysis

Thus, the background in S5 is explained by an additional rate induced by reflected
light. The relative cross section matrix σ̂ is modeled for the positively Doppler
shifted wavenumbers, folded with the population distribution and added to the fit
function by a reflection factor R (see equation 4.10). Two fitted reflection factors,
one R1 = 3.53(7) for run 108 and 109 and one R2 = 0.64(3) for all other runs, are
sufficient to describe the steady state signal S5 in all runs. Interestingly the fitted
reflection factors Ri changed, when the laser setup was newly aligned. This is a clear
indication that the background in S5 strongly depends on the angle and position of
the laser beam.
The position at which the reflected laser beam hits the ion beam varies with the

angle between the laser and the window. Since the time-of-flight spectrum reflects
the reaction position in the overlap region (see figure 4.4), the small acceptance
time window for the pulsed induced counts limits the measured photodetachment
reactions to a rather small range in the experimental section. Thus, the resulting
rate induced by the reflected light is decreased with deviation from the perfect 90◦
reflection angle. Hence, the time correlation between counts and laser suppresses
stray and reflected light effects in the OPO-induced neutral rates.

5.3 Radiative cooling of rotational states

This section deals with the main result of this thesis: the radiative lifetimes of ro-
tational states (see table 5.4). To reveal them absorption and stimulated emission
processes induced by the radiative field have to be considered. Thus, the radia-
tive field is discussed in subsection 5.3.1. Here the fit results are compared to the
temperature determined by the modeled cross section. Subsection 5.3.2 analyzes
the radiative rotational cooling. The measured cooling rates of OH− can be shifted
by various effects. Thus, in section 5.3.3 the systematic uncertainties on radiative
lifetimes are discussed. In section 5.3.4 the rotational lifetimes are analyzed by
comparing their corresponding dipole moments to theoretical calculations.

5.3.1 Radiation field

The radiative steady state in the CSR depends only on the photon occupation
number (see equation 2.71). Hence, the photodetachment signals are analyzed at
storage times tst > 900 s at which the rate ratios can be assumed to be constant (see
figure 4.9). The photodetachment signals for Si for i > 4 are ignored, since they
reflect either the O− background in the OH− ion beam (see section 5.2.1) or the
additional photodetachment by the reflected laser beam (see section 5.2.2). Thus, a
significant amount of population is only found in the two lowest rotational levels.
Thus, the photon field in the CSR is measured by the population ratio P1/P0 at

a photon frequency ν̃0→1 = 37.48 cm−1. The modeled cross sections are applied
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5.3 Radiative cooling of rotational states

to estimate the populations P0 = 0.902 and P1 = 0.098 as well as the population
ratio P1/P0 = 0.109. Hence, a photon occupation number of nν̃0→1 = 0.038 is re-
vealed corresponding to an effective temperature of TCSR = 16.1 K. These estimated
values deviate about 10 σ from the fitted results at a rotational start population
temperature of T0 = 6000 K:

P0 = 0.922(2), P1 = 0.078(2), P1/P0 = 0.085(2), nν̃0→1 = 0.0291(9)

and Teff = 15.1(1) K. (5.14)

Thus, the modeled cross sections already seem to be a good approximation, but
radiative rotational cooling increases the precision. A start population variation
from 6000 K to 4000 K changes the effective rotational temperature Teff by 0.03 K.
Thus, systematic effects due to the start population can be neglected.

In the steady state both methods reveal more than 90% population in the ro-
tational ground state of OH−. Hence, the CSR provides an environment which is
suitable to conduct experiments under conditions comparable to interstellar clouds.
The observed radiative temperature in the OH− experiment agrees also with the
results found in the CH+ experiment [62].

The effective radiative temperature Teff = 15.1(1) K determined in this thesis
deviates from the temperature TCSR = 6 K at the experimental chambers of the
CSR. The temperature difference is explained by 300 K radiation entering the CSR
in the injection. Thus, an effective radiation field is considered consisting of a 6 K
n6 and a 300 K n300 radiation field. The effective field is given by

nν̃ = ε6n6 + ε300n300, (5.15)

where ε6 = 1 − ε300 and ε300 describe the thermal fractions of the radiation field.
Equation 5.15 is an equivalent description of equation 2.2. A small fraction of ε300 =
5.7(2) · 10−3 leads to an increase of 9.1(1) K in the measured internal temperature
(see table 5.1). The thermal fractions reflect the ratio of the radiation surfaces in
the CSR arrangement in the year 2015. For a CSR circumference of lCSR = 35 m

Table 5.1: Photon occupation numbers at the lowest rotational transition frequency
ν̃0→1 = 37.47 cm−1 of OH− for black body radiation fields at different
temperatures

Temperature (K) nν̃0→1 Symbol

6.0 1.252× 10−4 n6

15.1(1) 2.91(9)× 10−2 n
300.0 5.079 n300
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the opening for the 300 K radiation has a diameter of roughly 20 cm, which is in
the order of the beam tube diameter in the injection.

Interestingly a similar measurement at DESIREE in Stockholm [75] shows no
effect of 300 K radiation. The cold ion bender at the injection seems to prevent hot
radiation from entering the storage ring. By closing the injection beam line, e.g.
with a cold iris, the ions inside the CSR can cool down to even lower temperatures.

5.3.2 Radiative cooling

While the OH− ions circulate inside the CSR they radiatively cool to the lowest
rotational levels in a stepwise behavior. Thus, the rotational state J cools faster than
the next lower one J−1 (see section 2.4). Hence, the photodetachment signals which
address only the highly excited rotational levels (J ≥ 4) decay faster (see figure 4.9).
After 10 s significant population is only left over in the lowest four rotational states.
Since the signals S7 and S6 cool down to the O− background (see section 5.2.1), the
radiative field intensity at the transition frequency ν̃2→3 = 111.3 cm−1 from J = 2 to
J = 3 can be disregarded. Thus, the exponential decay rate after 10 s in S6 reveals
directly the Einstein coefficient for spontaneous emission A3→2 = 0.1767(41) s−1 (see
figure 5.4). Hence, the transition dipole moment in the vibrational ground state is
given by dJ=3 = 0.959(11) D (see equation 2.51).

If the rotational state J is significantly populated in the steady state, the observed
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Figure 5.4: The signals of run 123 of figure 4.9 are displayed including an exponential
fit at the rate ratio S6 after 10 s (red line). A lifetime of τJ=3 = 5.66(3) s
for the rotational state J = 3 is revealed. The background for the fit is
determined separately.
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exponential decay of the state J is approximately accelerated by the corresponding
photon occupation number nν̃J−1→J (see equation 2.74). Hence, the measured expo-
nential decay rates reveal an upper limit for the radiative lifetimes. The observed
decay of the rotational state J = 1 into J = 0 is faster than the corresponding Ein-
stein coefficient of spontaneous emission. Thus, the exponential decays are corrected
by radiative field effects to determine the Einstein coefficients. Therefore all runs
are fitted simultaneously by a numerical cooling model including the O− background
and the reflected light correction (see equation 4.10). But the rotational start pop-
ulation is unknown. Thus, the fitted data are limited to suitable time ranges (see
section 4.4.2).

After 10 s three types of radiative decays are observed in the photodetachment
signal (see figure 4.9) corresponding to the decay of the rotational states J = 3, J = 2
and J = 1. Thus, the Einstein coefficients for the three lowest excited states are
fitted. Cooling of highly excited states (J ≥ 4) are modeled by the dipole moment in
the rotational level J = 3 by applying equation 2.15. Here the frequency broadening
of the absorption lines (see section 2.1.4) and the change of the dipole moment with
the rotational state (see section 2.3.2) are disregarded. But those assumptions do
not significantly affect the results. The fitted lifetimes for the rotational state J = 3,
J = 2 and J = 1 are given in table 5.2.

5.3.3 Systematic effects on radiative lifetimes

Especially long lifetimes measured by exponential decays are sensitive to systematic
effects in many cases. Thus, this sections deals with systematic uncertainties on
radiative decay rates.

Frequency precision of the measurement clock: A simple way to change the
exponential decay rate is a frequency shift in the measurement clock. A frequency
change in the measurement clock would result in stretching or compression of the
time axis. Thus, the measured radiative decay rates are shifted accordingly. To

Table 5.2: Einstein coefficients AJ→J−1, radiative lifetimes τJ and the corresponding
dipole moment d0 of the three lowest rotational states in OH− including
their 1σ statistical uncertainties.

J = 1 J = 2 J = 3 unit

AJ→J−1 0.00517(7)stat 0.0478(15)stat 0.189(6)stat s−1

τJ = A−1
J→J−1 193(3)stat 20.9(7)stat 5.30(16)stat s

d0 0.970(6)stat 0.952(15)stat 0.997(15)astat D
a value for all rotational states J ≥ 3
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quantify the frequency stability the time delay between the measurement clock in the
Field Programmable Gateway Array and the time server at the MPIK is measured
by the Network Time Protocol (NTP). This measurement results in a time shift of
5 · 10−6 s in 1 s. The NTP’s precision is limited to several microseconds. Hence, the
result gives an upper limit for the time shift generated by the measurement clock.
The Einstein coefficients are proportional to the radiative decay rates. Thus, the
relative time uncertainty of 5 · 10−6 coincides with the systematic shift induced in
the radiative lifetimes.

Hence, the systematic uncertainties generated by the measurement clock are neg-
ligible in comparison to the statistical uncertainties of 1.3% for A1→0 and 3% for
AJ→J−1 with J ∈ {2, 3} (see table 5.2).

Starting temperature: The fit of the photodetachment signals begins at a
storage time of 10 s to start at a well-defined population distribution. Thus, the
fitted values should be independent of the start population. But still some effects
of the start temperature T0 remain.

The excluded points in the photodetachment signals are best described by the
model using a start temperature of T0 = 6000 K (upper limit of the grey shaded
areas in figure 4.9). To quantify the systematic shift a start temperature variation
of about 2000 K is assumed. Thus, the photodetachment signals are also fitted at
a T0 = 4000 K start population. The resulting shift in the fit values determines
the systematic uncertainty. The start population variation yields a small relative
systematic effect of below 0.1% for AJ→J−1 with J ∈ {1, 2} and of 0.15% for A3→2.
Comparing the statistical uncertainties of 1.3% for A1→0 and 3% for AJ→J−1 with
J ∈ {2, 3} (see table 5.2) the start temperature uncertainty can be neglected.

Electronic deflection fields:
To monitor the radiative cooling of the OH− ensemble the ions are stored in an

electrostatic cryogenic storage ring. Thus, the OH− molecules observe an electric
field in the ion deflectors. Due to the Stark effect the electric field mixes the ro-
tational states and changes the population distribution. To bend the 60 keV OH−
beam in the CSR an electric field strength of F = 120 kV/m is applied. The interac-
tion between the neighboring states |J,M〉 and |J−1,M〉 induced by the Stark effect
depends on the dipole moment d ≈ 1 D of the molecule and the energy splitting
|EJ+1−EJ | ≈ 2B of the two states. The mixture amplitude between to neighboring
rotational states is given by [20]

|εMJ | =
dF

|EJ+1 − EJ |

√
J2 −M2

√
(2J2 + 1)(2J2 − 1)

. dF

2|EJ+1 − EJ |
. (5.16)

With the interaction energy of dF = 2.5 · 10−6 eV a maximal admixture amplitude
of |εMJ | . 3 · 10−4 is calculated. Thus, additional decay channels are smaller by a
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factor of |εMJ |2 . 1 · 10−7. As a result, the electrostatic storage of the ion beam does
not significantly effect the radiative cooling and steady state population of the OH−
ensemble.

Differential laser depletion: The laser beam neutralized a small fraction of
the stored ion beam in the CSR. Thereby the laser beam reduces the number of
stored ions. If all rotational states are depleted at the same rate the population
distribution of the OH− ensemble is not affected by laser probing (see section 2.4.1).
But the OPO laser induces a rotational state-dependent depletion rate

dNJ

dt

∣∣∣∣
OPO

= kOPO
J NJ , (5.17)

where kOPO
J is described by equation 5.5. Thus, the laser-induced rate at the rota-

tional population PJ = NJ/
∑

iNi is given by

dPJ
dt

∣∣∣∣
OPO

=
1∑
iNi

dNJ

dt
+

NJ

(
∑

iNi)2

∑

i

dNi

dt

= PJ

(
kOPO
J +

∑

i

kOPO
i

)

= PJ
∑

i

Pi
(
kOPO
J − kOPO

i

)
= PJk

sat
J . (5.18)

The resulting decay rate ksatJ depends on the rate difference ∆kOPO
i,J = kOPO

J − kOPO
i

and the population of all other states.

The photodetachment signals are fitted after 10 s storage time. Thus, only the
lowest four states are significantly populated. Since the sum over all populations is
per definition 1, the maximal absolute rate difference |∆kOPO

i,J | for i ∈ {0, 1, 2, 3}

Table 5.3: Systematic uncertainties of radiative lifetimes induced by differential laser
depletion

run number

109 121 125

∆Asys,rel1→0 4.6 · 10−3 9.8 · 10−3 8.8 · 10−3

∆Asys,rel2→1 4.2 · 10−4 1.6 · 10−3 9.2 · 10−4

∆Asys,rel3→2 1.4 · 10−4 2.8 · 10−4 2.4 · 10−4
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gives an upper limit for the absolute value of the differential depletion rate

∣∣ksatJ

∣∣ =

∣∣∣∣∣
3∑

i=0

Pi
(
kOPO
J − kOPO

i

)
∣∣∣∣∣

≤ maxi
∣∣kOPO
J − kOPO

i

∣∣ for i ∈ {0, 1, 2, 3}. (5.19)

Normalizing the maximum absolute value of |ksatJ | to the corresponding Einstein
coefficient AJ→J−1 reveals an upper limit for the systematic uncertainty due to
differential laser depletion. Depending on the run different sets of wavenumbers are
applied (see figure 4.9). Thus, the differential depletion rates ksatJ vary with each
run. For the three longest runs 109, 121 and 125 the upper limits are given in table
5.3. Considering the statistical uncertainty of 1.3% for A1→0 and 3% for AJ→J−1

with J ∈ {2, 3} (see table 5.2) differential laser depletion is only taken into account
for the longest rotational lifetime with a systematic uncertainty of 1%.

5.3.4 Rotational lifetimes

The lifetimes of the rotational states have statistical uncertainties of 1.3% for A1→0

and 3% for AJ→J−1 with J ∈ {2, 3} (see table 5.2). Thus, systematic effects of the
measurement clock, the start temperature and the electrostatic deflection fields are
neglected. The maximal systematic shift by differential laser depletion of 1.0% is
considered for the lowest rotational excited state. The J-dependence of the cross
section σr at the reference wavenumber ν̃r is taken into account for all states. For
the transition from J = 1 to J = 0 a maximum effect of 0.6% is revealed in section
5.1.3. The J-dependence of the cross sections for all higher states is considered to
be less than 10% [40]. This leads to a systematic uncertainty of 1%. Altogether an
uncertainty of 2.9% for A1→0 and 4% for AJ→J−1 with J ∈ {2, 3} is revealed (see
table 5.4).

To my best knowledge, those are the first direct measurements of natural lifetimes
on the lowest rotationally excited states [54]. Shortly after, the research group in

Table 5.4: Einstein coefficients AJ→J−1, radiative lifetimes τJ and the corresponding
dipole moments d0 of the three lowest rotational states in OH− including
their 1σ statistical and systematic uncertainties.

J = 1 J = 2 J = 3 unit

AJ→J−1 0.00517(7)stat(8)sys 0.0478(15)stat(4)sys 0.189(6)stat(2)sys s−1

τJ = A−1
J→J−1 193(3)stat(3)sys 20.9(7)stat(1)sys 5.30(16)stat(6)sys s

d0 0.970(6)stat(8)sys 0.952(15)stat(4)sys 0.997(15)astat(5)sys D
a value for all rotational states J ≥ 3
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Stockholm reported lifetimes for the lowest excited level in OH− of 145(28) s [75],
which agrees with our value in a 2σ uncertainty range. At the given accuracy, the
molecular dipole moments extracted from the Einstein coefficients of spontaneous
emission AJ→J−1 assuming the elementary Hönl-London factors (see equation 2.61)
are compatible among each other within experimental uncertainties. Hence, effects
of rotational excitation described by the Herman-Wallis factor can not be resolved
(see section 2.3.2). Thus, the weighted average of d0 = 0.971(10) D is compared to
calculations of the OH− dipole moment. At the equilibrium internuclear distance
the theoretical dipole moment is given by 1.050 to 1.072 D in earlier [90] and 1.10 D
in recent work [84]. To get an effective dipole moment in the ground state the dipole
moment is vibrationally averaged over the dipole moment function of [90]. Thereby
the dipole moment is reduced by at most 0.31 D to d0 = 1.041 D (see section 2.3.2).
Thus, the current theory overestimates the OH− dipole moment by about (7± 1)%
and underestimates the OH− rotational lifetimes by about (14± 2)%.

5.4 State-resolved photodetachment cross sections

In addition to radiative lifetimes the fitting of the photodetachment signals also
reveal the state-resolved or state-dependent cross sections. The concept which leads
to the resolving power of the data is described in section 5.4.1. Futhermore the
resulting cross sections are analyzed for measurement uncertainties and compared
to the modeled photodetachment cross sections in figure 3.5 (see section 5.4.2).

5.4.1 State decay correlation

The total photodetachment cross section (see equation 3.32) is a linear combination
of the population distribution folded with state-dependent cross sections. Thus, the
shape of the photodetachment spectrum depends also on the internal temperature
of the molecular ensemble. Hence, the cross section for the individual rotational
state can not be resolved without knowing the population distribution. Thus, the
correlation between the rotational excitation and the radiative decay rate is used to
reveal the population distribution.

The Einstein coefficient is proportional to the cubic of the energy splitting between
the rotational levels which increases roughly linearly with the rotational excitation
(see section 2.33). Thus, the radiative lifetime of a rotational state decreases with
the internal energy of the OH− molecule. Hence, each rotational level has its own
radiative decay rate into the steady state. Since the transition dipole moment varies
slowly with the rotational excitation (see figure 2.5), the lifetime of all rotational
levels can be predicted by one measured Einstein coefficient (see equation 2.61).
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Due to the strong correlation between the rotational excitation and the radiative
decay rate the population distribution can be fitted by the cooling dynamics in the
photodetachment signals Sk (see figure 4.9).

The cross section ratio between the rotational ground and the first excited state
is directly observable at the rate ratios S1, S2 and S3 (see figure 4.9). At those
wavenumbers ν̃1,2,3 all rotational states can be photodetached. Thus, the addressed
part of the population distribution stays constant independent of the rotational
cooling. After around 150 s storage time the OH− ensemble is assumed to be in
a two state system. While the population cools down from J = 1 to J = 0, the
photodetachment signals S1 and S3 increase. Thus, the photodetachment cross
section in the rotational state J = 1 must be lower than in the ground state. In
the same way one can argue that the cross sections for the lowest two states in the
photodetachment signal S2 have to be roughly equal.

In a nutshell the population distribution can be revealed by using the state decay
correlation in photodetachment signals over time. Hence, rotational cooling can
determine state-dependent, relative photodetachment cross sections.

5.4.2 Cross section ratios

In this thesis the state-dependent cross section can be revealed due to the correlation
between the rotational excitation and the radiative decay rate (see section 5.4.1).
These cross sections are molecular properties which are independent of the internal
excitation of the molecular ensemble. Thus, all rate ratios in figure 4.9 are fitted
simultaneously to reveal the state dependent cross section (see section 4.4.2). Since
relative cross sections are measured, one non-zero state-dependent cross section has
to be fixed to its modeled value. For the fit stability it is crucial to choose a cross
section, which is nearly independent of the applied start population. Thus, the
cross section of the photodetachment signal S3 detaching the rotational state J = 0
is chosen (see fixed value in table 4.4.2).

To calibrate the rate ratio to the photon flux of the OPO laser (see equation
4.4) the laser energy at the applied wavelength is measured after the experiment
(see table 4.1). If the rate ratios are normalized directly, the 3% uncertainty of
the laser power measurement would also increase the uncertainty of the radiative
lifetime measurement. To avoid that the modeled cross sections are normalized to
the corresponding photon flux before the fit process. To reveal the state-dependent
cross sections the fitted values in the cross section matrix σ̂ are scaled back. Thus,
the 3% systematic uncertainty of the laser power measurement is included in the
state-dependent cross section values by Gaussian error propagation. To yield the
systematic uncertainty the shift between the fitted values at 6000 K and 4000 K
start temperature is calculated and separately given in table 5.5. In figure 5.5 the
systematic and statistical uncertainties are added. The measurement values for the
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Figure 5.5: Fitted values of near-threshold photodetachment cross section ratios
σ(ν̃k)/σr (blue points) of OH− at the probing wavenumbers ν̃k are com-
pared to the empirical model with the exponents a = 0.2 and b = −2.8
(full lines) (see table 5.5). The error bars include the 1σ statistical and
the systematic uncertainty induced by an unknown start population dis-
tribution (see section 4.4.2). The open diamonds mark modeled values
for the cross section ratios at the probing lines, where radiative cooling
can not disentangle the population contribution. The reference value is
assigned by a red filled diamond.

state-dependent cross section are compared to the model (see section 3.2.3) in table
5.5 and figure 5.5.

With more electron energy than 12.4 meV (100 cm−1) the empirical theoretical
model for the cross sections starts to fail (see figure 5.5). Also the change of the
common exponent of the thresholds does not increase the overall agreement between
the modeled and the experimental cross section. The experimental result calls for
more detailed cross section calculations beyond the simple threshold model, e.g.
including higher moments. Only close to the threshold including the wavelength
range used by Otto et al [65] the model agrees with our experimental data. Thus,
the measured values for the state-dependent cross sections can be applied as an
independent basis for future thermometry measurements with OH−. This will serve
ion trap experiments to study cold inelastic collisions like [34, 65]. Furthermore
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5 Photodetachment probing experiments: analysis

OH− may be a candidate to proof anionic laser cooling in the future, where an
experimental cross section basis is preferable.
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6 Summary and conclusion

In contrast to atoms molecules can store energy in their internal degrees of free-
dom. In many cases vibrational and rotational excited states are significantly popu-
lated at room temperature. Thus, cross section measurements on room temperature
molecules are averaged over the population distribution. In this thesis a method
has been presented to disentangle the rotational population distribution of the OH−
molecule to reveal the state-dependent relative cross sections and radiative lifetimes
of rotational states.

Radiative lifetimes of excited states are normally determined by measuring their
exponential decay like in the S− experiment at DESIREE [3]. Although the OH−
ions are stored in a cryogenic environment, the residual photon field shifts the spon-
taneous radiative decay by absorption and stimulated emission. Thus, it is essential
to know the radiative field or the steady state population distribution (see equation
2.14) to determine the lifetime of a rotational state. Hence, population measure-
ments are crucial to disentangle physical effects.

Otto et al [65] revealed the rotational population distribution of a helium buffer
gas cooled OH− ensemble in a 22-pole trap by measuring the photodetachment
spectrum. But the state-dependent, relative cross sections have to be modeled
to predict the internal excitation of the OH− molecule. We followed a different
approach. The radiative lifetime of a rotational state decreases with the internal
excitation of a molecule. Hence, the cooling rate of the OH− molecule is coupled with
its internal energy. The rotational population distribution is revealed by monitoring
the change in photodetachment signals close to the EA by the radiative decay of
the populations. The concept of using decay rate variations to quantify the internal
energy has also been used in cluster physics and on carbon chain molecules playing a
fundamental role in astrochemistry. For example the internal energy in Co−4 clusters
is determined by monitoring the destruction decay of the photon-excited system [13].
Furthermore, a low lying electronic state in C−6 has been detected by observing the
dynamics in the photon-excited state [43]. Strong variations of the decay rate with
the internal energy can be found in many quantum systems. Thus, this method of
determining the population seems to be a promising approach to study radiative
processes in infrared-active molecules.

Absorption and stimulated emission of photons have to be suppressed to observe
the strong dependence between the rotational excitation and the radiative decay
rate in the OH− molecule (see figure 2.6). Thus, the OH− molecule is stored in
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an electrostatic cryogenic storage ring. Those devices provide a collision-free en-
vironment with a low radiative background in which infrared-active molecules can
radiatively cool down to their lowest quantum states (see section 1.6). Furthermore
the electrostatic design inhibits rotational state mixing by the Zeeman effect, which
in some cases can alter the radiative lifetime of an excited state [93].

The rotational cooling of the OH− ensemble in the CSR is probed by near-
threshold photodetachment. Close to the EA the photodetachment spectrum de-
pends on the rotational population distribution (see figure 3.6). Thus, the contribut-
ing fractions of the rotational states change by tuning the laser wavelength. This
effect has been first employed by Otto et al [65]. To model the cross section Otto
et al scan the fine structure thresholds to reveal the energy dependence of photode-
tachment transitions experimentally, since sophisticated calculations are needed to
determine the threshold law in this case. But in this thesis the population distri-
bution is revealed by the radiative cooling of the rotational states. Thus, only 8
wavenumbers close to the photodetachment transitions are sufficient to probe the
whole cooling process at a storage time longer than 10 s (see figure 4.9). Hence, this
thesis concentrates on the time dynamics of the photodetachment signals, which is
measured up to 20 min.

To measure the rotational cooling the photodetachment rates have to be corrected
for ion loss processes during the storage time. In contrast to room-temperature de-
vices the ion beam decay can often not be monitored by residual gas collisions. Thus,
a second laser at a wavelength high above the EA is introduced. The photodetach-
ment rates measured near-threshold are normalized by the signal high above the
EA. The resulting rate ratios are calibrated to the number of ions in the overlap
region and are directly proportional to the relative cross section (see equation 4.4).
Thus, this method is robust against ion density fluctuations. The rate ratios (see
figure 4.9) can be described in a very good agreement (reduced mean squared resid-
uals χ2

red = 1.30) with our combined probing and cooling model. Thereby radiative
lifetimes, rotational-state-dependent cross sections and photon occupation numbers
are revealed.

The photon occupation number for the lowest transition in OH− corresponds to
an effective temperature of Teff = 15.1(1) K, which is far from the temperature
TCSR ≈ 6 K measured at the experimental chambers of the CSR. Thus, the ra-
diative field in the CSR can not be described by a black body radiator. But other
rotational cooling measurements in Stockholm at DESIREE predict a thermal radi-
ation field with a temperature of ∼ 13.4(2) K [75]. In contrast to the present setup
at the CSR, ions are injected in DESIREE over an already cold deflector. Thus,
300 K radiation can not directly enter the cryogenic environment. Small leaks of
room-temperature radiation lead to drastic changes in the radiation field (see figure
2.2). Hence, the amount of a300 K = 0.57(2)% at 300 K radiation heats up the OH−
molecule from 6 K to an effective temperature of 15 K (see section 5.3.1). Nev-
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6 Summary and conclusion

ertheless, even in the present arrangement the CSR reduces the radiation field in
the experimental chambers significantly allowing to cool infrared-active molecules
to their lowest rotational states.

Due to the long storage times in the cryogenic environment of the CSR radiative
lifetimes of the lowest rotational states can be measured (see table 5.4). For the
lowest excited state a lifetime of 193(3)stat(3)sys s is revealed [54]. Within the errors,
this agrees with a later measurement in Stockholm at DESIREE [75]. Effects of
rotational excitation on the resulting transition dipole moments have not been found
in our data. Thus, a mean transition dipole moment in the vibrational ground state
of 0.971(10) D is defined, which is about (7 ± 1)% off the closest theoretical value,
1.041 D [90]. Even recent calculations do not fit with the experimental results in this
thesis [84]. Hence, line strength calculations for rotational transitions with a higher
precision than ∼ 10% should take into account theoretical uncertainties. Transition
strengths for rotational transitions are applied in interstellar spectroscopy analysis.

Especially the additional electron in anions bound by electron correlations chal-
lenges the theories. The extra electron in OH− changes the bound length by less
than ∆re < 0.02 Å [14, 18], but drastically decreases the calculated dipole moments
in the vibrational ground states from 1.65 D in OH to 1.04 D in OH− [90]. Thus,
the electron configuration in the shell has a large impact on the transition dipole
moment in OH−. As a result, radiative lifetimes of rotational states in OH− are
good quantities to test electron correlations in models. Furthermore the Einstein
coefficients for pure rotational transition measure the permanent dipole moment of
the molecule, while vibrational transitions depend on the change of the dipole mo-
ment along the internuclear axis. Thus both transition dipole moments can differ
largely.

The measurement of Otto et al [65] has shown that the temperature of the OH−
anion in some cases deviates from the temperature of the coolant, although the OH−
molecule should be in equilibrium with the helium buffer gas. This effect can result
from micromotion in the 22-pole trap or from erroneously predicted state-dependent
cross sections. The measured state-dependent cross section (see table 5.5) can serve
as a basis to exclude modeling errors from photodetachment thermometry with OH−
molecules. This method has been applied for measuring rotational-state-changing
inelastic collisions [34].

Excluding the measurement of CH+ [62], this thesis presents to my knowledge
the first method to measure the photon energy density of the radiative field in a
cryogenic storage device. Here the photon field is only determined at the lowest
transition frequency ν̃ = 37.48 cm−1 of the OH− molecule. But the method in this
thesis can be applied to future photodetachment measurements to reveal photon oc-
cupation numbers at other wavenumbers. To disentangle the population distribution
the anionic molecules should cool to the steady state during the storage time and
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their level structure has to be very well known. Especially the first condition limits
the molecular species to light hydrides such as OD−, SH− and SD−. But this method
can also be applied to molecules with an open shell like NH−, although the complex
level structure challenges the experiment. For example the photon energy density
in the radiative field can be measured with OD− by slightly changing the probing
wavenumbers of the OPO laser. The OD− molecule (B0 = 9.99 cm−1 [78]) has a
higher spectral density of rotational transitions than OH− (B0 = 18.74 cm−1) (see
also figure 2.3). Thus, the photodetachment measurement of OD− will reveal the
photon energy densities at multiple wavenumbers. In the future such photodetach-
ment measurements can be used to search for radiation field variations in cryogenic
storage devices by changes in the experimental setup.

Photodetachment can only be applied to anions, but also infrared-active cations
such as CH+ radiatively cool in the CSR. The population ratios of OH− have been
determined by the coupling between the rotational excitation and the radiative de-
cay rate, which results from the transition energy dependence of the Einstein coeffi-
cients and the rotational level structure. Thus, this coupling can also be utilized for
cations. Hence, any reaction, whose cross section spectrum varies with the rotational
excitation of the molecule, can be used to reveal the population distribution and to
measure state-resolved reaction cross sections. Cross section variations have been
observed in an electron recombination measurement for vibrationally cooling HD+

in the Test Storage Ring at the MPIK in Heidelberg [27]. Especially state-resolved
cross sections of electron recombination measurements for the lowest molecular states
can contribute to a better understanding of interstellar chemistry.

As a result, the OH− experiment in this thesis paves the way to state-resolved
and population-independent results in probing measurements of rotationally cooling
molecules in a radiatively dominated environment.
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