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Abstract. This thesis presents two anion cooling techniques based on their
interaction with photons or ultracold atoms, pushing the frontier of anion cooling beyond state-of-the-art experiments. A hybrid atom-ion trap (HAITrap)
is presented, combining an octupole radio frequency (rf) trap and a dark
spontaneous-force optical trap for rubidium. The anions and atoms are probed
via photodetachment tomography, time-of-flight thermometry and saturation
absorption imaging, respectively. The anion photodetachment via a focused
far-threshold laser beam removes anions selectively by their energy. This thesis
reports forced evaporative cooling of OH− via dynamically moving the beam,
below 4 Kelvin in 2 seconds. A derived thermodynamic model describes the
evolution of anion temperature and number, including the importance of
ion-ion thermalization and resulting rf-heating in such traps. It shows experimental and theoretical framework to prepare any anionic specie in a vast
energy range. This thesis also reports the sympathetic cooling and the collision
dynamics of anions with ultracold rubidium in a HAITrap. The cooling is
experimentally demonstrated to 30(2) Kelvin for O− and 135(8) Kelvin for
OH− . The different cooling behavior is explained by their dissimilar loss channels, which are identified and quantified. These limitations can be overcome
in future experiments, providing a tool to cool anions translationally and
internally.
Zusammenfassung. In dieser Arbeit werden zwei Kühltechniken für Anionen
vorgestellt, die auf deren Wechselwirkung mit Photonen oder ultrakalten
Atomen beruhen und die Kühlung unter das bisherige Limit ermöglicht. Es
wird eine Hybrid-Atom-Ionenfalle (HAITrap) vorgestellt, die eine OktupolRadiofrequenzfall und eine dunkle magneto-optische Falle für Rubidiumatome kombiniert. Die Anionen und Atome werden mittels PhotodetachmentTomographie, Flugzeitthermometrie beziehungsweise Sättigungsabsorptionsabbildung charakterisiert. Durch einen fokussierten Laserstrahl über der Photodetachmentschwelle können Anionen energieabhängig aus der Falle entfernt
werden. Diese Arbeit berichtet über erzwungen Verdunstungskühlung von
OH− durch Bewegen des Laserstrahls in Richtung der Fallenmitte zu einer
Temperatur unter 4 Kelvin in 2 Sekunden. Ein hergeleitetes thermodynamisches Modell beschreibt die Änderung der Anionentemperatur und -zahl. Das
Modell hebt die Wichtigkeit der Ionen-Ionen-Thermalisierung und des daraus
resultierenden Radiofrequenzheizens in diesen Ionenfallen hervor. Es wird
experimentell und theoretisch gezeigt, dass die Präparation jeglicher Anionen
in einem großen Energiebereich möglich ist. Die Arbeit berichtet ebenfalls
über sympathetisches Kühlen und Kollisionsdynamiken von Anionen mit
ultrakaltem Rubidium in einer HAITrap. Die Kühlung wird experimentell bis
30 Kelvin für O− und 135 Kelvin für OH− demonstriert. Die unterschiedliche
Kühldynamik erklärt sich durch unterschiedliche Verlustkanäle, die identifiziert und quantifiziert wurden. Die gezeigte Limitierung sympathetischen
Kühlens kann in zukünftigen Experimenten überwunden werden, wodurch
Kühlen der Translations- und Rotationsfreiheitsgrade möglich ist.
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1
INTRODUCTION
The trapping and cooling of atoms [1, 2], ions [3] and molecules [4] to ultracold
temperatures has opened up new frontiers of research, yielding a quantum
mechanical playground for experimental physicists and chemists. With the
decrease in energy, the control over the quantum state increases, thus providing a key tool for exploring diverse phenomena in fundamental physics and
chemistry. The cooling close to the absolute zero temperature facilitates the
preparation of these systems in well-controlled states, resulting in an enhanced
understanding of many-body quantum physics [5], linking various research
fields as quantum optics and atomic physics with molecular [6], solid-state [7],
high-energy physics [8] and quantum information processing [9].
Despite these ground-breaking research into the field of cooling atoms, cations
and molecules to ultracold temperatures, anions have yet not been cooled
below helium cryostat temperatures. Since the discovery of anions in Titan’s atmosphere [10, 11] and even outside the solar system [12], pushing the frontier
of anion cooling further is of great interest in laboratory astrochemistry [13, 14].
Collisional studies and precision spectroscopy of cold molecular anions can
give information about their creation and destruction paths. Measuring the reactivity of these astrochemically relevant anions in well-controlled conditions,
provides insight to improve simulations governing the evolution and composition of these extraterrestrial environments [15, 16]. Sophisticated studies
on energy-dependent reactive collision dynamics have been done for various
astrochemical anions, i.e. investigating the growth of the anionic carbon chains
in a crossed-beam velocity map imaging setup with energy ranging from
0.3 eV to 3 eV [17]. Additionally, studies have been performed to explore the
fundamental class of associative detachment reactions of hydrogen in the
early universe, measured in a merged anion-neutral apparatus [18] and in a
cryogenic multipole radio frequency ion trap, for relative collision energies
between 10 and 135 Kelvin [19]. In a similar setup, the proton exchange formation of ammonium, occuring in interstellar media, has also been investigated
in a well-controlled temperature range [20, 21].
A dominant destruction process of anions in space is via photodetachment
[22, 13, 14]. Thus, light-particle interaction leads to a neutralization of the
anion. Photodetachment measurements with photon energies close to the binding energy of the excess electron reveal rich information about a molecular
anion’s and the resulting neutral’s internal degrees of freedom [23, 24]. The
key pre-requisite to investigate near-threshold photodetachment of a molecular anion is an internally cold anionic specie to provide a well-controlled
internal state population. This control is achieved in a cryogenic multipole
radio frequency trap [25, 26] and in a cryogenic storage ring [27, 28], via
state-changing collisions with a cold buffer gas and thermalization to black
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body radiation, respectively.
Although, a great interest in cold and ultracold anions exists, they have resisted
the attempts to reach these regimes. The lack of multiple stable electronic states
prevents the possibility of laser-cooling. There are a few promising candidates,
with La− [29, 30] and C2− [31, 32], which have an electronic structure suitable
for traditional Doppler cooling. However, the direct laser-cooling has not been
experimentally accomplished. A key-requirement for laser cooling anions, is
an efficient pre-cooling technique in ultrahigh vacuum conditions. The cooling
of one anionic specie to cold or ultracold temperatures would be a pivotal
breakthrough, since any other anionic particle could be sympathetically cooled
via Coulomb interaction. For instance, in the field of anti-hydrogen production
[33, 34] and the study of CPT violation [35], the provision of ultracold anions
would be a critical milestone, because the repelling electric charge would allow
to cool the anti-protons sympathetically, but prevent their annihilation.
In the field of anion cooling, the state-of-the-art cooling technique is via collisions with a cryogenic buffer gas. However, it is limited by the temperature
and high densities of the buffer gas to achieve sufficient cooling rates. Common temperatures that can be achieved using a multipole radio frequency ion
trap mounted on a cryostat are on the order of 10 K [19].
This limitation can be overcome by using the well-established techniques of
laser-cooling of atoms to obtain an ultracold buffer gas, manifested in the
development of the hybrid atom-ion traps. The principles of both ion and atom
traps are combined to gain control over studying and tuning the interactions
between the two species in the system, leading to a tremendous growth of
the atom-ion collision community in the last decade [36, 37]. The sympathetic
cooling of cations via collisions with ultracold atoms is shown for atomic and
molecular cations [38, 39, 40]. In the case of molecular cations, the cooling
of both, the vibrational and the rotational degrees of freedom, was achieved
[41, 42], offering full control over the quantum state of the molecular cations.
In this manner, reaction dynamics have been studied at low relative collision
energies, revealing the quantum nature of the two collision partners, with
only few partial waves contributing to the collision dynamics [43, 44, 45].
These measurements in addition to providing physical insights into such
atom-ion systems, also allow to benchmark theoretical quantum chemistry
calculations[46].
The fascinating results observed in cation-atom systems motivated the development of first experiments combining a rubidium magneto-optical trap
with OH− anions in an octupole wire trap [47] and theoretical studies on
the cooling dynamics in such multipole ion traps with a high atom-to-ion
mass ratio [48, 49], reveal interesting thermalization behavior. In such hybrid
systems, it is possible that an ion can gain energy, even in a collision with an
atom at rest, yielding non-thermal energy distributions, well-described by a
power law distribution [48, 50, 51]. These distributions were experimentally
observed for ions trapped in a linear Paul trap overlapped with atoms in a
dipole trap [52, 53]. Thus, with the flexibility to overlap ions with photons
or/and atoms, hybrid atom-ion traps have proven to be a great platform to
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study anion-atom interaction dynamics.
Building on the principles of laser-induced evaporative cooling and sympathetic cooling via collisions with an ultracold buffer gas, this thesis presents
two novel anion cooling techniques, which will make the cold anion regime
accessible from a gas, that is initially at room temperature.
The first cooling technique is based on forced evaporative cooling via farthreshold photodetachment. Although, these ideas had been proposed more
than three decades ago [54], they have never been experimentally demonstrated. The advantage of photodetachment forced evaporative cooling, compared to lowering the trap potential [55, 56], is that the thermalization collision
rate is not lowered and therefore the efficiency is not depreciated. Cerchiari et
al. showed that they can reduce the translational energy of an O− cloud by
about a factor of 3.5 via photodetachment at a static position [57]. However,
by dynamically moving the photodetachment beam one can improve in both,
the cooling rate and the final temperature of the anions. This thesis presents
a cooling measurement of an ensemble of OH− ions, initially at 370(12) K,
cooled down to temperatures below the one of cryogenic helium in less than
2 seconds. The cooling dynamics are well-described by a developed thermodynamic model governing the photodetachment loss and ion-ion radio frequency
heating.
The second anion cooling technique is based on sympathetic cooling via a
laser-cooled cloud of rubidium atoms in a dark spontaneous force optical
trap. The sympathetic cooling in a hybrid atom-ion trap is a well-established
technique for cations [38, 39, 40], but investigations of anion cooling via a
heavy buffer gas are rather limited [47]. The hybrid atom-ion trap (HAITrap)
presented in this work is developed as part of an international collaboration
between the research groups of Prof. Matthias Weidemüller in Heidelberg and
Prof. Roland Wester in Innsbruck. This thesis presents the sympathetic cooling of atomic, O− , and molecular, OH− , anions. The non-trivial dynamics of
anion-atom interactions were experimentally explored and discussed. Despite
their similar coolant-to-anion mass ratio, the anions exhibit different cooling
dynamics, due to their dissimilar loss mechanisms. The loss channels of these
systems were also identified and quantified. Several cooling measurements
are shown, in which the relative overlap between both clouds was changed to
show the dependency of the cooling dynamics on the relevant collision rates
in the system.
This thesis is divided into three main chapters.
In Chapter 2 the experimental setup is introduced. This chapter is separated in
three parts, in which the anion trapping, the atom trapping and the co-trapping
is explained. The first two parts are structured similarly, first discussing the
trapping principle, followed by the implementation in the hybrid atom-ion
trap (HAITrap) setup in Heidelberg and subsequently, the atom and ion cloud
characterization methods. Finally, in the third part the co-trapping of both
species, the evolution of their overlap and the calibration of their relative
position is discussed.
Chapter 3 presents the technique of forced evaporative cooling via energy-
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selective photodetachment. First the theoretical framework of evaporative
cooling and heating via photodetachment is introduced. Followed by experimental data showing that photodetachment at a fixed beam position is altering
the anions’ energy distribution. Finally, forced evaporative cooling of anions
via far-threshold photodetachment is presented for the first time. The cooling
dynamics are well-described by the introduced thermodynamic model, including an ion-ion radio frequency heating term, determined independently.
In Chapter 4 the sympathetic cooling of O− and OH− is shown. In the first
section the collision dynamics of an ion inside a radio frequency trap overlapped by an ultracold atom cloud is discussed theoretically. The driven
radio frequency system leads to non-thermal final energy distributions. The
expected energy distribution for this system is presented. However, further
investigations show that about 100 collisions are required to reach this steady
state. Therefore, in the second section anion loss channels, which limit the
maximum number of elastic collisions reached, due to reactive collisions and
photodetachment, are measured and quantified. Finally sympathetic cooling
of O− and OH− co-trapped with rubidium is shown. By varying the relative
overlap between both clouds, the cooling dynamics were altered to investigate
the influence of the ion-ion and atom-ion collision rates. For high ion-ion
thermalization rate, the cooling could be well described by a thermodynamic
model, including the transfer of the ions’ micromotion to the atoms’ frame of
reference.
In the final chapter 5 the key results from this work are summarized and
future prospects for these cooling techniques are outlined.

2
H Y B R I D AT O M I O N T R A P
This chapter summarizes the working principle and the implementation of the
key components of the hybrid atom-ion trap (HAITrap) experiment in Heidelberg. The experiment combines an octupole radio frequency (rf) wire trap and
a dark spontaneous force optical trap (darkSPOT). In this chapter both traps
are explained separately. First the trapping principle is explained, following
the implementation in the experimental setup and lastly the diagnostics to
derive the ions’ or atoms’ energy and spatial distribution. Thus, the chapter
is divided in section 2.1 explaining the linear rf trap for ion trapping and in
section 2.2 discussing the magneto-optical atom trap for trapping ultracold
atoms. The third section 2.3 governs the co-trapping of both species, discussing
the time-dependent overlap integral and the calibration of the atom and ion
spatial diagnostics.
The HAItrap experiment is an international collaboration between two research groups in Heidelberg, Germany and Innsbruck Austria. The planning
and execution of the first generation of this HAITrap was carried out in the
group of Prof. Dr. Roland Wester, where a trapped ensemble of OH− anions
was overlapped with laser-cooled Rb atoms in a magneto-optical trap [47].
Within this collaboration, the characterization of the ions’ energy distribution
in the octupole radio frequency trap after thermalization to room temperature
helium buffer gas and development of a detection scheme to determine the
ions’ energy distribution via their time of flight to the detector, was achieved
[58].

2.1 trapping of anions
In this section, the principle of a linear radio frequency trap and its implementation in th HAITrap experiment is discussed. Section 2.1.1 explains the
trajectory of a charged particle in a rf trap and the dependency of the particle’s
motion on the number of rf electrodes. In section 2.1.2, the realization of the ion
system following an ion’s path through one experimental cycle, is discussed.
Starting with the ion creation in a plasma discharge source, mass selection in a
Wiley-McLaren mass spectrometer, loading into the octupole wire trap and the
detection via a multi channel plate. The following two subsections discuss two
ion distribution diagnostic techniques. First the far-threshold photodetachment
tomography in section 2.1.3 and second the distribution of ions’ time of flight
(TOF) from the trap to the detector in section 2.1.4.
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2.1.1 motion of an ion in a radio frequency trap
Charged particles in an electric or magnetic field experience a force, which
can then be used to confine these particles. Unfortunately, one can not create
a three-dimensional potential minimum by a constant electric or constant
magnetic field (Earnshaw’s theorem). However, this limitation can be overcome by either combining static magnetic fields with static electric fields, or
via time-varying electric fields with static ones, thus, stabilizing the charged
particles dynamically. The commonly used ion traps are on one side Penning
traps [59, 60], which are based on the first approach, the combination of static
magnetic and static electric fields. And on the other side Paul traps [61], which
are based on the second approach. Hans Dehmelt and Wolfgang Paul were
honored by the Nobel prize in 1989 for the development of these types of
traps. The following section will focus on the explanation of a charged particle
in an oscillating electric field, because in this experimental setup, the ion trap
utilizes the time-varying electric field for trapping.
The classical motion of a charged particle, with a mass m and a charge q,
in an electromagnetic field is described by:
mr̈ = qE(r, t) + qṙ × B(r, t).

(1)

E (B) being the electric (magnetic) field vector. For the understanding of the
Paul trap, the Lorentz force can be neglected, due to the absence of a magnetic
field. Assuming an homogeneous oscillation electric field E(r, t) = E0 cos(ωt),
with ω as the angular frequency, the solution of the equation of motion is
simple. It is described by an oscillatory motion around a constant position in
space:
r( t ) = r(0) −

qE0
cos(ωt),
mω 2

(2)

as shown in Figure 1 a. This motion is called micromotion.
In the case of a homogeneous electric field the solution is quite simple. However, for inhomogeneous fields the equation of motion can be solved analytically only in special cases. The ideal quadrupole trap is one of those rare
cases, for which an analytical solution exists, as will be discussed later. In a
more general perspective, a multipole field of the n’th order is described in
the radial plane with the n’th term of the multipole expansion [62]:




Ex
− cos[(n − 1)φ]
  n −1




 E  = E0 n r
 sin[(n − 1)φ]  .
(3)
 y 


R0
Ez
0
with r, φ being the cylindrical coordinates in the radial plane and R0 the
distance of the electrodes to the trap center. Thus the force (F(r) = qE(r, t))
on the charged particle becomes dependent on the radius, leading to a timeaveraged force towards the trap center and an additional drift motion. This
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b
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Figure 1: Trajectory of a charged particle in an oscillating field, namely, a, in a
homogeneous field (see equation 2) and b, in a quadrupole field. The
dashed blue lines represent the mean position and the background shading
illustrates the alternating polarity of the electric field.

slow drift motion is called macromotion. Figure 1 b shows the movement
of a charged particle in a quadrupole field and the resulting drift motion.
The amplitude of the electric field strength in a trap of the order n is given
0
by E0 = U
R0n , with U0 being the applied voltage. For the special case of a
quadrupole field (n = 2), the equation of motion has an analytical solution,
because the two radial degrees of freedom are decoupled as followed:


 


− cos[(n − 1)φ]
ẍ
−x
 n=2 qU0 
 

qU0 n−1 





.
=
m  ÿ  = n nr
(4)
sin
[(
n
−
1
)
φ
]
y



R0
R20 
0
z̈
0
For an applied voltage with a constant and an oscillating term (U0 = UDC +
UAC cos ωt) this results in a well-known set of differential equations by substituting ωt = 2τ:
d2 x
+ (λ + 2γ cos(2τ )) x = 0
dτ 2
d2 y
− (λ + 2γ cos(2τ ))y = 0,
dτ 2
8qU

4qU

(5)

AC
with λ = mR2DC
2 and γ = mR2 ω 2 . Note, in the ion trapping community, these
oω
o
parameters are also often referred to as a and q, respectively. These equations
are known as the Mathieu equations and λ, γ are the stability parameters. The
Mathieu theory is well-studied and provides a stability diagram with sets of
λ and γ, for which the trajectory is stable in both dimensions. An example
for such a trajectory in a quadrupole field is shown in Figure 2. The field is
generated by four hyperbolically shaped electrodes. The applied rf voltage
of opposing electrodes are in phase. Neighboring ones are shifted by 180°.
This electrode configuration is called ideal Paul trap. Often the hyperbolically
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shaped electrodes are replaced by cylindrical rods, which makes the trap
construction easier and the field deviations are negligible in the trapping
region. The ideal rod diameter to approximate the hyperbolic curvature is
given by:
d=

2R0
.
n−1

(6)

Corresponding to the Paul trap shown in Figure 2, the rods are illustrated as
white dashed circles.

U

U

b

U

position

a

0

25

50
time [2 / ]

U
Figure 2: Ion motion in a rf trap. a, radial geometry of an ideal Paul trap (n = 2). The
hyperbolic shaped electrodes are depicted in gray. The white dashed halfcircles represent the cylindrical electrodes, which approximate the ideal
electrodes best. The arrowed lines represent the electric quadrupole field
at one point in time. Their shading illustrates the electric field strength,
being the lowest for the lowest opacity. The blue line is a stable trajectory
of a charged particle in the trap. b, the ion’s position as a function of time.

For traps with higher order (n > 2) the dimensions can not be decoupled and
an ion’s trajectory can only determined via numerical integration. A more
computation friendly approach is to separate between the two timescales of
micro- and macromotion, called adiabatic approximation. This separation is
only valid if the rf frequency is much larger than the trapping frequency of
the drift motion:
r(t) = rd (t) + rrf (t),

(7)

where rrf (t) is the fast motion following the rf field and rd (t) the drift motion,
due to the inhomogeneity of the rf field. Assuming that the amplitude of
the macromotion is much larger than the micromotion (rd (t)  rrf (t)), it is
possible to describe the force F(r) = mr̈ as a Taylor series expansion around
rd (t) truncated after the linear term:
mr̈d (t) + mr̈rf (t) = F(rd ) + (rrf ∇) F(rd ) + ...

(8)
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The applied assumption was introduced as the adiabaticity parameter by Teloy
and Gerlich [63, 62], which is in the limit of a quadrupole trap (n = 2), the AC
2nqU
stability parameter γn = mR2 ωAC2 , derived in the Mathieu formalism:
0

2| (rrf ∇) F(rd )|
η=
= γn ( n − 1 )
|F(rd )|



r
R0

 n −2

n=2

= γ.

(9)

As long as η  1, it is possible to truncate the Taylor series after the linear
term. For short times, comparable to the rf period, the first and the fourth
term in equation 8 are negligible, resulting in two separate equations for the
micro and the macromotion. The micromotion is then given by the second and
the third term in equation 8:
mr̈rf (t) =F(rd )

(10)


γn R 0
⇒ rrf (r, φ, t) =
2



r
R0

 n −1


cos(ωt) 


− cos[(n − 1)φ]



sin[(n − 1)φ]


.


(11)

0

Plugging this into equation 8 and averaging over one rf period results in the
following equation of macromotion:


cos
[(
n
−
1
)
φ
]



r 2n−3 
γ2 ω 2
 sin[(n − 1)φ]  .
(12)
r̈d (t) = n (n − 1)


8R0
R0
0
Thus, in the adiabatic approximation the macromotion can be described as
the motion in a quasi-static potential F(rd ) = ∇Veff , also called the effective
potential:
mγn2 n2 ω 2 R20
Veff (r ) =
16



r
R0

2n−2

2
n2 q2 UAC
=
4mR20 ω 2



r
R0

2n−2
(13)

Equation 11 and 13 yield that the effective potential is, in fact, the timeaveraged mean kinetic energy of the micromotion:


1 2
Veff (r ) =
mṙ
.
(14)
2 rf
For a quadrupole trap, the effective potential has a quadratic dependency on
the radius. With increasing pole order the micromotion is becoming more
and more suppressed and in the limit of n → ∞ the potential is box shaped.
Figure 3 a shows the ions’ motion in time, calculated via numerical integration
of equation 4 for three different pole orders. In Figure 3 b one can see the
effective potential corresponding to the pole orders. In blue the Paul trap is
shown and in orange the octupole trap, which is the trap configuration used
in the HAITrap experimental setup. The 22-pole trap is shown in green. This
trap is a commonly used trap because not only the micromotion is greatly
suppressed, it is also easier to construct, because for an inner trap diameter of
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1 cm the ideal rod diameter is 1 mm [64]. Although, the micromotion in higher
pole order traps is suppressed more, an octupole configuration is chosen in
the HAITrap setup, because the optical access to the ion trap center is needed
for the implementation of the atom trap.

b

n=4
n=11

n=

time

potential

position

a n=2

2

4
n=

11
n=

position

Figure 3: Ion motion inside rf traps of different order n. a, radial position of a
charged particle as a function of time for different multipole orders. The
blue trajectory corresponds to a Paul trap (n = 2) and the trajectory
shown in Figure 2. The orange and green curve are numerical solutions of
equation 11 for an octupole trap (n = 4), as used in this HAITrap setup,
and a commonly used 22-pole trap (n = 11). b, the corresponding effective
potential for different pole orders, see equation 13.

2.1.2 setup for creation, guiding and trapping of anions
In this section, the implementation of the ion setup is discussed, starting with
the creation of O− and OH− anions and selecting the specie of choice. The
technical drawing of the experiment in Figure 4 represents all important parts
of the experiment, involving the ions, from a laboratory perspective. It also
comprises the ultra high vacuum system, which is imperative to decouple
the experiment from the environment. The system consists of two chambers,
which are separated by a differential pumping stage between the two turbo
pumps The left cross is call source chamber. Attached to this chamber is a
80 L/s turbo pump, the ion source flange and the Wiley-McLaren accelerator
flange. After the differential pumping stage there is a second cross, with a
685 L/s turbo pump, followed by the trap chamber. With this pump setup, a
vacuum of 10−9 mbar in the trap chamber was created, although, a lot of gas
is introduced into the system in course of the ion creation. In this section, the
ions path is followed from creation and selection to trapping and detection.

2.1 trapping of anions

Figure 4: Laboratory perspective onto the HAITrap experimental setup. In the following subsections, the parts relevant for ion trapping are discussed and
highlighted in red. The complete setup, including the atom trapping apparatus, will be described later.

2.1.2.1 Creation of molecular anions
The ion source used in the HAITrap experiment is based on plasma discharge
of injected gas pulses. This technique has been established by Osborn et al.
[65]. The design used in this setup follows the one presented in [66] and was
further developed in earlier work in the group [67], why it is called the Lopez
valve. A more detailed description and characterization can be found in [68].
A great advantage of this source is the compact design. As shown in Figure 5,
the entire source is mounted on one CF100 flange. The flange includes a gas
reservoir filled by a carrier gas, which is mixed with a small amount of another
gas to create the ion of choice. For the creation of O− and OH− , argon gas
mixed with water vapor is used. The pressure in this container is typically
1 bar and the water vapor is included by a small water reservoir in the pressure
tubing before the ion source flange. A constant argon pressure and laboratory
temperature leads to a stable vapor pressure in the carrier gas.
The zoom-in in Figure 5 shows schematically a cut through the central plane
of the flange. There is a hole from the gas reservoir to the ultra high vacuum
region. This hole has a diameter of 200 µm and is sealed by a small VMQ
silicon rubber patch. This rubber patch is attached to a piezo element (PTZ503),
which can be bent by applying a voltage on one side of the element. The
injection hole is closed applying 180 V and opens up by around 200 µm for
the opposite polarity, −190 V. This displacement allows a sufficient gas flow
into the vacuum chamber. One of the before mentioned development of the
design are three fed-through micrometer screws, which allow an adjustment
of the piezo position and angle during operation. This way, the alignment of
the rubber patch on the injection hole can be optimized, without needing to
break the vacuum of the source chamber.
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Piezo
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Deflector
Einzel-lens
Figure 5: Ion source flange, marked in red in the overview inset. Shown is the CF100
flange, which includes the gas reservoir and a conical hole towards the
ultra high vacuum chamber. The hole is sealed by a rubber patch, which is
attached to a piezo crystal. The piezo can be lifted by a voltage applied to
it. The injected gas is ignited by a cylindrical plasma electrode stack and
the produced ions are guided by ions optics towards the mass selection
region.

The gas injection is followed by the plasma ignition in a cylindrical electrode
stack. After about 140 µs a voltage of −830 V between cathode and anode
is switched on rapidly. The strong electric field is switched on for 80 µs,
accelerating free charges and leading to the ignition of a glow plasma. O−
and OH− are then created capturing low energy secondary electrons [69]. The
injection hole is funnel shaped (increasing diameter along the gas flow) is
proven to minimize the free expansion perpendicular to the flow, leading to a
high number of ion-neutral collisions after the strong electric field is switched
off. These collisions cool the internal degrees efficiently [65]. 2 cm behind the
ignition region there is an ion optics stack, which allows to guide and focus
the ions into the mass-selection region. A detailed description of this compact
ion optics design can be found in [70].
2.1.2.2 Mass-selection of various anions
In the above mentioned glow discharge of Argon carrier gas and water vapor
a variety of different ions are created, even multiple orders of hydrated O−
and OH− clusters [71, 72]. The selection of the ion specie is based on the time
of flight after the acceleration in a linear electric field. The mass resolution is
improved using a design from Wiley and McLaren [73]. This design consists of
three parallel plate electrodes. In Figure 6 these electrodes are shown as green
plates, mounted on a flange stack perpendicular to the ion source flange. The
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Einzel-lens
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Stabilizer plates
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Figure 6: Mass selection flange. The mass spectrometer design by Wiley and McLaren
is realized by the three plates (green) with relative distances d1 and d2 .
From the source flange, the ions enter between electrode 1 and 2, with
the distance d0 to the second plate. When they reach the setup center
the electrodes 1 and 2 are switched from ground to the voltages U1 + U2
and U2 . The ions are accelerated to the right, with a TOF depending on
their charge to mass ratio. After passing the electrode 3 the trajectories can
be further manipulated with an Einzel lens and deflectors to guide ions
through the following differential pumping stage.

ions are guided and focused between plate 1 and 2. In the moment they arrive
the voltages U1 + U2 and U2 are applied to those plates. There is a cut out in
the center of the second and third electrode, which is covered by a fine metal
mesh. Thus the three electrodes generate two linear electric field regions, in
which the ions are accelerated towards the rf trap. Initially the ions are place
at a distance of d0 from the second plate and their velocity towards the trap is
negligible. The ions are accelerated and reach the second field region with a
velocity of
s
2q d0
v1 =
U1 ,
(15)
m d1
q

with m being the ions charge to mass ratio. At the end of the second acceleration region the ions’ velocity is
s
2q d0
v2 =
( U1 + U2 ).
(16)
m d1
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Figure 7: Time of flight of OH− to a distance L from the third electrode as a function
of the starting position d0 . The red line corresponds to a distance of L =
0.91 m, which is the distance between the third Wiley-McLaren electrode
and the rf trap center.

After passing the third electrode the ions fly with the velocity v2 towards the
trap, which is placed in a distance L. The total time of flight (TOF) from the
position d0 into the trap can be calculated as following:
r
m d1
L
m
m d2
ttot =
( v2 − v1 ) +
∝
v1 +
.
(17)
q U1
q U2
v2
q
Thus, ions with different charge to mass ratio get separated in time. In the
HAITrap setup the plate distances are d1 = d2 = 11 mm. To improve the trap
loading the electrode voltages are adjust to U1 = 24 V and U2 = 239 V for a
distance to the trap L = 0.91 m. Figure 7 shows the deviation of the arrival
time as a function of the position between the electrode 1 and 2 for different
trap positions, relative to the Wiley-McLaren electrodes. The set configuration
and trap distance L = 0.91 m is highlighted in red. One can see that ions
spread over a large range between the two electrodes are focused in time into
the trap.
The final ion selection is done by switching a deflector in front of the trap.
Thus only when the ion of choice is passing the deflector, it is switched to
guide them into the trap. A second stage of selection is to opening time of the
trap, which follows the same principle.
The Wiley McLaren electrodes follow an Einzel lens, a horizontal and a vertical
deflector. These are needed to guide the ions through a pinhole into the
trapping chamber. The pinhole between source and trapping chamber creates
a pressure difference of one order of magnitude. Although, the injection of the
carrier gas increases the pressure in the system, a vacuum below 10−9 mbar
can be reached in the trap chamber.
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2.1.2.3 Radio frequency octupole wire trap
The radio frequency trap in our HAITrap experiment is a thin wire octupole
trap (n = 4), originally designed and build in the group of Prof. Roland Wester
in Innsbruck. The octupole trap has the advantage of a reduced micromotion in
the trap center as discussed in section 2.1.1. The reduction of the micromotion
results in lesser heating processes, which are discussed in detail in section 3.3.2
for the evaporative cooling and in section 4.1 for the sympathetic cooling,
especially with a heavy buffer gas.
An even higher pole order would favor the cooling. Unfortunately, additional
electrodes would also block the optical access needed for the realization of
the magneto-optical atom trap. Thus, the pole order is a trade-off between
optical access and rf heating. More optical access can be achieved by replacing
the hyperbolically shaped rf electrodes with thin wires. As discussed in
section 2.1.1 an ideal multipole field is generated by hyperbolically shaped
electrodes. By replacing the electrodes with wires, the ideal multipole field is
disturbed close to the electrodes. However, for large distances to the electrodes,
the deviation from the ideal field is negligible. To ensure that the ions are in
this trap region, they are cooled down by a 300 K helium buffer gas pulse. In a
molecular dynamic simulation, it was shown that indeed for the thermalized
ions the deviations are negligible [58].
Figure 8 illustrates the implementation of the rf-wire trap in the trap chamber.
The ion optics in front and after the trap, as well as the trap itself are mounted
on a CF160 cluster flange, including electric and buffer gas feed-throughs and
the ion detector. The threaded rods, which serve as mount for all components,
are stabilized by eight circular metal plates. This way the entire trapping and
detection system is mounted on one flange, which makes it easily accessible.
The purpose of the ion optics in front of the trap is to guide the incoming
ion beam from the left through the hollow-core endcap (yellow) into the trap.
The trap itself consists of eight gold-coated molybdenum electrodes, placed
on a circle with a diameter of 6 mm. The wires’ diameter is 100 µm. To ensure
stable trapping, the rf voltage for O− and OH− a peak-to-peak voltage of
U AC = 340 V is chosen at an angular frequency of ω = 2π · 6.8 MHz. The axial
confining potential is generated via endcap electrodes (yellow), which can be
switched during loading from the left and extraction to the right. The total
trap length between the two endcaps is 32.5 mm. Due to the kinetic energy
the ions gained in Wiley-McLaren mass spectrometer (≈ 250 eV), the entire
trap is set to an offset of Uoff = 250 V. Thus, while entering the trap, the
kinetic energy is transferred into potential energy and the ions slow down.
During loading, the voltage of the front endcap is lowered to 80 V. After the
ions pass the endcap, the voltage is switched to Uec = 260 V and the trap is
closed. In addition to the confining electrodes, there are two sets of shielding
electrodes. The vertical ones (red) are designed to shield the trap from the coils
used for the magneto-optical trap. These grounded coils would pull down the
potential in the trap center. The voltage applied to those electrodes correspond
to the trap offset (Uvs = 250 V). The horizontal set of shielding plates function
as shaping electrodes. They are used to create an approximately harmonic
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Figure 8: Radio frequency trap flange. The entire radio frequency trap, including
guiding ion optics, the multi channel plate detector, electric and buffer gas
feed-throughs are mounted on one CF160 flange. The stack is mounted
via four threaded rod attached to flange and stabilized by eight grounded
circular metal plates. The zoom in shows the rf wire trap, the hollow-core
endcap electrodes (yellow) for loading and unloading the ions from the
trap. Blue and red are horizontal and vertical static shielding electrodes,
respectively.

trapping potential in axial direction (Uhs = 300 V) and shape the extraction
potential, needed for the time of flight thermometry, which will be discussed
in section 2.1.4.
A schematic illustration of the potential along the axial axis is shown in
Figure 14, where the extraction potential landscape is discussed.
2.1.2.4 Thermalization to room temperature Helium buffer gas
After the loading of the ions into the trap, they are thermalized by a helium
buffer gas pulse. A second piezo valve is mounted below the wire trap to
flood the trap with the buffer gas at room temperature. The resulting ion
temperature, however, is higher than the one of the buffer gas. The main
heating mechanism can be attributed to rf heating collisions with the helium
atoms. As explained in section 2.1.1 the radial confinement is created by a
fast oscillating rf field. Energy of the fast oscillatory motion of an ion can be
transferred to the macromotion, by a collision with an atom. To determine the
initial energy distribution, a Monte-Carlo buffer gas simulation was performed
for the HAITrap design and the potential landscape is simulated by the
COMSOL software [58]. This way, the trajectory of a single ion in the trap
is calculated solving Newton’s equations of motion. The collision of an ion
with a buffer gas atom is modeled as a random event. In case of a collision,
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Figure 9: Simulated velocity distribution for OH− ions thermalized to a 293 K buffer
gas in the potential landscape of the HAITrap setup, shown in Figure 8.
The orange curve is a fitted Maxwell-Boltzmann velocity distribution with
T = 359(3) K.

the atoms’ kinetic energy is extracted from a Maxwell-Boltzmann distribution
and the resulting change of the ions’ velocity and momentum is modeled by
a hard-sphere collision. The ions’ position and velocity is recorded after a
time-average of 25 collisions. Figure 9 shows the ions’ velocity distribution
after the thermalization to a helium buffer gas with a temperature of 293 K in
the HAITrap setup. The orange solid curve corresponds to a fitted Maxwell
distribution of T = 359(3) K. One can see that the rf heating results in a nonthermal distribution with a higher probability of fast ions than in a thermal
ensemble. For the non-thermal distribution the temperature is typically defined
by the ions’ mean velocity v̄ [74]:
T=

πmv̄2
.
8k B

(18)

With this definition the inital temperature of the ion ensemble in the HAITrap
experiment can be estimated to be T = 366 K. In the course of these simulations the effect of ion-ion collisions are neglected, which can lead to a
rethermalization of the ion ensemble.
2.1.2.5 Detection of anions
Opening the right endcap, the ions are extracted and guided via the second
optics stack onto a multi channel plate (MCP), where they are counted individually. The MCP (Hamamatsu) is designed to provide a fast rise time, thus
it can resolve the single ion impacts and the time of flight from the trap to the
detector is saved for each ion. An ion hitting a MCP channel starts an electron
avalanche resulting in a voltage peak on the detectors anode. This signal is
amplified by a factor of 20 (Ortec) and digitized via a fast USB oscilloscope
(PicoScope). The ion counting is done digitally by applying a threshold algorithm, shown in Figure 10 for a typical TOF trace. The threshold is generated
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Figure 10: Ion detection algorithm. The raw amplified signal is digitized by a USB
oscilloscope. For the threshold, a moving average (orange) is calculated
and shifted by an offset (green). An ion impact is counted (red), if the
signal exceeds the threshold.

by calculating the moving average of the trace and adding an offset above the
noise level. The moving average accounts for slow drifts in the signal.

2.1.3 diagnostics via photodetachment tomography
The absorption of a photon by a negatively charged particle can lead to a
neutralization of the latter:
A− + hν → A + e−

(19)

This process is called photodetachment. First measurements were already
performed in the 1950s, to determine the photodetachment cross section for
O− and OH− by using a hot tungsten filament light source and band-pass
filters [75, 76]. The near-threshold photodetachment is a powerful tool to investigate the level structure of an anion [77]. For molecular anions, the structure
becomes even more complex, due to their vibrational and rotational degrees
of freedom. Therefore the photodetachment spectrum consists of multiple
thresholds corresponding to the possible transitions from an anion to a neutral.
By scanning the frequency of the photodetachment light, one can not only
map out the level structure, but it is also possible to determine the energy level
population, thus perform a thermometry of the internal degrees of freedom of
a molecule [25, 27, 28].
In the course of this work, the photodetachment frequency is placed way
above the threshold. Hence, the photodetachment cross section is not dependent on the population of the internal degrees of freedom and the ions’
velocity. The resulting photodetachment loss rate is then dependent only on
the overlap then the photo and the ion distribution [78].
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2.1.3.1 Photodetachment tomography
The depletion of anions by far-threshold photodetachment light can be described by a first order differential equation of the ion number N:
Ṅ = −σpd

Z
dV

Φ( x, z)n( x, y, z)dxdydz − νbgr N.

(20)

σpd being the absolute photodetachment cross-section, Φ( x, z) the photon flux,
assuming it is constant along the propagation direction, y, and n( x, y, z) the
ion density. νbgr is the background loss rate of the trap, which is experimentally
determined to be νbgr = 0.009(1) Hz.
Assuming a narrow photon distribution compared to the ions, one can simplify
the photon flux by delta functions:
Φ( x, z) =

P
δ ( x − xL ) δ ( zL ),
hν

(21)

with P being the power of the light, hν the photon energy and (x L , z L ) as the
beam position. Plugging the simplified photon flux into equation 20 results in:
Ṅ = −σpd N

P
ρ( xL , y, zL )dy −νbgr N.
hν |
{z
}
Z

(22)

ρcol ( xL ,zL )

The ion density n is the product of the ion number and the normalized ion
density distribution ρ( x, y, z). The integration of the density distribution along
the beam propagation direction y is called the column density ρcol ( x, y). The
solution of equation 22 is an exponential decay:


N (t) = N0 exp −kpd ( xL , zL )t ,
(23)
with:
kpd ( xL , zL ) = σpd

P
ρcol ( xL , zL ) + νbgr .
hν

(24)

For a high laser beam power the background loss rate is negligible and the rate
becomes directly proportional to the normalized column density. Figure 11 a
shows a photodetachment loss measurement for four different detachment
beam positions along the axial axis, including the fitted exponential decays
(see equation 23). Figure 11 b illustrates the technical drawing of the photodetachment setup, including an optical fiber coupler mounted on a horizontal
and a vertical stage. The photodetachment light is transferred via an optical fiber to the setup. The light propagates perpendicular to the rf-trap axis
through the chamber and is focused down to a diameter of 180 µm (1/e−2 ) in
the trap center. The detachment light is created by a laser-diode with a photon
energy of ≈ 1.88 eV, which is far above the photodetachment threshold for O−
(1.46 eV) and OH− (1.83 eV) [79].
As the background loss rate is much smaller, the induced photodetachment
loss, it can be ignored and the spatial distribution can be directly derived from
a position-dependent photodetachment loss measurement. In axial direction
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Figure 11: Ion diagnostics via photodetachment tomography. a, ion loss as a function
of interaction time with the photodetachment light. The different colors
correspond to different axial positions, whereas 0 mm is the trap center.
Radially the laser beam position is for all measurements the same. The
solid lines correspond to fitted exponential decays (see equation 23) to
derive the photodetachment loss rate. b, illustrates the photodetachment
setup, including an optical fiber coupler mounted on a vertical and a
horizontal mechanical stage.

the potential, created by the endcaps and the horizontal shielding electrodes, is
approximately harmonic, which results in a Gaussian shaped column density
distribution:


( z − z0 )2
.
(25)
ρcol (0, z) ∝ exp −
2σz2
The effective potential of an octupole trap follows a r6 -dependency, which
results in the following column density distribution along the vertical photodetachment axis:


Z ∞
(( x − x0 )2 + y2 )3
ρcol ( x, 0) ∝
exp −
dy.
(26)
8σr6
−∞
Figure 12 shows two photodetachment tomography measurements for OH−
after the initialization with the helium buffer gas pulse. The axial tomography
is measured by moving the laser beam horizontally and the derived data is
fitted with function 25. The radial tomography is measured moving the beam
vertically. The data is well-represented with function 26. The widths for OH−
are determined to be σz,OH = 1.16(2) mm in the axial and σr,OH = 0.735(3) mm
in the radial direction. For O− the axial and radial widths were respectively
measured as σz,O = 1.14(1) mm and σr,O = 0.700(7) mm.

2.1 trapping of anions

20 a
photodetachment
rate [s 1]

b

10

0

-5

0
axial position [mm]

5 15

17
radial position [mm]

19

Figure 12: Photodetachment tomography along a the axial direction and b the radial direction. The black solid points are measured experimental data.
The axial tomography is fitted by a Gaussian function as expected from
equation 25 (blue curve). The axial width is σz,OH = 1.16(2) mm. The
radial tomography is fitted by a 2D distribution in a r6 -potential integrated along one dimension, see equation 26 (blue curve). The width is
determined to be σr = 0.735(3) mm. The gray areas shown in panel b
illustrate the region, where the photodetachment light is blocked by the
wires.

The zero in the axial tomography corresponds to the trap center. One can see
that the ion cloud is therefore slightly displaced from the trap center. This can
be explained by the surface charges on the wire mounts, which is discussed in
the following section.
2.1.3.2 Influence of surface charges on the wire mounts
In the course of this work, a shift in the axial direction of more than 2 mm
from the trap center was observed. This does not correspond to the symmetry
of the trap’s electrodes. Figure 13 a shows the zoomed in trap design under an
angle and illustrates a construction flaw, as the plastic card boards (PCBs) to
mount the wires are not properly shielded. These plastic pieces can accumulate
charges, which alter the potential landscape. As discussed in [58], the COMSOL
software allows to include dielectrics and add surface charges to both PCBs.
Figure 13 b shows two photodetachment tomographies, in which only the
relative voltage on the endcaps are changed. Thus for a higher voltage the
ions are pushed more to the trap center and the cloud’s width is smaller. The
charges on both PCBs are adjusted such that the axial ion distribution fits the
tomography with an relative endcap voltage of 50 V at a temperature of 373 K.
The temperature is determined as explained above via a molecular dynamics
simulation calculating the thermalization to room temperature helium buffer
gas (see section 2.1.2.4). Once the charges are calibrated, the potential landscape
for a relative endcap voltage of 10 V including those charges is determined.
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The change in the simulated ion distribution for 373 K fits very well with the
measured tomography for the lower endcap voltage.
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Figure 13: Charges on the wire mounts. a, the plastic card board wire mounts
(green) are not completely shielded. These dielectrics can accumulate
surface charges, which have an influence onto the potential landscape
in the ion trap. For highly asymmetric charge ups, this results in a
displacement of the ions from the axial trap center. b, photodetachment
tomography for two endcap voltages, relative to the trap offset. The
surface charges lead to different shifts of the ions’ spatial distribution.
These charges can be added to the COMSOL simulation by taking the
blue tomography measurement (endcap at 50V above the trap offset)
matching a thermal distribution with T = 373 K as a calibration. Once
the charges are determined, they are fixed and the potential landscape
with the lower endcap voltage can be calculated. The spatial distribution
in this potential (red dashed line) matches very well with the measured
tomography.

To reduce the charges on the plastic pieces, the entire vacuum system was
flooded with air and a hot filament ion gauge was removed, because it was
suspected to be the main source for free charges in the chamber. However, a
final shift of ∆z = −0.17(2) mm remains, the charges were reduced successfully and stayed constant. The resulting initial ion distribution for OH− is
shown in Figure 12. These settings are the basis for all following measurements and were not changed anymore. The residual charges on the PCBs
are calculated according to the calibration before and are included into the
following extraction simulations.

2.1.4 diagnostics via time of flight
A disadvantage of the thermometry via photodetachment tomography is the
time needed to measure it. A faster approach is the mapping of the ions’ energy
onto their time of flight from the trap to the detector. Figure 14 shows the
potential manipulation during one experimental cycle. As mentioned above,
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during the loading process the entire trap is on an offset of 250 V to slow the
ions down while entering the trap. To open the trap, the front endcap is at
80 V and the moment the ions have passed the endcap, it is switch up to 260 V.
After the ions are thermalized to the room temperature helium buffer gas
pulse, the offset is ramped down slowly to 30 V. The ramp of all electrodes
is done parallely within 3 seconds, thus the ions’ temperature is not affected.
The lower offset has two main advantages. First the influence of grounded
parts close to the trap is reduced. The second advantage is that the extraction
potential height can be adjusted as needed. In Figure 14 d the extraction
potential along the trap axis is shown.
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Figure 14: Potential along the axial axis during one measurement cycle. They yellows
regions represents the endcap positions. a, the ions are loaded by opening
the left endcap. The entire trap is on an offset of 250 eV to slow down the
ions, which were accelerated by the Wiley-McLaren spectrometer. b, after
the mass selected ions passed the endcap it is closed by applying a voltage
10 V above the offset. In this configuration the ions are thermalized to
the 293 K helium buffergas. c, to reduce the influence of grounded metal
parts into the trap and to optimize the extraction potential the entire trap
potential is ramped down to an offset of 30 eV. This ramp is slow enough
that the ions energy distribution is not effected. d, for extraction the right
endcap is switched to 12 V and the left shaping electrode from 103 V,
which generated a small slope in the trap center and a high one close to
the endcap (dashed black lines).

The potential landscape is similar to the one encountered in the Wiley-McLaren
mass spectrometer. By adjusting the horizontal electrodes (endcaps and shieldings), the potential can be optimized to make the time of flight independent of
the starting position (see Figure 7 in section 2.1.2.2). Approximating the extraction potential by linear functions, the only difference to the Wiley-McLaren
spectrometer is the initial ion velocity along the axis of extraction. For small
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ion velocities compared to the velocity gained by the electric field, one can
add another term to the total time of flight, derived for a Wiley-McLaren mass
spectrometer, equation 17:
t0 =

m
v0 ,
E0 q

(27)

where E0 is the electric field strength in the first acceleration region and v0 the
initial ion velocity along the extraction axis. This way one can directly map the
axial velocity distribution onto the ions time of flight to the detector, which
allows us to determine the ion ensembles’ temperature much quicker than it
is possible via photodetachment tomography.
The right endcap is set to 10 V to make use of the lensing effect of a cylindrical electrode and the following grounded mount. This way, the extraction
efficiency was improved.
2.1.4.1 COMSOL and Monte-Carlo simulation of extraction
A more detailed look into the extraction is done by a full trajectory simulation
from the trap to the detector. Therefore, it also includes the radial degrees
of freedom, the non-linearity of the extraction potential, the ions optics after
the trap and the detector’s acceleration field. The ions’ velocity vector are
randomly sampled from a Maxwell-Boltzmann distribution. The position is
also randomly sampled
from
i a thermal distribution in the trapping potential
h
V ( x,y,z)

(ρ( x, y, z) ∝ exp − k B T ). For each sampled ion, the full trajectory is calculated by solving Newton’s equation of motion and the time of flight to the
detector is saved. The calculated times are binned and fitted by a Gaussian
function. Figure 15 shows the simulated variance in the TOF as a function
of initial ion temperature in the trap. As expected the velocity is mapped
linearly to the time of flight and therefore the temperature linearly mapped
to the TOF’s variance. However, deviations are seen at lower temperatures
and the linear fit through all simulated points above 100 K is not matching
a variance of zero at 0 K. This can be explained by neglecting the radial degrees of freedom in the earlier very simplified approach. In case of an ion
distribution including only the axial position and the axial velocity, one could
not see this deviation from the linear fit. In the following measurements, the
ions’ temperature is determined via measuring the arrival time of the ions
at the detector, binning those times and fitting it with a Gaussian function.
The temperature is then calculated by the two linear fits, shown in Figure 15.
Temperature above 60 K are described by:
2
σTOF
= 0.00100(2) [µs2 /K] · T + 0.025(3) [µs2 ],

(28)

and below 60 K down to 1 K are well described by:
2
σTOF
= 0.00120(3) [µs2 /K] · T + 0.0118(5) [µs2 ].

(29)

Figure 15 b shows the TOF distribution corresponding to the tomography
measurements in the earlier section (see Figure 12). The resulting temperature
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determined from this TOF is T = 370(12) K, which is in accordance with the
temperature calculated by the molecular dynamics simulation in the potential
landscape T = 373 K (section 2.1.2.4).

0.0

Figure 15: Time of flight thermometry. a, the simulated time of flight variance, i.e.
the squared width of a Gaussian function, as a function of the ions’
initial temperature in the trap before extraction. For temperatures below
60 K the calculated TOF variance deviates from the linear dependency at
higher temperatures, (see inset). This dependency is well described down
to 1 K by a second linear fit (green). The orange open circle corresponds
to the measured time of flight distribution, shown in b, which results in
T = 370(12) K, matching very well with the expected value T = 373 K
(see section 2.1.2.4).

2.1.4.2 Detection efficiency
The total ion number in the ion trap can be estimated by the ion-ion thermalization rate, which is dependent on the ion density. To determine this
thermalization rate, the system was brought out of equilibrium by a high
intensity photodetachment pulse of 200 ms. For high intensities, the photodetachment loss rate is much larger than the thermalization rate, which results in
a depletion of distinct region in the energy distribution. The photodetachment
laser beam is positioned axially at σz of the Gaussian shaped distribution.
In the inset of Figure 16 one can see, that the TOF distribution of the ions
extracted directly after the photodetachment pulse deviates from the Gaussian
distribution, expected for a thermal distribution. This distribution is well
represented by a q-Gaussian function, which is defined as following:

P(t) =

( t − t0 )2
1 + (1 − q ) −
2σq2

!! 1−1 q
,

(30)

with σ2 being a measure for the energy, similar to the TOF thermometry. With
increasing time, the ions are trapped after the photodetachment pulse, the ions
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rethermalize and the TOF can be represented by a normal distribution again.
Figure 16 shows the evolution of σq2 with increasing trapping time after the
photodetachment pulse. To determine the rethermalization rate the measured
data is fitted by an exponential fit, which yields a rate of k = 0.431(2) s−1 .
For like-particle plasma the thermalization rate can be approximated by the
Chandrasekhar-Spitzer self-collision rate [80]:
νii =
with

Ne4 log Λii
p
,
12Vi e02 π 3 mi (kB T )3

N

→

number of ions,

log Λii

→

Coulomb logarithm,

Vi

→

ion cloud volume,

mi

→

ion mass,

e0

→

vacuum permittivity.
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Figure 16: Width of the ions’ time of flight distribution as a function of time after a
200 ms high-intensity photodetachment light pulse, which brings the ion
cloud out of equilibrium. The width is determined by fitting a q-Gaussian
to the TOF distribution (see equation 30). The inset shows the measured
TOF distribution and the corresponding q-Gaussian, directly after the
pulse and after 8 seconds. The thermalization is fitted by an exponential
function, yielding a thermalization rate of k = 0.431(2) s−1 .

The ion volume is measured via photodetachment tomography and the thermal energy kB T can be estimated to be constant, because the energy of the
ions, which were depleted, corresponds to the mean energy (see in detail
section 3.1.1). Therefore the only free parameter is the absolute number of
ions in the trap. With the mean detected amount of ions ( N̄det = 11.7 ions),
the detection efficiency of the setup can be estimated to be 7.9 %. This rather
low efficiency matches the efficiency calculated in the extraction trajectory
simulations. The ion loss is caused by the large distance between the ion trap
and the guiding ion optics after it. The ions leave the trap in a divergent
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manner and therefore, only a small amount of them reach the Einzel lens,
which focuses the ions onto the detector.

2.2 trapping of atoms
This section explains the fundamental principle of a magneto-optical trap
(MOT) and discusses the implementation of a dark spontaneous force optical
trap (darkSPOT) for rubidium in the HAITrap setup. Section 2.2.1 gives an
introduction into atom cooling by light and how the atoms can be trapped,
adding an inhomogeneous magnetic field. An overview of the atom trap setup
is presented in section 2.2.2. It includes the description of the atom source and
the darkSPOT design. The laser light preparation, however, is not discussed
in the work. A detailed description of it can be found in an earlier work [81].
The third section 2.2.3 discusses the atom cloud characterization, based on
saturation absorption imaging of ultracold dense atom clouds [82, 83]

2.2.1 creation of an ultracold atom cloud
Each photon carries a momentum h̄k, which gets transferred to the atom in
case of absorption, when the two particle collide. The excited atom stores the
momentum until the moment of spontaneous or stimulated emission. In case
of spontaneous emission the recoil direction is random. Now for an atom in a
laser beam, which is near-resonant but slightly detuned by δ = ωl − ωa , where
ωa is the atomic resonance frequency and ωl the laser frequency. The frequency
the atom sees depends, however, on the atoms velocity in the direction of the
propagating light. In the atoms reference frame, the laser frequency is Doppler
shifted by δ = kva , with va being the atoms velocity and k the wave vector.
Therefore the absorption probability is dependent on the atom’s velocity and
is the highest, when the Doppler shift equals the detuning of the laser light
from the atom’s resonance frequency. For a red-detuned laser light, the atom’s
probability of absorbing a photon is higher, if it moves towards the propagation
direction of the light, than in the opposite direction. Adding one red-detuned
laser beam, with an opposing propagation direction, the atom is decelerated
along this dimension. This principle can be expanded in three dimensions, that
the optical forces always work against the movement of the atom. An atom
gas with a strongly damped motion in such a configuration is called "optical
molasses". Although, the atoms are cooled and can stay for a long time in the
intersection region of the six laser beam, there is no restoring force, which
traps the atoms. The spatial confinement can be introduced by superimposing
the six laser beams with a magnetic quadrupole field, generated by an antiHelmholtz configuration. The coils are placed such, that the field-free region
of the quadrupole field is at the position, where the laser beams intersect. The
linear inhomogeneous magnetic field causes a position-dependent Zeeman
splitting of the atomic sub-levels and therefore, different transition frequencies
depending on the laser light’s polarization. For circular polarized light, this
results in a position-dependent transition frequency.
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Figure 17: Principle of a magneto-optical trap. a, two dimensional illustration of
a magneto-optical trap. The arrowed gray lines represent the magnetic
quadrupole field generated by an anti-Helmholtz configuration. The red
areas schematically show the counter-propagating laser beams and the
red arrows show the direction of light propagation and its polarization
with respect to the local magnetic field. The red circle illustrates the
trapped atom cloud. b, laser frequencies required in the realization and
detection of a MOT, trapping 85 Rubidium. Adapted from [84].

Figure 17 shows schematically a quadrupole field in the central plane between
the two coils and the opposing laser beams. The circular polarization of the
light is labeled with σ− and σ+ to indicate the rotation direction in respect
to the local magnetic field. With increasing magnetic field the σ+ transition
becomes more unlikely than the σ− , because the transition frequency for
σ+ polarized light is shifted up and for σ− down, closer to the laser light
frequency. This results in a net force, which points towards the magnetic field
free region. This combination of light forces and an inhomogeneous magnetic
field is called magneto-optical trap (MOT).
In the HAITrap experiment, the ultracold atom specie is the Rubidium 85
isotope. Figure 17 b shows the relevant energy levels and laser frequencies for
optical cooling via the D2 line:
52 S1/2 ( F = 3) → 52 P3/2 ( F 0 = 4),

(32)

which is called the cooling transition. The cooling light frequency is, as mentioned above, red-detuned in respect to the transition frequency. Unfortunately,
the excited state levels (F 0 = 4) and (F 0 = 3) are separated by only 121 MHz,
which allows the excitation also into the lower state. In contrast to F 0 = 4,
F 0 = 3 can relax to the lower ground state 52 S1/2 ( F = 2). These atoms are
then lost, because they are not addressed by the cooling light. With a second
laser light frequency this problem can be overcome. The second frequency is
on-resonance with the following transition:
52 S1/2 ( F = 2) → 52 P3/2 ( F 0 = 3),

(33)
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and is called repumper. This way the atoms in the lower ground state (dark
state) are pumped back into the cooling cycle. The other frequencies shown
Figure 17 are the ones of the imaging light, used in section 2.2.3 to characterize
the atom cloud. The other one is similar to the repumper, but differs in its
purpose.

2.2.2 dark spontaneous force optical trap
The atom trap used in the HAITrap experiment is in a dark spontaneous
force trap (darkSPOT) configuration [85]. This special configuration allows to
increase the atom density and reduce the amount of excited atoms. The density
in a classic MOT designs is limited by two effects. First during a two-body
collision of an excited and a ground state atom, the excitation energy can
be transferred into kinetic energy, which would lead to an atom loss from
the trap. The second effect is caused by spontaneously emitted photons, of
random direction and polarization, which can excite neighboring atoms and
therefore transfer random momenta. At a certain density, the isotropic force of
the spontaneous photons balance the trapping force of the MOT.
In the darkSPOT configuration, the repumping light in the atom trap center is
reduced and therefore the amount of atoms in the dark state (52 S1/2 ( F = 2))
is increased. As long as the atoms are in the dark state, they can not scatter the
cooling light. This way, both limitations of the standard MOT are overcome,
because both the amount of excited atoms and the spontaneously emitted
photons are reduced. As long as the atoms are in the dark state, they are
technically not trapped anymore. That’s why the repumping light is only
reduced in the trap center. The moment the dark atoms are falling out of this
region, they are pumped back into the cooling cycle.
Figure 18 represents the technical drawing of the HAITrap experiment in
Heidelberg including the optics required for the realization of the Rubidium
magneto-optical trap. The lower sketch schematically illustrates a cut through
the trap chamber, showing all relevant parts of the atom trap. The two coils
in the anti-Helmholtz configuration are generating the magnetic quadrupole
field. Each coil has 12 windings and an inner diameter of 7 cm. With a distance
of 12 cm, they generate a magnetic field gradient of 45 G/cm, operating with
80 Ampere current
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a

b

Figure 18: Atom trapping in the HAITrap setup. a, technical drawing of the HAItrap
experiment, including all relevant optics, highlighted in red, required for
the implementation of the atom trap in the trapping chamber. b, schematic
cut through the trapping chamber, showing all necessary components of
the atom trap. The prepared cooling light is transferred via optical fibers
to fiber couplers at the experiment. The drawing shows, how the imaging
setup and the darkSPOT arms are coupled in the MOT setup. Adapted
from [82].

The atom source is a 2D-MOT attached to the cluster flange at the top of the
trapping chamber. This source configuration is described in detail in [86]. It is
also based on the principle of magneto-optical trapping in two dimensions.
Figure 19 shows the setup used in the experiment. It consists of three trapping
regions. The magnetic field, however, is in this case generated by permanent
magnets, not shown in this graph. In the third dimension, the atoms can leave
the glass cell through a differential pumping stage. This differential pumping
stage creates a pressure difference of three orders of magnitude between the
glass cell and the trapping chamber. This way the atom density in the glass
cell is high enough to provide a sufficient atom flux. One might think that the
velocity distribution in the third dimension is not effected, however, there is

2.2 trapping of atoms

a passive selection of colder atoms, because their time spent in the trapping
regions is much larger than for hot atoms. The advantage of the 2D-MOT is
that it provides a high flux of pre-cooled atoms, which allows a fast loading of
a dense darkSPOT.

Figure 19: The 2D MOT is positioned at the top flange of the trapping chamber
(highlighted in red in the inset). The drawing shows a cut through the
central plane of the 2D MOT setup. The cooling and repumping light
from an optical fiber is collimated and split into three arms via PBS cubes
to generate three cooling regions. Adapted from [86].

The laser light preparation is done on a separate optical table, which is discussed in detail in [81]. From the optical table, the light is transported via
optical fibers connected to fiber collimators at the setup. The collimated beams
have a diameter of 24 mm (1/e2 ). A quarter waveplate after the collimator is
used to create a circularly polarized light. The light is passing through the
chamber and another quarter waveplate and is retro-reflected. On the optical
table, the cooling light and the fill-in light (repumping frequency) can be
coupled into three fibers, which result in a classic three dimensional MOT.
The trap configuration can be switched into the darkSPOT mode, by switching
off the fill-in light and coupling the two darkSPOT arms into the horizontal
trapping beams via polarizing beam splitter (PBS) cubes. Figure 20 shows
the optical setup of these darkSPOT arms and where they are placed in the
technical drawing of the entire experiment. Repumping light is transferred via
optical fibers to the darkSPOT arms. The fibers are mounted via a free-space
fiber mount. Therefore the light exiting the fiber is divergent. A two lens setup
allows to collimate the repumping light and image a mask into the trap center.
The mask, being a spot in a glass plate, results in a reduction of repumping
light in the atom trap center. To reduce scattered light from the ion trap’s wires,
the wires were added to the spot mask. The linearly polarized repumping
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Figure 20: The darkSPOT arm setup is highlighted in red in the technical drawing.
The divergent repumping light from an optical fiber is collimated by a
two lens setup. This way, the mask placed between the lenses is imaged
onto the plane of the MOT, reducing the repumping light in the atom
trap center and on the ion trap’s wires. Adapted from [82].

light can than be included into the 3D-MOT design by PBS cubes between the
quarter waveplate and the retro-reflecting mirror.

2.2.3 diagnostics via saturation absorption imaging
In order to investigate the atom-ion collision dynamics, a characterization of
the atom cloud is needed. Two methods to determine the important parameters, as atom cloud size, atom number and density, are based on atom-light
interaction. One approach is to count the photons scattered by the atoms. The
other one is to image the shadow, created by atoms absorbing photons of
a probe beam. In the HAITrap experiment, the latter method is used. The
absorption imaging is coupled into the optical fiber to the vertical fiber coupler.
In comparison to the cooling light, the imaging light’s polarization is turned
by 90°. This way, the light for both purposes, can be separated via a PBS cube
after passing the trapping chamber. The cooling light is retro-reflected and the
probe light is imaged by a 4f-system onto a CCD camera (see Figure ). The
following sections explain, how the atom cloud parameters are derived from
these shadow images.

Figure 21: Schematic representation of the 4f absorption imaging setup used for the
characterization of the atom cloud. Adapted from [82].
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2.2.3.1 Atom-light interaction
Assuming a two-level energy system and a monochromatic light field, the
population dynamics can be described by the optical Bloch equations [87]. In
the steady state case the population of the excited state is given by:
ρee (t → ∞) =
with

(Ω/Γ)2
,
1 + 4(∆/Γ)2 + 2(Ω/Γ)2

Ω

→

Rabi frequency,

Γ

→

natural linewidth,

∆ = ωl − ωa

→

detuning from resonance.

(34)

Since in steady state, the decay rate Γ equals the excitation rate, the total
scattering rate is described by:
 
Γ
( I/Isat )
Rsc = Γρee (t → ∞) =
,
(35)
2 1 + 4(∆/Γ)2 + ( I/Isat )
with

→

light intensity,

→

saturation intensity,

c

→

speed of light,

e0

→

vacuum permittivity,

ê

→

unit polarization vector

d

→

atomic dipole moment.

I
Isat =

ce0 Γ2 h̄2
4kê·d|2

Therefore, the scattering rate does not only depends on the light intensity
and detuning, but the atomic alignment and the polarization of the light also
influence the rate. That becomes particularly relevant, if multiple magnetic
sub-levels are populated. For example, the cooling transition in 85 Rubidium
the ground state (52 S1/2 ( F = 3)) consists of seven degenerate sub-levels and
the excited state (52 P3/2 ( F 0 = 4)) of nine. For the purpose of a well-defined
quantization axis, one applies a homogeneous magnetic field, by switching
the current of the two coils. The atoms are pumped into the stretched state
(m F = 3) by shining in σ+ polarized light, because the angular momentum
has to be conserved during absorption of a photon. The procedure is called
optical pumping and it generates a two-level probe transition between (F = 3,
m F = 3) and (F 0 = 4, m F = 4).
In the darkSPOT configuration (see section 2.2.2) a large amount of atoms are
in the dark state (F = 2), which can not absorb the probe light. For this reason,
before the imaging process the cooling light is switched off and all dark state
atoms are pumped back into the bright state(F = 3) by the so called fill-in
light on the repumping transition. Including this step all atoms are probed.
Excluding it probes only the atoms in the bright state. The difference between
both measurements gives an estimate of the atoms in the dark state.
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2.2.3.2 Standard absorption imaging
The intensity of a probe beam on-resonance with the atomic transition is
changed while passing through an atom cloud. This change in intensity is
caused by photon scattering in consideration with equation 35, is given as:
 
dI ( x, y, z)
Γ h̄ωl ( I/Isat )
= na ( x, y, z)
(36)
dz
2 1 + ( I/Isat )
with

I

→

light intensity distribution,

na ( x, y, z)

→

atom density distribution.

In the case of absorption imaging setup in the HAITrap experiment, the probe
light propagates along the z-axis and is imaged onto a CCD camera. Thus,
a shadow appears on the image, where the light passes the atom cloud. For
small probe light intensities (I  Isat ) the intensity decay passing through
the atom cloud is described by an exponential decay along the z-direction, as
follows:


Z
Γh̄ωl z
0
0
I ( x, y, z) = I0 ( x, y) exp −
na ( x, y, z )dz ,
(37)
2Isat −∞
with I0 ( x, y), being the probe beam intensity distribution before the atom
cloud. Thus, by taking an image with and without atoms, one can derive
atom cloud parameters, like the
R ∞ width along x- and y-direction and the atoms
column density ncol ( x, y) = −∞ na ( x, y, z)dz. The atom’s column density is
directly proportional to the optical density:


I ( x, y)
Γh̄ωl
od( x, y) = − ln
=
ncol ( x, y).
(38)
I0 ( x, y)
2Isat
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Figure 22: Determination of the optical density in the atom cloud characterization.
a, and b, show the raw pictures taken by the CCD camera with and
without the atom cloud, respectively. c, corresponds to the optical density
calculated by plugging in the raw data pictures into equation 38. Also
shown are two cuts through the atom cloud center and corresponding to
those cuts, the fitted two-dimensional Gaussian function in orange.

Figure 22 shows a typical absorption imaging measurement in the HAITrap
experiment. Panel a depicts raw data taken by the CCD camera with atom
cloud and b without. The two dark vertical bars are shadows created by
the ion trap’s wires. Panel c shows the optical density calculated following
equation 38. Also shown in c are cuts along x- and y-direction through the
atom cloud center. The data is fitted with a two dimensional Gaussian function,
deriving the atom cloud widths σa,x , σa,y and the peak optical density odpeak .
The atom number Na can be calculated as follows:
Na =

Z ∞ Z ∞ Z ∞

−∞ −∞ −∞
Z ∞ Z ∞
eq. 38

n( x, y, z)dxdydz

2Isat
dxdy
Γh̄ωl
−∞ −∞
2Isat
=2πσa,x σa,y odpeak
.
Γh̄ωl

=

od( x, y)

(39)
(40)
(41)

The peak atom density n0 can then be determined by:
n0 =

Na
.
3/2
(2π ) σa,x σa,y σa,z

(42)

Since only the atom’s column density is measured with this technique, there
is no information given about the atom cloud’s width along the z-axis, σa,z . By
a fluorescence measurement perpendicular to the absorption imaging axis, it
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was confirmed that the atom cloud is well approximated to be spherical. In
course of this work, the expansion of the atom cloud along the z-direction is
assume to be:
σa,z =

σa,x + σa,y
.
2

(43)

2.2.3.3 Saturated absorption imaging
Since the optical density is proportional to the atom column density, it becomes
quite large for high density atom clouds. For such optically thick clouds, optical
pumping (see section 2.2.3.1) is not feasible anymore and one has to take all
populated sub-levels into account. Thus, each individual sub-level results in
an individual saturation intensity Isat,mF and population psat,mF , which adds
up to a total scattering rate:
 
( I/Isat,mF )
Γ
Rsc =
psat,mF
.
(44)
∑
2 mF
1 + ( I/Isat,mF )
The sub-level distribution is unknown, and as long as the system is not
pumped into a stretched state, it is impossible to determine the scattering rate
in equation 44. This problem can be overcome by combining all saturation
intensities into one effective saturation intensity:
Isat,eff = αIsat .

(45)

Isat is in this case the saturation intensity for the stretched state and α is a
scaling parameter, taking the real sub-level distribution into account. Therefore
the total scattering rate is approximated as follows:
 
Γ
( I/αIsat )
,
(46)
Rsc =
2 1 + ( I/αIsat )
which results in the same differential equation for the intensity as equation 36,
by replacing Isat by Isat,eff .
The scaling parameter α can be determined by measuring the optical density
over a large intensity range. Solving equation 36, including the effective
saturation intensity, yields:


I ( x, y)
I0 ( x, y) − I ( x, y)
od( x, y) = α ln
+
.
(47)
I0 ( x, y)
Isat
The optical density is dominated by the first term for small intensities. It
corresponds to the result of the two-level energy system (see equation 38)
corrected by the scaling parameter α. However, for large intensities the optical
density is dominated by the second term and therefore independent of the
scaling parameter.
To calibrate the α, one measures the optical density over a large range of
the intensity. During this measurement, the atom cloud is not changed and
therefore the optical density has to be independent on the intensity of the
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Figure 23: Optical density calculated with equation 47 for different values of α.
Highlighted in orange is the result for α = 3.29, which is the value with
the lowest deviation in the optical density over the measured intensity
range. The inset shows the standard deviation for different values of α,
where the α = 3.29 with smallest standard deviation marked as an orange
dashed line .

probe light. The only free parameter of this measurement is then α, which can
be determined, minimizing the deviation of the optical density over the entire
intensity range. Figure 23 shows the calibration measurement of the atom
imaging for the HAITrap setup from I/Isat = 0.02 to I/Isat = 51. The inset shows
the standard deviation of the optical density. It is the smallest at α0 = 3.29.
A CCD camera has a finite dynamical range, which is in the experimental
setup 8 Bit (28 = 256). Therefore the camera can only resolve atom clouds with
a maximum optical thickness of ln [256] ≈ 5.55 = odmax . This limitation can be
circumvented by detuning the probe light and therefore reducing the scattering
rate. This can be expressed in a detuning dependent scaling parameter:
 2 !
∆
,
(48)
α ( ∆ ) = α0 1 + 4
Γ
where α0 is the scaling parameter on-resonance as measured above, ∆ is the
detuning of the probe light compared to the resonance and Γ the natural
linewidth (see scattering rate: equation 35). This way even denser atom clouds
can be characterized. A detailed description of the detuned saturation absorption technique in this setup can be found in the following publication
[83].
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2.3 co-trapping of anions and atoms
The co-trapping of molecular anions and atoms yields three types of collisions,
which can occur:
• elastic collisions. During an elastic collision between an atom and an ion,
kinetic energy is exchanged. Depending on the relative velocity and
mass, the ion can gain or lose translational energy.
• reactive collisions. During a reactive collision a new specie is formed,
which eventually leads to a loss of the anion and the atom. For example,
during a collision in the Rb-OH− system, an associative detachment reaction can occur by stabilizing the rubidium hydroxide neutral molecule,
due to the loss of the excess electron.
• inelastic collision. During an inelastic collision, internal energy of the
molecular anion and the relative kinetic energy is exchanged. In comparison to the sympathetic cooling via Coulomb interaction, in an atom-ion
collision the encounter is much closer, which leads to sufficiently high
inelastic state-changing rate coefficients [26, 88].
The first two types of collisions dominate the sympathetic cooling dynamics
of rubidium with OH− and naturally also with O− . Therefore, the elastic and
reactive collision dynamics are described in detail in chapter 4.
A common description of the collision dynamics between atoms and ions is
the classical Langevin capture model [89], in which the collision cross section
−1/2
scales with σ ∝ Ecol
, yielding a velocity-independent collision rate coefficient
k. Thus, the rate for an ion to collide with an atom is given by this scattering
rate and the integral over the overlap, Φia ( x, y, z), of both clouds:
νcoll = k

Z

ρi ( x, y, z)na ( x, y, z) dxdydz,
|
{z
}

(49)

Φia ( x,y,z)

where ρi is the normalized ion density distribution and na the absolute atom
density distribution. Note, that the scaling of the cross section in the Langevin
capture model is a simplification, which is valid for high relative collision
energies. For collision energies at which the matter-wave nature of the collision
partners becomes relevant, the collision rate becomes indeed energy-dependent
[90]. Finally, to quantify any collision dynamics it is crucial to know the temporal evolution of their overlap and therefore, the relative positioning of both
clouds.
In the course of co-trapping both, anions and atoms, the anions are trapped
first, since in their loading procedure, a helium buffer gas pulse is introduced
into the trap region (see section 2.1.2.4). The helium pulse leads to an increase
in the background gas pressure, which would eventually lead to a loss of the
trapped atoms. The time necessary to ramp down the initial trap offset is sufficiently long enough to reduce the background pressure again to 10−9 mbar.
With reaching these conditions, the atom trap is loaded, by switching on the
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cooling light. Figure 24 illustrates schematically a co-trapping measurement
cycle. After a given interaction time between both species, the ions are extracted towards the detector and the atom cloud is characterized via saturation
absorption imaging.
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Figure 24: Procedure of reactive loss measurements. a, schematic representation of
the experimental measurement cycle. The ion initialization includes the
loading, the thermalization to the helium buffer gas and the potential
manipulation. Subsequently, the atom cloud is loaded concentric to the
ion distribution. After a certain interaction time, the atom cloud is characterized via saturation absorption imaging and the ions are extracted to
the detector. b, the blue region shows the ion distribution measured via
photodetachment tomography. The red distribution illustrates the typical
extent of the atom cloud.

2.3.1 temporal evolution of the atom-anion overlap
Due to elastic collision of anions with the ultracold buffer gas, the temperature
of the ion ensemble changes with time, also altering the ions’ density distribution. Additionally the atom trap is loaded in the same timescale as the typical
interaction time between the two species. Thus, the change in atom density
and cloud size have to be taken into account. This time-dependent overlap
function is described as following:
Φx,y,z,t = na ( x, y, z, t)ρi ( x, y, z, T (t)).

(50)

Figure25 shows an exemplary case for the determination of the overlap function, between the ultracold rubidium cloud and trapped OH− anions.
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Figure 25: Determination of the time-dependent atom-ion overlap integral. a, shows
a typical atom loading curve. The solid points represent the measured
peak atom densities as a function of loading time. The solid line shows
the exponential loading function fitted to the data points, with a loadting
time τload = 1.41(16) seconds. b, shows the evolution of temperature,
due to elastic atom-ion collisions. The solid points are measured via TOF
thermometry. c, shows the time-dependent overlap integral, determined
by taking the atom cloud loading and the ion temperature evolution into
account.

The atom cloud loading is well-described by an exponential loading function na,peak (t) = na,0 (1 − exp(−t/τload )), the the loading time of τload =
1.41(16) seconds. Since the atom size also increases with time, it has been
fitted in the similar way, deriving a growth time of τgrowth = 0.23(4) seconds.
The ions’ temperature is derived via their time of flight distribution to the
detector. The ions’ density distribution can then be calculated by a thermal
distribution in the predetermined trapping potential. The potential characterization is done, by a far-threshold photodetachment benchmark measurement,
in which the spatial distribution of the anions, thermalized to helium, in both
directions is measured, see section 2.1.3. The corresponding temperature is determined via time of flight thermometry for the data taken without interaction
with the photodetachment light. The ion trap potential is well-approximated
by a harmonic potential in axial direction and a r6 -potential in radial direction.
Assuming a thermal distribution, yields the following trapping potential:
VOH− ( x, y, z) =1.94(11) · 10−15 J/m2 · z2 +

+ 4.1(2) · 10

−3

6

2

(51)
2 3

J/m · ( x + y ) .

The normalized ion density ρi ( x, y, z, T ) is then given by the thermal spatial
distribution in this potential for a given temperature. By interpolating the
ion temperature, Figure 25, one can derive the time-dependent integral of the
overlap between the atom and the ion cloud.

2.3 co-trapping of anions and atoms

2.3.2 characterization of relative atom-anion positions
For the characterization of the overlap, it is indispensable to know the relative
distance between the centers of both, the atom and the ion density distribution.
Since the trap wires are also visible in the saturation absorption image, it
is an easy task to align the atom cloud in one radial direction. In the other
radial direction, the atom cloud is aligned by a camera, perpendicular to
the trap. In axial direction, however, the two imaging diagnostic techniques,
photodetachment tomography and saturation absorption imaging, for anions
and atoms, respectively, have to be calibrated to each other. Two calibration
methods have been carried out.
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Figure 26: Calibration measurement to determine the relative distance between the
atom cloud and the ion cloud. The photodetachment beam was placed
such, that the light is reflected from an ion trap wire. a, absorption
imaging picture showing the atom cloud induced shadow (orange dotted ellipse) and the reflected photodetachment light (red dotted ellipse).
Radially the atom cloud is align in respect to the wires, also seen as
shadows on the picture. b, cut through the picture along the lower wire.
The dashed line represents the mean beam position, determined via a
Gaussian function fitted to the data. This point connects the photodetachment laser beam position with the atom cloud imaging system. c, optical
density of the shown atom cloud. The center position is determined via
a fitted 2D-Gaussian function, corresponding to a relative position of
z = 0.03 mm to trap center and z = 0.31 mm to the ions.

Figure 26 illustrate the first method, in which the photodetachment laser beam
is vertically adjusted such, that the light is reflected by one wire. The reflected
light is imaged onto the CCD camera of the saturation absorption imaging.
This relates the position of the mechanical stage used for tomography, to the
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position on the absorption imaging camera. This calibration has to be done
only once, since then, a shift of the atom cloud can be determined with respect
to the position of the ion cloud.
A cross check method has been carried out, replacing the optical fiber providing the photodetachment light with one optical fiber transmitting light, which
is on-resonant with the 85 Rb cooling transition (52 S1/2 ( F = 3) → 52 P3/2 ( F 0 =
4)). This focused laser beam leads to a depletion of fluorescing rubidium
atoms at its positions. The tomography stage was then moved to the position,
at which the point of depletion is in the atom cloud center, observed via
a camera perpendicular to the ion trap. The second method confirmed the
previously determined calibration. Since in the exemplary case of Figure 26
the photodetachment beam is placed at an absolute laser beam position of
ztomo = 15.7 mm and the ion trap center is at ztomo = 15.35 mm, one can
derive the ion trap center to be at zCCD = 3.14 mm on the corresponding
absorption imaging pictures. Note, that the ions are, due to surface charges
(see sec 2.1.3.2), slightly displaced, yielding a concentric overlap of both clouds
at zCCD = 2.97 mm.

3
F O R C E D E VA P O R AT I V E C O O L I N G V I A
P H O T O D E TA C H M E N T
Forced evaporative cooling is a powerful and well-established tool for cooling
atoms [91] and also cations [92]. This technique is based on selective removal
of high-energy particles out of the trap. The rethermalization of the residual
particles leads to a colder ensemble of the remaining trapped specie. Although
forced evaporative cooling by energy selective removal via photodetachment
was proposed more than three decades ago by Anne Crubellier [54], it has not
been experimentally demonstrated.
This chapter presents forced evaporative cooling of molecular anions, OH− ,
via photodetachment in an octupole rf trap and a complete thermodynamic
model, which describes the temporal evolution of ion temperature and ion
number without free fit parameters.
Section 3.1 discusses the derivation of a thermodynamic model detailing evaporation via far-threshold photodetachment. This discussion results in a set of
differential equations for the evolution of the ion temperature and ion number,
including parameters, which can all be independently determined in advance
to predict the cooling dynamics.
Section 3.2 presents evaporative cooling and heating measurements for different photodetachment laser beam positions, inspired by the evaporative cooling
measurements of G. Cerchiari et al. , who proposed laser-assisted evaporation
as a precooling technique for direct Doppler cooling of La− [57]. However, the
cooling efficiency and rate of static evaporation is quite limited.
Section 3.3 shows the implementation of a forced evaporative cooling scheme
via a movable far-threshold photodetachment beam and measurements taken
for different beam velocities. The measurements are well-represented by the
developed thermodynamic model. However, an additional heating term has to
be introduced, covering the ion-ion rf heating. With this further development
of the model, a full thermodynamic description for forced evaporative cooling
via photodetachment of any weakly-coupled anion plasma in a multipole rf
trap can be provided.

3.1 thermodynamic description of evaporative cooling
In this thermodynamic description of evaporative cooling of an anion ensemble,
of a single specie with mass m and charge q, is considered. The ions interact
with each other and therefore they are able to reach a thermal equilibrium.
The photodetachment light is monochromatic and far above the threshold.
It is assumed that the ions’ thermalization time is much smaller than the
evaporation time. Thus, the ions are at any time in thermal equilibrium.
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3.1.1 evolution equations
Following the Boltzmann-statistics, the ions’ phase-space distribution is given
by:


exp −( 21 mv2 + V (r))/kB T


ρ(r, v) = R
,
(52)
exp −( 21 mv2 + V (r))/kB T drdv
with

r and v

→

position and velocity,

V (r)

→

ion trap potential,

kB

→

Boltzmann constant,

T

→

ensemble temperature.

The total energy of a single ion is given by its kinetic energy Ek = 12 mv2 and
its potential energy Ep = V (r):
Etot (r, v) = Ek (v) + Ep (r).

(53)

The trapping potential in axial direction is assumed to be harmonically shaped,
whereas in radial direction the potential’s form is dependent on the order of
the rf trap (Vradial (r ) ∝ r2n−2 ). Taking the virial theorem into account the mean
total energy is described by the following:
Etot

r v

= Ek

v

+ Ep

r

3
1
1
= kB T + kB T +
kB T.
2
2
n−1

(54)

The first term corresponds to the kinetic energy of a point-like particle moving
in the three-dimensional space, the second term to the axial potential energy
and the third term to the radial potential energy.
Since the photodetachment light’s frequency is far above threshold, the
Doppler shift of the ion’s motion is negligible and the photodetachment
cross section (σpd (v) = σpd ) independent on the velocity. A detailed description of laser-induced evaporation close to the photodetachment threshold can
be found in the publication of Anne Crubellier [54].
As mentioned in section 2.1.3.1 the ion loss, due to photodetachment, is
described by the following first order differential equation:
Ṅ = − N

=−N

σpd (v) I (r)ρ(r, v)
Z ∞
−∞

r v

σpd (v) I (r)ρ(r, v)drdv.

(55)
(56)

and for σpd (v) = σpd :
Ṅ = −σpd N

Z ∞
−∞

I (r)ρ(r)dr,

(57)

where I (r) is the light intensity distribution, which can be assumed to be constant along the direction of the photodetachment beam. The time-dependent
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total ion energy is given by product of the mean ion energy and the number
of ions:
Etot (t) = N (t)

Etot

r v

( t ),

(58)

and the variation of the total energy corresponds to the energy removed with
the lost ions:
Ėtot = − N

σpd I (r)ρ(r, v) E(r, v)

r v

.

(59)

Eventually the change of the mean total energy is the following:
Ėtot
Etot
− 2 Ṅ.
(60)
N
N
Plugging into this equation the variation of energy 59 and ion number 55
results in:
Ėtot

r v

Ėtot

r v

=

=−
+

σpd I (r)ρ(r, v) Etot (r, v)
Etot

r v

(61)

r v

σpd I (r)ρ(r, v)

r v

.

(62)

Since the phase-space density distribution in equation 52 is separable ρ(r, v) =
ρr (r)ρv (v), plugging in equation 53 and 54 one can simplify the equation for
the change of mean total energy as following:


Ėtot r v = − σpd I (r)ρr (r)ρv (v) Ep (r) + Ek (v) r v
(63)
h
i
+ Ek v + Ep r
σpd I (r)ρr (r)ρv (v) r v

= − σpd ρr (r) I (r) Ep (r)

r

+ σpd Ep

r

ρr (r) I (r) r .

(64)

Due to the integration over the momentum space, the kinetic energy terms
become equal and cancel out. The first term of equation 64 corresponds to the
mean potential energy the illuminated ions have, whereas the second term
corresponds to the mean potential energy of the entire ensemble. Thus, if
the mean potential energy of the illuminated ions is smaller than the entire
ensemble, the energy change is positive, which results in heating. Vice versa,
by illuminating high energy ions the evaporation leads to a cooling of the
ensemble.
Applied to a multipole trap of n’th order, the mean total energy is given by
1
equation 54 Etot r v = ( 23 + 12 + n−
1 ) k B T and the mean potential energy
1
1
is Ep r =( 2 + n−1 )kB T. Thus, the change in temperature and ion number is
described by:


2n − 1
Ėtot r v =
kB Ṫ
(65)
n−1
Z

= − σpd ρr ( x, y, z, T )Φ( x, z, xL , zL )V ( x, y, z)dxdydz


Z
n+1
+
σpd kB T ρr ( x, y, z, T )Φ( x, z, xL , zL )dxdydz
2n − 2
Ṅ = − σpd N

Z

ρr ( x, y, z, T )Φ( x, z, xL , zL )dxdydz

(66)
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with

R

exp[−V ( x,y,z)/kB T ]dy
exp[−V ( x,y,z)/kB T ]dxdydz

→

spatial column density,

V ( x, y, z)

→

ion trap potential,

Φ( x, z, xL , zL )

→

photon flux distribution,

xL and zL

→

detachment beam position.

ρr ( x, y, z, T ) =

R

.

3.1.2 ion-ion thermalization rate
The main assumption of the thermodynamic model is that the ion-ion thermalization time is much smaller than the evaporation time. In the special case of a
single particle plasma the ion-ion collision rate, already calculated by Spitzer
in the 1950s [80], is equal to the thermalization rate [93]:
νii =

ni e4 log Λii
p
.
12e02 π 3 mi (kB T )3

(67)

with the ion density ni and log Λii as the Coulomb logarithm, which is defined
as the following:


rmax
.
(68)
log Λii = log
rmin
rmax and rmin are the upper and lower boundary of the impact parameter
to approximate a Coulomb collision, which in reality has infinite range. The
minimum distance is approximated by the deBroglie length or the classical
distance of closest approach, which of both is larger:

rmin ≈ max

e2
h
√
,
2πmkB T 4πe0 kB T


(69)

The maximum impact parameter is typically chosen to be the Debye length:
s
e0 k B T
rmax ≈ λD =
.
(70)
ni e2

3.2 laser-induced evaporation of trapped negative ions
To study the effect of laser-induce evaporation on the ions’ energy distribution,
six measurements were performed, in which the laser beam was positioned
at different points relative to the spatial distribution of the ions along the
axial axis. Overlapping with different spatial regions of the ion cloud, ions of
different potential energies were addressed.

3.2.1 experimental implementation
Figure 27 shows schematically the procedure of the experimental cycle. The
ions are created, loaded and initially thermalized with a helium buffer gas
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pulse at a high ion trap offset, as explained in section 2.1. After the initialization the trap potential is ramped down, to create the optimized trapping
and extraction potential. This ramping is done slowly, thus the ions’ energy
distribution is not affected. After the final potential is reached the evaporation
process is started, by shining in the photodetachment laser light.
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Figure 27: Procedure of static evaporation measurements. a, schematic representation of the experimental measurement cycle. The ion initialization,
including the loading, the thermalization with the buffer gas pulse and
the potential manipulation. Following is the beginning of the evaporation
measurement, including position dependent photodetachment and ion
detection. b, shown in black is the spatial distribution measured via a
separate photodetachment tomography measurement. The colored bars
illustrate the laser beam positions, corresponding to six measurements of
the evaporation dynamics. The bars’ width correspond to the laser beam
width of 180 µm (1/e2 ).

The ions have typically a initial temperature of 370 K and the axial distribution is nicely represented by a thermal distribution in a harmonic trap, as
shown in Figure 27 b. Also shown are the photodetachment beam position and
width in respect to the ion distribution for six evaporation measurements. The
photodetachment light is provided by a laser diode with a maximum output
power of 50 mW at a wavelength of λpd = 660 nm, which is far-below the
photodetachment threshold of λth = 678.37 nm. The temporal evolution of ion
temperature and ion number is measured by extracting the ions after different
photodetachment interaction times and guiding them to the detector. The ions
are counted and the temperature can be derived by their TOF distribution (see
section 2.1.4).
The main assumption in the earlier discussed thermodynamic model (section 3.1.1) is that the ion-ion thermalization rate is much higher than the evaporation rate. To ensure the validity of this assumption the photodetachment
light intensity was adapted to each laser beam position. The light-induced loss
rate is calculated by equation 66, taking into account the beam width (180 µm
at 1/e2 ) and the power. The ion-ion thermalization rate on the other hand was
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calculated by equation 67. Table 1 summarizes the peak intensities and the
calculated loss and thermalization rate for all laser beam positions.
peak

beam
position [mm]

intensity

W
[ cm
2]

initial evaporation rate

[s−1 ]

thermalization
rate [s−1 ]

-2.25

15.1

0.23

1.38

-1.70

11.0

0.37

1.32

-1.15

3.8

0.21

0.97

1.05

4.5

0.21

1.13

1.60

11.7

0.31

1.75

2.15

20.0

0.24

1.60

Table 1: Laser beam intensities corresponding to the static evaporative cooling and
heating measurements shown in Figure 28.

3.2.2 ion energy evolution via static evaporation
The measured evolution of temperature and ion number as a function of
interaction time with the photodetachment laser light is shown in Figure 28.
Each point in the upper panel corresponds to multiple hundreds of the above
described measurement cycles until the derived width of the Gaussian shaped
TOF converged. These TOF distributions typically consists of 10 000 measured
ions. The error bars are derived from the error of the fitted Gaussian function
to the TOF distribution. The lower panel shows the ion number normalized to
the initial starting number of counted ions on the detector, typically 50 ions.
One can see that for the two measurements, in which the beam position is
close to the ion cloud center, the ion ensemble is heated up. Whereas for the
other measurements the temperature decreases by about a factor of 2. This
corresponds to the picture derived from section 3.1.1 that a removal of ions
with an energy lower than the mean potential energy leads to heating. This is
the case in the trap center. For the beam positions further from the center the
removed ions’ energy was larger than the mean potential energy and therefore
leading to a cooling effect.
The full theoretical evolution of temperature and ion number derived in section 3.1.1 is shown in solid lines. For an octupole ion trap (n = 4) equation 66
and 65 results in the following equations of evolution:
 
Z
3 σpd
Ṫ = −
ρr ( x, y, z, T )Φ( x, z, xL , zL )V ( x, y, z)dxdydz
(71)
7 kB
   Z
3
5
+ σpd
T ρr ( x, y, z, T )Φ( x, z, xL , zL )dxdydz
7
6
Ṅ = − σpd N

Z

ρr ( x, y, z, T )Φ( x, z, xL , zL )dxdydz − νbgr N.

(72)

The ion trap potential is determined by combining the spatial distribution,
measured via photodetachment tomography in axial and radial direction
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(section 2.1.3.1), and the corresponding temperature, measured via TOF thermometry (section 2.1.4). The potential is in well-approximated by a harmonic
potential in axial direction and a r6 -potential in radial direction:
VOH− ( x, y, z) =1.94(11) · 10−15 J/m2 · z2 +

+ 4.1(2) · 10

−3

6

2

(73)
2 3

J/m · ( x + y ) .

norm. ion number

temperature [K]

The normalized ion density ρr ( x, y, z, T ) is then given by the thermal spatial
distribution in this potential for a given temperature and the photon flux is
modeled by a two-dimensional Gaussian shaped distribution at the laser beam
P
position (xL , zL ), with a total photon flux of FL = hν
. P is the measured power
and hν the photon energy. The absolute photodetachment cross section of
OH− at 662 nm, σpd = 8.5(1)(3) cm2 , was measured in earlier work [94].
With the initial temperature measured, all necessary parameters of equation 71
and 72 are determined and one can calculate the evolution of temperature
and ion number by numerically integrating those differential equations. The
solutions for all six different laser beam positions are shown as solid lines
in Figure 28. The shaded areas correspond to the uncertainty in the ion trap
potential.
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Figure 28: Static evaporation measurements. a, the temporal evolution of ion temperature and b, the normalized ion number for six different laser beam
positions. The color code corresponds to the positions in Figure 27. The
solid points represent the measured data and the lines show the numerical integration of equation 71 and 72 for the measured initial conditions.
The shaded areas illustrate the uncertainty of the predetermined trapping
potential (equation 73).

The measurements with a constant laser beam position show that the evaporation process is well-represented by the introduced thermodynamic model.
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The cooling process, however, is limited by the illuminated potential region
and therefore by the laser beam position. Due to the cooling of the ions, their
energy is no longer sufficient to reach the illuminated potential and the cooling
stops.

3.3 forced evaporative cooling of trapped negative ions
The limitation of the static evaporative cooling can be circumvented by moving
the photodetachment beam, during the cooling process, towards the trap center.
This way, the cut-off energy is dynamically reduced and the ion ensemble is
forced to lower energies. This process is called forced evaporative cooling.

3.3.1 realization of dynamical anion photodetachment
Figure 29 shows schematically the measurement cycle to investigate the forced
evaporative cooling process. The shown sequence is similar to the earlier
measurements in section 3.2, however, this time with switching on the photodetachment light, the laser beam is moved simultaneously towards the trap
center by an automated linear stage.
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Figure 29: Procedure of forced evaporative cooling measurements. a, schematic
representation of the experimental measurement cycle, similar to the
static evaporation measurements. In this case, with switching on the
photodetachment light, the beam moves towards the trap center. b, axial
ion distribution measured via photodetachment tomography, shown in
black. The red bar illustrates the starting position of the forced evaporative
cooling measurements.

As illustrated in Figure 29 b the initial beam position is at z(0) = 4 mm
in respect to the center of the axial ion distribution. Because the overlap
between ions and photons is small, the laser beam peak intensity is increased
to 325 W/cm2 (beam diameter 180 µm and power 41 mW). The cooling process
is measured for four different constant laser beam velocities. To map out the
cooling dynamics, the ions are extracted after the photodetachment beam has

3.3 forced evaporative cooling of trapped negative ions

moved to a certain final position. Note, that for different beam velocities this
corresponds to different photodetachment interaction times.

3.3.2 cooling molecular anions in the kelvin regime

norm. ion number

temperature [K]

Figure 30 shows the result of this measurement for four different laser beam
velocities. In each case the ions were extracted, without photodetachment and
after the beam traveled 1 mm, 2 mm, 3 mm and 3.4 mm. For the two faster
beam velocities additional measurement were taken for 3.5 mm, 3.6 mm and
3.7 mm.
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Figure 30: Forced evaporative cooling via far-threshold photodetachment light. The
evolution of a, the ions’ temperature and b, the normalized ion number,
while moving the photodetachment beam towards the trap center, for
four different laser beam velocities. The initial beam position is at 4 mm
and the ions were extracted after reaching 4 mm, 3 mm, 2 mm, 1 mm and
0.6 mm. For 1 mm/s and 2 mm/s additional extraction positions were
measured, 0.5 mm, 0.4 mm and 0.3 mm. Those measurements as represented as solid points. The dashed lines show the numerical integration
of equation 71 and 72 for the measured initial conditions. The solid lines
correspond to the thermodynamic model including the ion-ion rf heating
(see equation 75).

The initially loaded ≈ 1100 molecular anions at a temperature T = 370(12) K
could by cooled below 4 K in less than 2 seconds. The highest cooling efficiency, however, was measured for a beam velocity of 1 mm/s. After 3.7 s an
ensemble temperature of 2.2(8) K with 1.62(7) % of the initially loaded ions
was measured. This corresponds to an increase of phase-space density by
three orders of magnitude (see Figure 32) and the temperature is already far
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below 10K, which is the lowest translational temperature for anions, typically
achieved in cryostat multipole rf traps [19].
The differential equations 71 and 72, describing the ensemble dynamics
for a fixed beam position, can be transferred to the forced evaporation
by introducing a time-dependent
laser beam position along the axial axis

Φ x, z, 0, (4mm − vstage t) . The dashed lines in Figure 30 correspond to the
numerical solutions of the derived differential equations. However, the temperature evolution is modeled quite accurately, the ion loss is underestimated
in all four measurements, which suggests that an additional loss mechanism
has to be taken into account.
This can be explained by ion-ion collisional rf heating. As introduced in section 2.1.1 the radial confining potential is generated by the fast oscillating
motion in the inhomogeneous field of a multipole trap. In the adiabatic approximation, the ions motion can be separated into a secular motion inside
a ponderomotive potential. However, a collision in this potential can transfer
energy from the driving field into the secular motion. The effect of atom-ion
collisional rf heating has been discussed in section 2.1.2.4 about the initial
helium buffer gas pulse, and it is plays a major role in the following chapter
about sympathetic cooling by a heavy ultracold buffer gas, section 4.1.
In this section, although there are no atoms to collide with, but ion-ion collisions can also perturb the trajectory of an ion in the trap and therefore lead
to heating. Traditionally, this heating rate is approximated by a mean energy
transfer per ion-ion collision [95, 96]:
Qii = νii ēhVeff i,

(74)

where νii is the ion-ion collision rate (see equation 67) and ē is the mean
relative energy exchange per collision. The temperature change, due to ionion collisions, in this system can be therefore described by the following
differential equation:
  
3
1
Ṫ =
T ēνii ( T ).
(75)
7
3
The unknown parameter ē was determined separately by a heating measurement, shown in Figure 31. The ions were initialized by a helium buffer gas
pulse, the potentials ramped down and afterwards, the ions were kept in the
octupole trap for various storage times. The solid line represents a numerical
solution of equation 75 fitted to the data point, with ē and the initial temperature as free parameters. The derived mean relative energy exchange per
ion-ion collision is ē = 0.045(6).
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Figure 31: Ion-ion rf heating. Shown as solid points is the temperature evolution of
the ion ensemble after the initialization process. The solid curve represents the fitted numerical solution of equation 75 with ē and the initial
temperature as free parameters. The curve corresponds to a mean relative
energy exchange per ion-ion collision of ē = 0.045(6).

Including the ion-ion rf heating in equation 71, results in the numerical solutions shown as solid lines in Figure 30. Introducing the ion-ion heating term,
explains the observed additional ion loss and completes the thermodynamic
model, describing photodetachment cooling of anions in any multipole trap.
Note that relative to the cooling term, both heating terms become smaller with
increasing pole order.
The range of validity and the cooling efficiency can be described by two dimensionless parameter, the Coulomb coupling constant Γ and the relative
phase-space density. The first one represents the nearest-neighbor Coulomb
energy to the thermal energy:
Γ=

e2
Ec
=
,
Eth
4π hr iWS kB T

(76)

with hr iWS being the Wigner-Seitz radius, which is the mean inter-particle
distance. In a weakly coupled plasma, Γ  1, the thermal energy is much
larger and the Coulomb interaction can be treated as a two-particle ion-ion
collision, as discussed above. For a Coulomb coupling parameter close to unity
the Coulomb potential generated by neighboring ions can not be ignored
anymore and the developed thermodynamic model breaks down. For Γ > 2
the ion cloud reveals phenomena as liquid-like behavior and for Γ = 178 one
can observe a liquid-solid phase transition into a Coulomb crystal [97, 98].
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Figure 32: Dimensionless parameters to benchmark the cooling efficiency. a,
Coulomb coupling parameter and b, relative phase-space density corresponding to the measurements (solid points) and the model solutions
(solid curves) shown in Figure 30.

Figure 32 a shows the Coulomb coupling parameter corresponding to the
measurements shown in Figure 30 and as solid lines the model including the
heating rate. The largest increase was measured for the beam velocity vstage =
1 mm/s. The ensemble of molecular anions was initialized at Γ = 0.00035(4)
and it was increase by forced evaporative cooling to Γ = 0.06(5). This value is
already quite close to the point, when the nearest-neighbor Coulomb potential
becomes relevant. Figure 32 b shows the relative phase-space density. As the
phase-space density represents the number of ions in a volume in space and
momentum (D = Nρλ3 ), it is a good measure for the efficiency of the cooling
process. The efficiency and pace of cooling is limited by three timescales, the
thermalization rate, the evaporation rate and the heating rate:
• The thermalization rate describes how fast the energy is distributed over
the whole ensemble. If the evaporation rate exceeds the thermalization
time, the ions are spilled out of the trap, without an increase in phasespace density.
• The evaporation rate describes the light-induced loss rate. If the laser
beam moves in faster than the high energy ions are removed, the relative
cut-off energy drops and consequently the cooling rate.
• The heating rate, due to ion-ion interaction, is limiting the cooling process,
due to a reduced cooling efficiency and therefore to a higher ion loss to
cool the ensemble.
Most efficient cooling was observed for vstage = 1 mm/s and decreasing efficiency for slower beam velocities, which can be explained by the introduced
heating rate. In the solutions without the heating, the slowest beam velocity
was most efficient. The fastest beam velocity, vstage = 2 mm/s, was limited by
the finite beam intensity, available at the experiment, and therefore limited
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by the evaporation rate. This limitation, however, could be circumvented by
increasing the photodetachment laser power.
If one recalls the ion-ion thermalization rate, equation 67, one sees that it
depends on the product of the phase-space density and the Coulomb logarithm. In the example of the vstage = 1 mm/s- measurement the Coulomb
parameter dropped by a factor of 3, where as the phase-space density increase
by multiple orders of magnitude. Thus, the thermalization rate increases with
the cooling, which would allow us to increase beam velocity, if the evaporation
rate is high enough.
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Figure 33: Modeled evolution of the Coulomb coupling parameter to illustrate runaway cooling. The red and the green curves correspond to the modeled
dynamics for 1 mm/s and 2 mm/s, respectively (see Figure 32). The
black line is the solution of an exemplary accelerated cooling scheme,
explained in the text. The inset shows the beam position as a function
of photodetachment time. The markers represent the residual fraction of
initially loaded ions.

Here, an exemplary case is discussed. Starting with the same initial ion ensemble as in the measurements. The relative cut-off energy is kept constant.
Simultaneously the laser beam intensity is adapted such, that the evaporation
rate is always 10% of the thermalization rate. This way the models assumption
are not violated, and a high cooling efficiency is reached. Figure 33 shows
in green (vstage = 1 mm/s) and red (vstage = 2 mm/s) the Coulomb coupling
parameter for constant beam velocity until only 1% of the ions are left. These
curves are similar to the ones, representing the measured data in Figure 32.
The inset illustrates the laser beam position as a function of photodetachment
time.
Now in this exemplary case the cooling rate is adapted to the thermalization
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rate, which results in an acceleration of both. Starting with the same initial conditions as in the measurements above, the self-accelerating regime is reached
in less than 1 second. This behavior is called runaway cooling and is known
from forced evaporative cooling of ultracold atomic gases [99].
The measurements presented in this chapter have shown, that forced evaporative cooling via photodetachment is a powerful tool to reduce the translational
temperature of, in principle any anionic specie in a multipole trap by several
orders of magnitude in a short time. The prospect of reaching the runaway
regime promises even higher cooling efficiencies and opens up a new regime,
to cool anions into the cold regime. The ion-ion rf heating has been identified as an additional heating term in the thermodynamic model, which
well-represents the measured data. With increasing rf trap pole order, both
heating terms become smaller with respect to the cooling one, which allows
more efficient evaporative cooling. Since the final anion temperature only
depends on the final laser beam position, forced evaporative cooling via photodetachment provides the possibility to prepare anion samples over a vast
temperature range. It is therefore ideal for collision energy-dependent reaction measurements, as performed up to now in merged beam [18], crossed
beam [17] and cryogenic multipole trap [20] experiments. Furthermore, in the
prospect of anion laser-cooling, a pre-cooled anion ensemble in ultra-high
vacuum is needed [32, 57]. The technique of forced evaporative cooling via
photodetachment shown here does not involve the typically used cryogenic
buffer gas for anion cooling and thus, is an ideal tool to efficiently prepare a
pre-cooled anionic sample in ultrahigh vacuum conditions.

4
S Y M PAT H E T I C C O O L I N G V I A A N U LT R A C O L D
BUFFER GAS
Sympathetic cooling describes the technique, in which two trapped species
are overlapped, one of them is directly cooled via an established cooling
technique, the other one is then cooled "sympathetically" via elastic collisions
with the colder specie. For cations, it was experimentally demonstrated for
198 Hg+ co-trapped with laser-cooled 9 Be+ ions [100] and also shown for neutral particles in a mixture of two 87 Rb spin states, where one of the two states
is evaporatively cooled [101]. A hybrid atom-ion system like in Heidelberg,
which combines molecular anions and laser-cooled atoms, this technique allows to not only sympathetically cool the translational degree of freedom, but
it also provides the ability to quench vibrational and rotational motion, which
was successfully demonstrated for atom-cation systems, as BaCl+ [102]. For
anions, the state of the art is cooling with a cryogenic buffer gas. However, the
key limitation to the final ion temperature attained is the temperature of the
buffer gas. Thus, choosing a buffer gas with a lower temperature, for example,
laser-cooled buffer gas would sympathetically cool the anions to much lower
temperatures. First experiments for anions co-trapped with laser-cooled atoms
were done in an earlier version of the HAITrap setup used in this work [47].
The cooling principle of an ultracold atom cloud overlapped with the ion of
choice appears to be simple, but it is surprising that the ions do not thermalize
to the buffer gas temperature, which was already discussed in 1968 by Major
and Dehmelt [59]. The thermalization process of an ion in the ponderomotive
potential of an rf trap differs from a particle in a conservative potential. The
time-averaged confinement in the rf trap is created by a time-dependent force,
which can lead to heating in case of a collision, even with a neutral particle in
rest.
The ions’ motion inside a rf trap has been discussed in chapter 2. In the
following section 4.1, the influence of a neutral-ion collision on this motion
is further described. The heating collisions yield a non-thermal steady-state
energy distribution, which distinguishes itself by a high-energy power-law
tail, numerically predicted by DeVoe [103] and also analytically calculated for
an ion in a Paul trap and a homogeneous buffer gas distribution [50, 51]. In
previous work in the HAITrap group in Heidelberg, the theoretical calculations
were further developed, including multipole ion traps and inhomogeneous
buffer gas clouds [49, 48]. A brief discussion of these numerical calculations
and the derived steady-state energy distribution for our system are given in
section 4.1.1. In the course of this work, the model was further developed to derive the dynamical cooling behavior into the non-thermal steady-state energy
distribution. Section 4.1.2 details the changes to the previously established
theoretical model and shows the temporal evolution of the energy distribution
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into the steady-state. However, this model does not include ion loss channels,
which are energetically accessible for the two systems, Rb-O− and Rb-OH− .
Section 4.2 discusses the observed loss channels for the co-trapped Rb-OH−
and Rb-O− systems, which can be attributed to reactive and photodetachment processes. For both systems the reaction rate coefficients are determined,
which allow us to completely describe the evolution of ion temperature and
ion number for sympathetic cooling of O− and OH− by ultracold rubidium in
a quasi-static approximation.
Section 4.3 shows sympathetic cooling measurements depending on the relative overlap between the coolant and the anions. The results are well-described
by a thermodynamic model, including the ion-ion heating rate introduced in
chapter 3.

4.1 elastic atom-ion collisions inside a rf trap
An elastic collision is best described in the center of mass frame (COM). The
velocities of both collision partners are given by their relative velocity and the
velocity of the COM:
vCOM =

m i vi + m a va
,
mi + ma

(77)

where ma and va are the mass and the velocity of the atom, respectively. mi
and vi are on the other hand the mass and velocity of the ion, respectively,
which can be expressed by the COM and the relative velocity.
ma
(78)
vi = vCOM +
(vi − va ) .
ma + mi
If an elastic collision occurs, the center of mass velocity remains unchanged,
whereas the relative velocity vector is rotated:
ma
vi0 = vCOM +
R(Φ, Θ) (vi − va ) ,
(79)
ma + mi
where R(Φ, Θ) is a rotation matrix, including the polar Φ and the azimuthal
angle Θ. However, in a rf trap the ion motion consists of the macro- and
the micromotion, which are separable, due to their different time scales, see
section 2.1.1: vi = vi,d + vi,rf .
Since the time-averaged drift motion, vi,d , represents the ion’s translational
velocity in a ponderomotive potential, to understand the cooling dynamics
it is imperative to determine the change of this velocity via a collision. In
this picture, the system is transferred into a frame, where the micromotion is
attributed to the atoms. Here, the ions move with vi,d in an effective potential,
Veff (r ) and the atoms have an effective velocity, va,eff = va − vi,rf , taking the
micromotion into account. Assuming that in the short period of time of a
0 ), the ion’s final drift
collision, the rf motion remains unchanged (vi,rf = vi,rf
velocity after the collision can be expressed in a similar way as equation 79 in
the COM frame:
mi vi,d + ma va,eff
ma
0
vi,d
=
+
R(Φ, Θ) (vi,d − va,eff ) .
(80)
mi + ma
ma + mi
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In this effective atom velocity frame, one can attribute an effective mean energy
to the atoms:

1
1
h Ea,eff i = ma hv2a,eff i = ma hv2a i + 2hva vi,rf i + hv2i,rf i .
2
2

(81)

Since the atom velocity and the rf motion are not correlated, the middle term is
zero. For a thermal atom cloud, the first term can be expressed by the thermal
energy. The mean energy stored in the rf motion is given by the effective
potential (see equation 13):
3
h Ea,eff (r )i = kB Ta + ξVeff (r ),
2

(82)

where ξ is the atom-to-ion mass ratio.
Figure 34 illustrates the effect of the driving rf field on an atom-ion collision
in a radio frequency trap. The upper panel a, shows the ion trajectory zoomed
in at the radial turning point, at which the micromotion is the largest. The
polarity of the electric quadrupole field is represented by gray/white background and the resulting direction of the force is illustrated by red arrows.
The exemplary ion trajectory is shown in blue. The dashed line represents
the time-averaged drift motion. Without a collision, the ion is following the
unperturbed trajectory, shown in gray. The event of a head-on collision, when
the electric field polarity changes, is shown at the black dashed line. The ion
gains a lot of energy, although, in this example the neutral collision partner
with the same mass is in rest. The collision results in a completely stopped ion,
which afterwards, is accelerated outwards by a full period of the electric field.
The resulting macromotion amplitude is increased and hence the ion’s translational energy as well. This heating effect is also known, as buffer gas rf-heating.
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Figure 34: Elastic head-on collisions in a rf trap. a, the blue line represents an
ion trajectory close to the turning point of the macromotion. At point
t = 12.5π/ω s, the ion is colliding head-on with a neutral of the same
mass at rest, leading to an increase in the macromotion amplitude (dashed
blue line). The gray trajectory represents the unperturbed ion motion.
The gray/white background color illustrates the polarity of the electric
field, inducing a force in the direction of the red arrows. The lower panels
b, d, and f, show the zoomed out trajectory, colliding at the same point
in time (black dashed line) with b, a helium atom in rest, d, a neutral of
the same mass, similar to the upper panel and f, with a rubidium atom
in rest. c, e, and g, show for the same mass ratios, an exemplary cooling
collision close to the trap center.

The lower left panels, b, d and f, in Figure 34 illustrate the dependency on the
mass ratio of the colliding atom and ion, derived in equation 80. For a lighter
collision partner, the ion is slowed down, but not stopped, which results in

4.1 elastic atom-ion collisions inside a rf trap

a smaller heating effect. However, while colliding with a collision partner of
higher mass, the ion experiences a recoil and the heating effect is increased.
Whereas d shows the before-mentioned example of equal masses, b illustrates
the reduced heating effect of OH− colliding with a helium atom in rest and
f shows the increased heating for rubidium as a collision partner. The lower
right panels, c, e and g, show for the same mass ratios the final ion trajectory
after a collision closer to the trap center. For equal masses, the momentum
exchange is the most efficient, whereas the heating effect for collisions at
larger radii is smaller for lower coolant masses. Already Major and Dehmelt
estimated a critical atom to ion mass ratio of ξ ≈ 1 above which the rf collision
lead to a net heating and loss from the trap [59]. In previous work of the
Heidelberg group the critical mass ratio was generalized for multipole rf ion
traps [49]:
ξ crit (n) ≈ 1.5(n − 1),

(83)

where n is the ion trap pole order.
Since the cooling dynamics are not trivial, a numerical model to derive the final
steady state energy distribution of an ion in an atom cloud has been developed
within this group in earlier works [104, 84]. In the following section, the
numerical model is discussed and the steady state energy distribution of our
system is shown. In course of this work, the model has been further developed
to simulate the temporal evolution into the steady state and therefore derive
the amount of collision required to reach this energy distribution.

4.1.1 steady state distributions
The following model to derive the ion’s final steady state energy distribution
is based on these assumptions:
• A single ion is stored in an infinitely long rf trap of the n’th order. Thus,
Coulomb interaction between multiple ions is neglected. Furthermore
the influence of axial confinement is not taken into account.
• The timescales of macro- and micromotion are separable, as before
mentioned in the adiabatic approximation (see section 2.1.1).
• The collision scattering rate is velocity-independent and can be described
by the classical Langevin capture model.
• The time between consecutive collisions is large, compared to the timescale
of the macromotion.
In contrast to a full trajectory simulation, the probability of a collision at a
radius r is calculated as following:
pcoll (r )dr = ρa (r ) pi (r, Ei , L, n)dr,

(84)

where ρa (r ) is the atom density distribution and pi (r, Ei , L, n) the probability
to find a single ion at the radius r for a given ion energy Ei and angular
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momentum L in the radial plane. n is the trap order.
In the calculation of the steady state energy distribution, the final ion velocity
in radial and axial direction after the collision is calculated via equation 80
and saved. The atom velocity is randomly derived from a three-dimensional
thermal distribution with an atom cloud temperature of Ta = 200 µK. The
relative velocity is then calculated by the kinetic energy of the ion at the
collision radius and the sampled atom velocity vector. The micromotion phase
is chosen randomly between 0 ≤ φrf ≤ 2π and therefore determines the micromotion velocity at the time of the collision. Finally the scattering angles
can be chosen randomly between 0 ≤ Φ ≤ 2π and 0 ≤ Θ ≤ π, weighted with
the isotropically distributed angular probability, predicted in the Langevin
picture of a classical elastic atom-ion collision. With these sampled collision
parameter a new set of ion properties are generated, which represent the
new starting conditions for the next collision calculation. To derive the steady
state energy distribution upto 106 of these collisions are computed and saved.
The energies derived after all the collision are then binned, resulting in an
energy distribution. The first 5000 collisions are not taken into account, to
remove any thermalization effect into the steady state. Since not every collision
has the same probability to happen in the given time, the final energies are
weighted by the likelihood of the collision, which is given by time between
two consecutive collisions:
 Z

τ = 1/ kel ρa (r ) pi (r, Ei , L, n)dr ,
(85)
where kel is the elastic collision rate coefficient, derived from the Langevin
model [89].
Note, that the velocity-independent collision rate coefficient is a simplification,
since in a more complete description the atom-ion collision is treated by
expanding the wave-function into partial waves, which contribute to the
total elastic collision cross section. For many partial waves, the elastic cross
section scales with the collision energy like σ ∝ E−1/3 [90], which results
in an energy dependent collision rate. In previous calculations the partial
wave approximation and the simpler Langevin model have been compared. It
was shown that for both the final energy distribution and the relaxation rate
the elastic collision cross section derived from the Langevin model is valid
[105, 50].
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Figure 35: Final steady state energy distributions for different atom-ion mass ratios
and ion trap pole orders, expressed in the thermalicity parameter ζ,
equation 86. The calculated energy distributions can be separated into
three regimes, depending on the thermalicity parameter. The dashed line
represents the energy distribution of a thermal ion cloud at the atoms’
temperature, Ta = 200 µK. Adapted from [49].

Figure 35 shows the final energy distributions for different mass ratio and ion
trap configurations. The atom distribution is chosen to be homogeneous with
a temperature of T = 200 µK.
A parameter combining the two collision properties, the mass ratio ξ and pole
order n, is the "thermalicity" parameter:
ζ=

3n − 1
.
3n − 1 + 2ξ

(86)

It is defined as the ratio between the thermal energy of the atoms and the
effective atom energy, given by equation 82.
Based on the thermalicity, the shown energy distributions can be separated in
three regimes:
Boltzmann regime: For high pole orders and low atom to ion mass ratios,
the thermalicity is ζ ≈ 1 and the influence of the micromotion is largely
suppressed. Thus, in limit ζ → 1 the energy distribution converges towards a
thermal distribution in a conservative potential.
Power law regime: In the intermediate regime, the micromotion becomes relevant compared to the atom’s thermal energy. While the thermal energy remains
constant with increasing ion energy, the effective potential is proportional to it.
Thus, the probability to gain energy from the micromotion remains constant
and therefore multiple consecutive heating collisions can lead to an exponential increase in the ion’s energy. This behavior is known to cause power law
distributions.
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Localization regime: With decreasing the thermalicity, the collisions lead to a net
heating and therefore to an ion loss out of the trapping potential. Localization
of the atoms to a volume in the trap center limits the maximum effective atom
energy. Thus, in the region of high energy gain, there are no atoms anymore.
In the HAITrap experimental setup, the coolant rubidium is about five times
heavier than O− and OH− . In a Paul trap this would result in a thermalicity
parameter of ζ ≈ 0.33, which is far in the power law regime. Combined atomion trapping is only possible with a localized buffer gas cloud. For an octupole
trap, however, the thermalicity is sufficiently high, ζ ≈ 0.53.
Figure 36 shows the final energy distribution for the HAITrap experimental
setup, including the rf voltage and frequency used. The black line, represents
the Boltzmann energy distribution in a conservative trap, whereas blue and
orange sold lines include the driving micromotion for a homogeneous and
a localized buffer gas cloud, respectively. The width chosen for a localized
Gaussian shaped atom cloud is the typical cloud size in the experiment. One
can see, although, a heavy sided energy distribution is expected, the mean
energy, represented as dashed lines, of h Ei i = 3.23 · 10−5 meV is only about 2
times larger than the Boltzmann distributed one, h Ei i = 1.44 · 10−5 meV. The
localization of the atom cloud leads to a small drop of the probability at larger
energies, which is negligible in the cooling process.
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Figure 36: Normalized final energy distribution for OH− anions, trapped in an
infinitely long octupole rf trap (n = 4). The rf voltage U and rf frequency
ω is chosen to be the same as in the experimental setup. The blue line
represents the final energy distribution for a homogeneous buffer gas
cloud and the orange line shows the distribution for a localized Gaussianshaped atom cloud with a width of σa = 0.3 mm, which is the typical
width, used in this work. The black line illustrates the thermal energy
distribution at Ta = 200 µK. The dashed lines represent the mean energy
of the shown distributions.
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4.1.2 thermalization behavior towards steady state
In the previous section, the interest was the steady state distribution and the
collisions relevant for the thermalization were ignored to make the final steady
state independent of the initial starting conditions. However, for the interest
of efficient sympathetic cooling, it is important to know how fast this steady
state is reached. The existing model has been altered to derive the change for
a set of ions in time. The initial ion distribution was chosen to be a thermal
distribution in the ponderomotive potential of a n’th order multipole trap:


1
1
Ei
2 + n −1
exp −
p( Ei ) ∝ Ei
.
(87)
kB T
From this distribution, derived by applying the virial theorem, a set of initial
ion energies are sampled. Following section 4.1.1 for each ion a random collision is calculated and saved. This way, the evolution of the whole ion set
is calculated after every ion undergoes one collision. The newly determined
energy distribution is then used to calculate the next collision. Since the likelihood of collisions differs depending on their energy and velocity direction,
the time of free flight time between two consecutive collisions is computed
by the Langevin collision rate of each single ion in the atom cloud, similar to
equation 85.
Figure 37 shows the evolution of OH− anions in an octupole trap, overlapped
with a localized atom cloud. The trap and atom cloud parameters are similar
to the previously shown steady state solution in Figure 36. An energy set of
105 ions were sampled from a thermal distribution at Ti = 370 K. The binned
initial energies are shown as gray solid points in the inset of Figure 37. The
gray dashed line corresponds to the normalized thermal probability distribution the initial ion energies were sampled from. After every collision, the
energy of each single ion was stored until 250 collisions were reached. Taking
the time of free flight between consecutive collisions into account, the number
of collisions is transferred into a time. Figure 37 shows in blue the evolution of
the mean ion energy as a function of time. The black dashed line corresponds
to the steady state mean energy calculated for 106 collisions in this system.
The corresponding energy distribution is also depicted in the inset as a dashed
black line. The red line, however, is illustrating the Boltzmann distribution at
the atoms’ temperature Ta = 200 µK. Multiple energy distributions during
the thermalization process are shown in the inset as points, corresponding
to the initial sample ions and the energy distribution after 10, 25, 50 and 100
collisions. After 10 collisions, the mean energy dropped by a factor of 22,
while after 25 collisions the mean energy is already reduced by three orders of
magnitude.
In our system about 100 collisions are needed to fully converge to the calculated steady state energy distribution calculated in section 4.1.1.
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Figure 37: Evolution of the mean ion energy as a function of time, corresponding to
the number of collisions. The dashed lines represent the mean energy of
the energy distributions shown in the inset. The colored enlarged points
correspond to the energy distributions shown in the inset. The calculated
energies after a collision are binned in time and energy. The initial distribution corresponds to a thermal distribution with Ti = 370 K, shown as
dashed gray line in the inset. The sampled initial energy distribution is
depicted as gray points. The black dashed line represents the mean energy
of the steady state energy distribution for 106 collisions, also shown in
the inset. The red dashed line corresponds to the thermal distribution at
the atoms temperature Ta = 200 µK.

In Figure 34, illustrating the collisions in a rf trap, one can see that the cooling
dynamics are dominantly dependent on the mass ratio between the coolant
and the ions. For the three different mass ratios, depicted in the previously
shown figure, the cooling dynamics were calculated upto the 100’th collision.
Figure 38 shows the evolution of the mean energy for these three systems. As
expected, the final mean energy depends on the mass ratio. For the heavier
atoms, it is the largest, and for the helium case it is the lowest and resembling
to the thermal distribution. The cooling efficiency is the highest for equal
masses, since the momentum exchange is more efficient, as illustrated for a
collision close to the trap center in Figure 34.

4.2 reactive atom-ion collisions
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Figure 38: Evolution of the mean energy as a function of time for the three mass
ratios, which are used to illustrate the collision of an ion with a neutral
particle in an rf trap, see Figure 34. The calculated dynamics correspond
to homogeneously distributed rubidium (blue), neutral of equal mass
(orange) and helium atoms (green). The dashed lines represent the final
mean energy of the steady state calculations for 106 collisions.

4.2 reactive atom-ion collisions
It was established in section 4.1, that for efficiently cooling anions in a rf trap,
a sufficient number of elastic collisions are required. However, anions tend
to lose their additional electron during reactive collisions, leading to an ion
loss. These ion losses prevent the cooling of anions, as they cannot undergo
sufficient collisions to reach their steady state temperatures/energies.

4.2.1 associative detachment reaction: oh − and rubidium
Theoretical studies on the Rb-OH− system show that reactive collisions leading
to an ion loss are likely to occur [106, 107]. The dominant reaction path for the
ground-state rubidium atom is associative electronic detachment (AED). In
the case of rubidium and the closed shell OH− molecule, the collision partners
form an intermediate reaction complex, which binds the additional electron
via dipole forces. However, if the dipole of the complex becomes too small, the
excess electron is lost and the neutral rubidium hydroxide molecule is formed:
Rb(2 S) + OH− → RbOH + e−

(88)

The reactivity of this collision is reduced by steric effects, since only in a small
angular space of the collision, it is possible that the dipole drops below the
critical value, required to bind the excess electron. In the before mentioned abinitio calculations, the reaction rate constant is predicted to be 4.2 · 10−10 cm3 /s,
which is an order of magnitude lower than the classical Langevin atom-ion
collision rate constant of the ground state kL,2 S = 4.3 · 10−9 cm3 /s.
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Since the detachment process happens when the collision partners are close
together and the dipole moment is small, the calculations mentioned are
strongly dependent on the effective core potential used to model the rubidium
atom. Figure 39 shows the potential energy surfaces (PES) calculated using
three different rubidium effective core potential. A crossing between the PES
of the anionc and the neutral rubidium hydroxide complex corresponds the
the inter-particle distance, at which the dipole of the molecule is to small to
bind the excess electron. It is shown, that the relative energy needed to reach
the crossing is strongly the dependent on the atom core approximation. Thus,
by measuring the reaction rate coefficient accurately, one is able to benchmark
different models for the description of the rubidium atom.

Figure 39: Potential energy surfaces (PES) for a ground state rubidium atom approaching the OH− molecule co-linearly on the oxygen side. The dashed
curves correspond to the anionic, the solid curve to the neutral rubidium
hydroxide complex. The crossing of the dashed and the solid curves,
gives the inter-particle distance, at which the excess electron is lost. The
colors illustrate the different effective core potentials used to calculate the
PES [106].

However, in the HAITrap experiment the atoms are stored in a magnetooptical trap, which leads to a fraction of atoms being in an excited electronic
state, Rb(2 P). The energy stored in the excited state opens up new exothermic
reaction paths:
Rb(2 P) + OH− → RbOH + e−

(89)

Rb(2 P) + OH− → Rb− + OH

(90)

The reaction rate coefficient for the excited rubidium entrance channel is
theoretically expected to be close to the coefficient derived from the classical
capture model kL,2 P = 7.2 · 10−9 cm3 /s, which results in a drastically high loss
rate. To suppress the number of excited rubidium atoms, the magneto-optical

4.2 reactive atom-ion collisions

trap is set up in a darkSPOT configuration, which allows to control and reduce
the ratio of excited to ground state atoms (see section 2.2.2). This ratio can be
estimated by measuring in the absorption imaging only the atoms still in the
bright state or the total atom number, by a repumping pulse before the imaging. This characterization process is explain in detail in section 2.2.3. With the
number of atoms in the bright state, the cooling light intensity and frequency,
the number of excited atoms can be estimated by the atom-light scattering
rate, equation 35. The ratio between bright state and total atom number in
this work is typically 30% and the cooling light intensity 36 mW/cm2 . For a
frequency detuning of 12 MHz the excited state fraction is estimated to be
about 10%.
To characterize the loss of OH− anions, due to reactive collisions with rubidium atoms, a loss measurement was performed. Figure 40 illustrates the
experimental measurement procedure. After the initialization method of the
ion ensemble is completed, the atom cloud is loaded by switching on the necessary cooling light. The ion and the atom cloud are concentrically overlapped,
leading to a loss of ions. The ion number and temperature were measured
by extracting the ions after a certain interaction time with the atoms. At the
same time an atom cloud characterization measurement was performed, via
saturation absorption imaging (see section 2.2.3), to derive the atom cloud size
and density.
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Figure 40: Procedure of reactive loss measurements. a, schematic representation of
the experimental measurement cycle. The ion initialization includes the
loading, the thermalization to the helium buffer gas and the potential
manipulation. Subsequently, the atom cloud is loaded concentric to the
ion distribution. After a certain interaction time, the atom cloud is characterized via saturation absorption imaging and the ions are extracted to
the detector. b, the blue region shows the ion distribution measured via
photodetachment tomography. The red distribution illustrates the typical
extent of the atom cloud.
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As explained in section 2.3.1 the collision rate can be expressed by a reactive
collision rate coefficient kr and the overlap integral between the atom and the
ion cloud:
Ṅ = −kr N

Z

na ( x, y, z, t)ρi ( x, y, z, T ) dxdydz − νbgr N,
|
{z
}

(91)

Φia ( x,y,z,t)

where ρi ( x, y, z, T ) is the temperature-dependent normalized ion distribution
and na ( x, y, z, t) the time-dependent atom distribution. νbgr = 0.009(1) s−1
is the ion trap’s background loss rate and Φia ( x, y, z, t) is called the timedependent atom-ion overlap.
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Figure 41: Measured evolution of atom density and OH− anion temperature. a,
shows the atom density as a function of time after the loading started.
The atom density is fitted by an exponential loading curve, yielding
a loading time of τload = 0.95(3) seconds. b, OH− anion temperature
measured via the time of flight thermometry method. The solid line
represents a linear interpolation between the measured data.

Figure 41 shows the measured evolution of the atom cloud density and the
ion temperature as a function of interaction time of both species. The timedependent overlap integral is calculated, corresponding to section 2.3.1, with
the determined atom density loading time τload = 0.95(3) seconds and the
atom with growing time τgrowth = 0.14(5) seconds. By plugging this timedependent overlap into equation 91 and fit the numerical solution to the
measured ion number, one can derive the reaction rate coefficient kr .
Figure 42 shows the normalized measured ion number, corresponding to
the measurement of the atom cloud loading and ion temperature depicted
in Figure 41. The ion number drops within the 2 seconds interaction time
of both specie to 20% of the initially loaded number of ions. The ion loss
is therefore much higher than the loss expected from the low background
loss rate νbgr = 0.009(1) s−1 , which was determined by an additional measurement shown in the inset. The blue solid line corresponds to fitted the
solution of the differential equation 91 with a reaction rate coefficient of

4.2 reactive atom-ion collisions

kr = 9.0(2) · 10−10 cm3 /s. This value is about five times smaller than the collision rate coefficient, derived from the Langevin model for the ground state
kL,2 S = 4.3 · 10−9 cm3 /s and the excited state kL,2 P = 7.2 · 10−9 cm3 /s. Thus, in
this system there will be about an average of four elastic collision before a
reactive loss collision occurs.
This high loss rate will limit achieving the final energy possible via sympathetic cooling of OH− by rubidium, since the mean energy calculated in the
previously mentioned numerical model drops in four collisions only be about
a factor of four.
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Figure 42: Measured loss of OH− anion, due to reactive collisions. The detected ion
number normalized to the initially loaded number of ions are shown
as blue points. The blue solid line corresponds to the fitted numerical
solution of the differential equation 91, yielding the reaction rate coefficient kr = 9.0(2) · 10−10 cm3 /s. The inset shows the determination of the
background loss rate without an overlapped atom cloud. The solid line
corresponds to a fitted exponential decay function, with a background
loss rate of νbgr = 0.009(1) s−1 .

Regarding the comparison to the ab-initio calculations, the measured reaction
rate coefficient is slightly lower than the calculated reaction rate coefficient
for an excited state fraction of 10%, ktheo = 11.3 · 10−9 cm3 /s. In a systematic
measurement, the excited state fraction was changed over a large range. This
way, a ground state reaction rate coefficient of kgs = 0.85(7) · 10−9 cm3 /s and
for the excited state kes = 2.1(4) · 10−9 cm3 /s was measured. Note, that theses
reaction rate coefficients are calculated and measured for high relative collision
energy (T ∼ 300 K). In comparison to the theoretical predictions, the ground
state reaction rate coefficient is two times larger, whereas the excited state
reactivity is reduced, hinting at the presence of other stabilization processes at
play. However, the discussion of these reaction dynamics are not included in
the scope of this thesis.
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4.2.2 detachment loss channels of o −
The reactivity of the Rb-O− system on the other hand differs completely from
the OH− case, because the excess electron is valence bound in the RbO−
complex. Similar to other alkali-monoxide anions, accessible states of the
RbO− complex, from the ground state entrance channel, are expected to be
stable against autodetachment [108]. Thus, the reaction rate coefficient for
O− and rubidium is expected to be much smaller compared to the OH− – Rb
system.
Similarly to the measurement performed for OH− , the atom loading curve
and the temperature dependency on the interaction time between atoms and
anions are shown in Figure 43.
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Figure 43: Measured evolution of atom density and O− anion temperature. a, shows
the atom density as a function of time after the loading started. The atom
density is fitted by an exponential loading curve, yielding a loading time
of τload = 1.40(8) seconds. b, O− anion temperature measured via the
time of flight thermometry method. The solid line represents a linear
interpolation between the measured data.

Since the radial potential is mass dependent (see section 2.1.1), the photodetachment tomography benchmark measurement to determine the trapping
potential has also been performed for the O− anion:
VO− ( x, y, z) =1.86(10) · 10−15 J/m2 · z2 +

+ 5.2(5) · 10

−3

6

2

(92)
2 3

J/m · ( x + y ) .

The transition frequency of the cooling light, required for the magneto-optical
trap (780 nm), is below the photodetachment threshold for O− (849 nm). Thus,
an additional loss channel opens up. The MOT beams are much larger than
the ion cloud, therefore the light intensity can be treated as constant for all
positions in the ion trap. Hence, the cooling light has no evaporative heating
or cooling effect on the anions’ energy distribution, as discussed in chapter 3.
The photodetachment loss can be treated as an additional background loss.

4.3 anion cooling in a hybrid atom-ion trap

Figure 44 shows two measurements, in blue the anion loss as a function of
interaction time with the atoms and in black the same measurement configuration is shown, including the cooling light, but without any atoms loaded.
The photo-induced background loss rate is fitted with an exponential loss
function, yielding a loss rate of νbgr = 0.211(1) s−1 . The fitted loss curve is
shown as a solid black line. The blue line corresponds to the fitted solution
of the differential equation 91, including the additional background loss and
the trapping potential for O− . The reaction rate coefficient is determined to be
kr = 1.56(3) · 10−10 cm3 /s, which is about six times less than for the molecular
anion OH− and about 30 times smaller than the Langevin collision rate. Thus,
the cooling of O− is expected to be more efficient than for OH− .
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Figure 44: Measured loss of O− anions, due to reactive collisions with the atoms and
photodetachment via the magneto-optical trap cooling light. The black
points represent the measured ion number normalized to the initially
loaded ions without atoms, but with the cooling light switched on. The
black solid line corresponds to a fitted exponential decay, with a loss rate
of νbgr = 0.211(1) s−1 . The blue points show the normalized detected ion
number with the same cooling light configuration, but with loaded atoms.
The blue line corresponds to the fitted numerical solution of equation 91,
yielding a reaction rate coefficient of kr = 1.56(3) · 10−10 cm3 /s.

4.3 anion cooling in a hybrid atom-ion trap
For the description of the sympathetic cooling dynamics, the ion-ion collision
rate is essential. In Chapter 3 it was discussed, that with cooling the ions,
the ion-ion self-thermalization rate increased drastically, which leads to a
redistribution of the ions’ energy. To quantify the dynamics, a thermodynamic
approach is developed in section 4.3.1. Since the loss behavior for O− and
OH− differs tremendously, the cooling dynamics are expected to differ as
well. In section 4.3.2, the cooling of both species is presented. For both anions
the cooling dynamics are measured for five different atom cloud positions,
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to change the relative overlap between the ion-atom clouds and derive the
influence of the relevant collision rates in the system.

4.3.1 thermodynamic description of anion-atom collisions
Similar to the model describing the evaporative cooling in chapter 3, one
assumes a high ion-ion thermalization rate, compared to any other relevant
rate, as the ion-atom elastic and the ion-atom reactive collision rate. Thus, the
ion ensemble can be described in a quasi-static picture, by its mean energy.
In the simple case of a gas with a thermal energy h Ei i, thermalizing to a
heat bath, with a constant thermal energy h Ea i, particles collide and energy is
transferred. The change in energy is then described by the rate of collisions
Ṅcoll , the mean relative energy exchange ∆E
and the difference in the mean
E
energy of the two gases:


∆E
Ṅcoll (h Ea i − h Ei i) .
(93)
h Ėi i =
E
The mean relative energy exchange per collision is dependent on the mass
difference and is determined by averaging over all possible collision angles in
∆E
equation 79, yielding ∆E
E Rb-OH− = 0.2778 and
E Rb-O− = 0.2666.
The atom-ion collision rate coefficient can be derived from the Langevin
capture model, which when multiplied with the atom-ion overlap integral
yields the collision rate:
Ṅcoll = kel

Z

ρi ( x, y, z)na ( x, y, z)dxdydz.

(94)

The Langevin scattering model is a valid assumption, since the collision
energies discussed here, are far above the regime in which only a few partial
waves contribute to the collision cross section [105, 50].
Similar to the single particle description in section 4.1, one can transfer the
ions’ micromotion to the atoms, resulting in a radius-dependent effective mean
atom energy:
3
h Ea,eff (r )i = kB Ta + ξVeff (r ).
2

(95)

The effective atom energy the ions see depends on the position of the atom
cloud with respect to the ion ensemble. As well as the mean kinetic energy
of the ions at that position. The change in the total energy of the ions, due to
collisions with localized atom cloud, is then given as:

Z
∆E
h Ėi,tot i = kel
(96)
[h Ea,eff ( x, y)i − h Ei,kin ( x, y, z)i]
E
ρi ( x, y, z)na ( x, y, z)dxdydz.
In the case of an ion ensemble in an octupole trap, the mean total energy is
derived from the virial theorem h Ei,tot i = 73 kB T. The mean kinetic energy is
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derived from the mean total energy and and the mean potential energy the
ions have at the position of the atom cloud. Combining this, with the atoms’
effective energy from equation 95 gives the following change in mean total ion
energy, or temperature:


 

 Z 
∆E
7
3
3
Ṫ = kel
kB Ta + ξVeff ( x, y) −
kB T − VO− ( x, y, z)
7kB
E
2
3
(97)
  
3
1
ρi ( x, y, z, T )na ( x, y, z, t)dxdydz +
T ēνii ( T ),
7
3
 
including also the ion-ion heating rate Ṫheat = 73 13 T ēνii ( T ), which was
introduced in chapter 3 in equation 75. The change in the ion loss is described similar to the reactive loss measurement, however, this time the ion
temperature is coupled to the differential equation 97:
Ṅ = −kr N

Z

ρi ( x, y, z, T )na ( x, y, z, t)dxdydz − νbgr N.

(98)

With a measurement of the atom cloud’s position and the evolution of the
cloud’s density and size, the two coupled differential equations can be solved
numerically, providing a full thermodynamic description of the sympathetic
cooling dynamics in an octupole rf trap.

4.3.2 sympathetic cooling of o − and oh − via ultracold rb
The cooling measurements were performed similarly to the experimental
measurement procedure to determine the reaction rate coefficient, see Figure 45
a. The initially loaded ∼ 1000 ions are thermalized to about 370 Kelvin. The
trapping potentials are ramped down to a trap offset of 30 volts. The time
used to prepare the potential is sufficiently long to also pump out the helium
buffer gas, reaching a vacuum of 10−9 mbar. The atom cloud density and size,
as well as the ion number and temperature were measured as a function of
interaction time between both clouds. These measurements were performed for
different atom cloud positions along the axial trapping direction, as illustrated
in Figure 45 b for a typical atom cloud width of σa = 0.3 mm. The atom cloud
was shifted axially by an additional homogeneous magnetic field, generated
by a coil placed outside the trapping chamber. In radial direction both clouds
were placed concentrically to the ion trap center.
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Figure 45: Experimental measurement procedure for sympathetic cooling of O− or
OH− . a, schematic representation of the experimental measurement cycle.
b, blue region shows the axial ion distribution measured via photodetachment tomography, fitted by a Gaussian function. The red Gaussian
function illustrates a typical atom cloud distribution, displaced from
the ion cloud center by ∆z. c, the blue points represent the ions’ radial
distribution measured via photodetachment tomography. The atom cloud
is positioned concentrically to the ions in the radial plane. The shaded
gray areas represent the wires of the octupole trap.

Figure 46 shows the sympathetic cooling of O− anions via elastic collsisions
with ultracold rubidium atom in a darkSPOT configuration. a shows the
evolution of ion temperature determined via time of flight thermometry
and b the normalized detected number of ions. The black points represent
a background measurement without any atoms, but with the cooling light
switched on. The colored points show the cooling measurements for different
MOT positions. With larger distance between the cloud centers, the cooling
is slower and an offset occurs. This can be explained by a smaller overlap
and with cooling the ions and the resultant shrinking of the ion cloud, the
two clouds separate. In the two measurements, in which the two clouds are
almost overlapped concentrically, ∆z = −0.3 mm and ∆z = 0.38 mm, the
ions are cooled down within three seconds to a temperature of 30(2) Kelvin,
34(2) Kelvin respectively.
The solid lines are the evolution of ion temperature and ion number calculated
via numerical integration of the coupled differential equations 97 and 98,
starting with the initially determined ion temperature and ion number at
t = 0 s. The evolution of the atom cloud parameters are for each measurement
fitted with exponential loading curves and included as the time-dependent
atom density in the two differential equations 97 and 98. In the case without
atoms, the solution is shown in black and is essentially the ion-ion rf heating
and the photodetachment loss. Thus, similar to the thermodynamic model for
the evaporative cooling, in this model all parameters can be predetermined
and the equations of evolution are numerically solved.
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Figure 46: Temporal evolution of a, the O− ions’ temperature and b, the normalized
ion number. The colored points correspond to the ion temperature and
number measured as a function of interaction time with the atoms for
different atom cloud positions ∆z. The black points are measured without
atoms, but the cooling light switched on. The solid lines correspond to
the numerical solution of the coupled differential equations 97 and 98,
taking the initial ion conditions and the atom cloud loading into account.

While the measured data of the outer-most MOT positions is modeled quite
well, for smaller distances between the two clouds, one can see large deviations
in the temperature. These deviations can be explained by a high ion-atom
elastic collision rate, which leads to a contradiction of our initial assumption
that the ion-ion thermalization rate is always higher. Figure47 a and c shows
the behavior of the three relevant collision rates in the system for the atom
cloud position ∆z = −0.3 mm and ∆z = 1.16 mm. The collision rates are
determined for the measured conditions for each interaction time of the two
clouds, as following:
νth =

ne4 log Λii
p
,
12e02 π 3 m(kB T )3

νel = kel

νr = kr

Z

Z

(99)

ρi ( x, y, z, t)na ( x, y, z, t)dxdydz,

(100)

ρi ( x, y, z, t)na ( x, y, z, t)dxdydz,

(101)

where νth is the ion-ion self-thermalization rate, νel the atom-ion elastic collision rate and νr the atom-ion reactive collision rate. The solid lines shown in
Figure 47 a and c are a guide to the eye. One can see, that for a small distance
in panel a the atom-ion elastic collision rate and the ion-ion thermalization rate
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increase with cooling the ions. Since they are of the same size, the assumptions
of both models introduced break down. In the model in section 4.1, describing
only atom-ion elastic collisions, the ion-ion thermalization is ignored, whereas
in the thermodynamic model, the ion-ion thermalization rate is expected to be
much larger than any other rate. The non-thermalicity can also be seen in the
measured TOF distribution. In panel b, one can see deviations from the fitted
Gaussian distribution, which one expects for a thermal ion distribution before
the extraction. Note, that the given temperatures in Figure 46 correspond to
the TOF width derived by the Gaussian fit and the non-thermalicity of the
distribution is not taken into account.
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Figure 47: Relevant collision rates in the Rb-O− system for two different atom
cloud displacements. a, ion-ion thermalization rate and atom-ion collision
rates for ∆z = −0.3 mm. b, time of flight distribution after the longest
interaction time with the atoms t = 3 s at ∆z = −0.3 mm. c, relevant
rates for ∆z = 1.16 mm. d, time of flight distribution after the longest
interaction time with the atoms t = 5 s at ∆z = 1.16 mm.

On the other side, for the displaced atom cloud, the ions and atoms separate
with the cooling of the ions. Thus, the overlap shrinks and therefore the elastic
collision rate. Panel d shows the measured TOF distribution after 5 seconds
interaction time, which is well-represented by the fitted Gaussian function.
Therefore, one can expect that the ions undergo complete thermalization before the extraction. Also shown is, that the reaction rate is small compared to
the other two rates, which means that the assumptions of the thermodynamic
model are valid. The reaction rate is small compared to any other rate. Thus,
evaporative effects, due to energy-selective reactions, can be neglected. The
major loss channel of this system is due to photodetachment loss via the atom
cooling light. Both loss channels can be suppressed by replacing the currently
used magneto-optical trap by a far-red-detuned dipole trap. The dipole trap
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provides a cloud of only ground state atoms. Thus, reactive losses are most
likely suppressed. A dipole trap is operated with photon energies far-below
any possible electronic transition. A typical wavelength of a rubidium dipole
trap laser is 1064 nm and therefore, way below the photodetachment threshold
of O− .
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Figure 48: Temporal evolution of a, the OH− ions’ temperature and b, the normalized ion number. The colored points correspond to the ion temperature
and number measured as a function of interaction time with the atoms
for different atom cloud positions ∆z. The solid lines are a guide to the
eye.

Figure 48 shows the sympathetic cooling measurements of an OH− anion
ensemble overlapped with the atom cloud at similar positions, as previously
shown for the O− measurements. The thermodynamic model is not depicted
in these graphs, because the high loss rate leads to a drop of the thermalization
rate, contradicting the model’s assumptions. The solid points represent the
measured ion temperature and number, the lines are a guide to the eye. One
can observe that the cooling behavior changes completely, compared to the
previously shown results for O− . The measurement at ∆z = −0.28 mm levels off at 340(15) Kelvin for an initial starting temperature of 397(16) Kelvin,
while for the largest distance between both clouds the cooling is more efficient, resulting in a final OH− temperature of 135(8) Kelvin. This different
cooling behavior can be most likely attributed to the high reaction rate between rubidium and OH− . When the ions and atoms are almost overlapped
concentrically in the trap center, the reactive collisions between OH− ions and
Rb atoms result in the loss of low energy ions to drop or ’spill’ out of the
trap. Due to the loss of low energy ions, the temperature is limited far above

79

80

sympathetic cooling via an ultracold buffer gas

100 K, which was the expected mean energy after four elastic collisions, see
Figure 37. For a larger displacement of the atom cloud, the elastic collisions
first sympathetically cool the OH− anions, due to which the ion cloud shrinks
and is separated from the atom cloud. Thus, reducing the overlap and the
reactive losses. Additionally, the reactive spilling of ions can lead to a removal
of high energy ions, resulting in a colder ion ensemble.
Sympathetic cooling of negatively charged ions by a heavy ultracold buffer
gas has been shown experimentally, for the first time, by these two sets of
measurements. The results show the influence of different loss channels on
the anion cooling dynamics. The reduced reactive rate between Rb and O−
favored the cooling of O− species, which was the dominant loss channel for
the molecular anions, OH− , and hindered the cooling of OH− anions to lower
temperatures. The major and limiting loss channel of O− is the photodetachment by the cooling light of the magneto optical trap. The measured cooling
dynamics are well-described by a thermodynamic model, as long as the ion-ion
thermalization rate is larger compared to any other relevant rate. One also
has to include the rf field induce micromotion, accounted for in the effective
mean atom energy [49, 51]. As previously mentioned, the loss channels in the
Rb-O− can be suppressed by the introduction of a dipole trap instead of an
magneto-optical trap. Nevertheless, in the case of OH− , the high reactivity of
the rubidium ground state with OH− is limiting the cooling even though the
atoms are trapped in a dipole trap. However, there are alkali and earth-alkaline
OH− systems, for which a suppressed ground state reactivity is predicted
[107]. The suppression of the reaction loss channels would not only allow to
push the frontier of translational cooling far below the Kelvin range, it opens
up the opportunity to efficiently cool the internal degrees of freedom. While
for the Rb-OH− system the state-changing collision rate are in the same order
as the reactive collisions, no internal cooling is expected [21]. However, by
the right combination of anion-atom species, the reactive loss channels can be
suppressed, providing a technique to cool also the internal degrees of freedom
far below the state-of-the-art, as seen for hybrid systems involving cations
[41, 42]. The internal cooling allows to perform high-precision photodetachment spectroscopy, yielding detailed information about the internal structure
of anionic and neutral molecules [24, 27, 28].

5
S Y N O P S I S O F H Y B R I D AT O M - I O N T R A P P I N G
As early as 1968, Major and Dehmelt postulated that the thermalization behavior between an atom and an ion in a radio frequency (rf) trap and therefore,
the cooling of ions by a cold buffer gas, is not trivial [109]. They introduced
the critical atom-to-ion mass ratio, which they estimated to be ξ crit ≈ 1 in a
linear Paul trap. Above this critical mass ratio, the collisional induced energy
transfer between the rf motion and the drift motion leads to a net ion heating
and ion loss. If the atom is lighter than the ion, the ion becomes colder. However, the radio frequency heating still prevents the ions to thermalize to the
atoms’ temperature [74, 103, 105, 110]. Lower temperatures could be achieved
with the development of multipole rf ion traps, most notably the 22-pole trap
[62, 64]. The advantage of these traps is a large field-free region in which the
rf motion amplitude is small and therefore, the heating is reduced. Buffer gas
cooling via cryogenic helium in these kind of multipole radio frequency traps,
is the state-of-the-art cooling technique for negatively charged particles. With
this technique, translational temperatures of 10 Kelvin are reached [19]. Due
to the close encounter in a collision between a neutral and a molecular anion,
also the rotational degrees of freedom are cooled [25, 26]. It has been observed
that the lowest rotational temperature is about 20 Kelvin, when the translation
temperature is 10 Kelvin [111].
The buffer gas cooling via collisions with cryogenic helium is limited by the
temperature of the coolant. With the emergence of laser cooling a new type of
buffer gas is provided, ultracold atoms [36]. The combination between rf ion
traps and laser cooled atoms have been successfully demonstrated in a variety
of experiments for positively charged ions [40, 39, 112]. For instance, single
ions were immersed in a degenerate Bose gas [113, 114], molecular cations
cooled via collisions with ultracold atoms [44, 42, 37] and reaction dynamics
at low relative energies [44, 45, 46]. Furthermore, sympathetic cooling was
shown with ultracold buffer gas atoms heavier than the cooled cationic specie,
as Cs-Rb+ (ξ ≈ 1.5) and Rb-K+ (ξ ≈ 2) [115].
First experiments with anions were performed, combining OH− , stored in a
octupole wire trap, with a magneto-optical rubidium trap [47]. The octupole
wire trap combines the advantages of reduced rf heating and the optical access
required for the atom trap. These first measurements didn’t show cooling
of OH− but they showed that associative detachment reactions can occur in
the presents of both species. However, the loss rate has been estimated to be
sufficiently small compared to the cooling collision rate and that it can be even
reduced by implementing a dark spontaneous-force trap (darkSPOT), which
allows for higher atom densities and a lower ratio of excited state to ground
state atoms.
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These first measurements triggered theoretical investigations on the final
steady-state ion energy distribution in such multipole traps, combined with
a heavy buffer gas [48, 49]. The major result of these studies, is a general
formula for the critical mass ratio in a n’th order pole trap, ξ crit = 1.5(n − 1),
and that this critical mass ratio can be overcome by localizing the atom cloud
in an ion trap region of low rf amplitude and therefore low rf heating. These
studies showed, that indeed the cooling of OH− anions by a heavy buffer
gas, as rubidium, should be possible, reaching energies close to the coolant’s
thermal energy.
In course of this work, the picture of sympathetic cooling of OH− via collision
with ultracold rubidium in a darkSPOT could be completed. It was found that,
OH− anions are sympathetically cooled best, when the atom and the anion
cloud centers were displaced by 1.54 mm. The lowest final anion temperature
measured is 135(8) K. The plasma discharge source also allowed to produce O−
anions. In the case of these anions co-trapped with ultracold rubidium atoms,
the cooling behavior is reversed. For O− , the lowest temperature measured is
30(2) K, when the atom and ion cloud are almost concentrically overlapped.
The different dynamics are attributed to the dissimilar loss channels of the
anions. The loss channels in both atom-anion system were identified and
quantified. For OH− , there is a reaction path with rubidium in the ground
state, which leads to a high reactivity between the coolant atoms and the
anions. With the determined reaction rate coefficient, the number of elastic
collisions before an anion loss is estimated to be four, which is far lower than
previously estimated. The limited number of elastic collisions explains the
rather high resultant temperature of the anions. For concentrically overlapped
clouds, low energy anions are more likely to get spilled out of the trap, which
works against the cooling mechanisms and explains the improved cooling
behavior for larger cloud displacements.
The reactivity of O− is lower, since there is no ground state reaction path
energetically accessible and the number of excited state rubidium atoms are
reduced in the darkSPOT configuration of the atom trap. Another loss channel
opens up for O− , due to photodetachment via the atom trap cooling light.
This loss channel limits the atom-ion interaction time, but it does not have an
influence on the energy distribution, since the laser beams are much larger
than the ion distribution. For high ion-ion thermalization rate, the cooling dynamics are well-represented by a thermodynamic model, assuming an elastic
collision rate coefficient derived from the classical Langevin capture model
and an effective mean atom energy, including the atoms’ thermal energy and
the ions’ position dependent micromotion.
Although, the cooling is limited in both systems, Rb-O− and Rb-OH− , the
limitations have been identified and they can be circumvented in future experiments.
The loss channels of O− can be suppressed by the implementation of a rubidium dipole trap. A far-red-detuned dipole trap has three major advantages,
compared to a darkSPOT. Firstly, the atoms in a dipole trap are in their elec-
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tronic ground state. Thus, the excited state reaction channel is closed. The
second advantage of a dipole trap is that, it is operated with far-red-detuned
light, which has a lower photon energy than the detachment threshold and
therefore, the photodetachment loss channel is also closed. This allows for
a sufficient number of elastic collisions to reach the cold regime. The third
advantage is, that in a dipole trap higher atom densities can be reached and
therefore the atom-ion collision rate is increased.
In the case of the molecular anion OH− , a transfer to a dipole trap would not
improve the cooling, since the ground state reactivity is still about a quarter
of the elastic collision rate. The neutral alkali hydroxide is stabilized during
the reaction, when the dipole moment of the reaction complex becomes too
small to bind the excess electron. Since this associative detachment process between the ground state atom and the closed-shell molecular anion happens at
short inter-particle distance, the reactivity is strongly dependent on the alkali
atom. Ab-initio calculations predict, that for other alkali species, as lithium,
sodium and potassium, the associative detachment channel is suppressed
[107]. The lower coolant to anion mass ratio is an additional advantage in the
terms of cooling. Alternatively, ultracold alkaline earth atoms also provide a
closed ground state associative detachment loss channel. A suppression of
the loss channel would not only allow to cool a diatomic molecular anion to
translational temperatures close to that of the coolant’s, as seen for cations
[41, 42], it would also enable the study of internal state-changing collisions
[26, 88], and their influence on the quenching of an molecular anion’s internal
motion. High-precision photodetachment spectroscopy on cold molecular anions can resolve the internal structure of the anionic and the neutral molecule
[116, 117, 27]. Furthermore the control over the molecular anion’s internal
degrees of freedom, enables studies of the reactive dynamics depending on the
internal quantum state [44, 118]. Near-threshold photodetachment of anions
have also been proven to be valuable tool to prepare transition-states, studying
transient species in course of a chemical reaction[23].
Regarding future experiments in the HAITrap setup in Heidelberg, a fascinating feature of the plasma discharge source used in this experiment is
that, in addition to O− and OH− , also OH− with additional water molecules
attached to the anion are produced. The production of theses hydrated anions,
OH− (H2 O)n , were characterized in a Master thesis up to the eight order (n = 8)
[72]. Theoretical calculations have shown that the additional water molecules
stabilize the excess charge and with increasing order n, the reaction path resulting in RbOH− (H2 O)n−1 and H2 O becomes more and more suppressed, due
to steric effects [119]. A detailed reaction measurement would give insights
into the reactive dynamics of the rubidium and hydrated anion systems with
increasing order n or structural complexity.
Another molecular anion, which awakens interest, is C2− , because it provides
several stable electronic states, which could be used for laser cooling, and
it is assumed to be part of the formation of larger carbon based anions in
space [17]. Calculations predict that the rubidium ground state C2− reaction
path is closed and that also the inelastic collision rate is in the order of the
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Langevin rate, which allows for sufficient cooling of the internal degree of
freedom [120]. Since the rethermalization, due to the black body field in a
homo-nuclear diatomic molecule is hindered, it should also be possible to
prepare ground state molecules. An interesting point, from an experimental
physicist’s point of view, is that the existence of stable electronic states, opens
up the possibility to probe the anions via fluorescence imaging, which is, in
comparison to the shown time of flight thermometry or the photodetachment
tomography, a non-destructive diagnostic method.
In the course of the collision dynamic measurements the question arose,
if a position dependent loss and therefore a potential energy dependent loss
would lead to evaporative cooling or heating effects. Inferring from these
thoughts, the idea to induce ion loss via photodetachment shaped up. Surprisingly, forced evaporative cooling via photodetachment had been proposed
already more than 30 years ago [54], but it has never been experimentally
demonstrated up to now. This thesis presented the forced evaporative cooling
of molecular anions, OH− , to a final temperature of 2.2(8) Kelvin in less than
4 seconds. It was shown, that with the reduction of the thermal energy by a
factor of about 150, the phase space density was increased by more than three
orders of magnitude and the anionic cloud was pushed towards a regime, in
which the inter-particle Coulomb interaction becomes dominant, compared to
the thermal energy (Coulomb coupling parameter Γ & 1).
In order to describe the measured data, a thermodynamic model was introduced in this work. Due to the infinite-range of the Coulomb interaction
between the ions, the self-thermalization rate is high, even for low ion numbers,
which allows to describe the system in a quasi-thermal picture. The theoretical
model yields two coupled differential equations describing the evolution of
ion temperature and ion number dependent on the interaction time with the
photodetachment laser light.
Solutions of the differential equations of evolution could be numerically calculated with a precise characterization of the trapping potential and the ion
density distribution, via time of flight thermometry and photodetachment
tomography, respectively. The measured experimental data for a static photodetachment laser beam position are well-represented by the introduced
model. However, for a moving laser beam, deviations between the predicted
and the measured ion number were observed. This additional loss is attributed
to an energy-dependent heating rate, identified as ion-ion radio frequency
heating. The thermodynamic model was extended by an additional term describing the energy gain per ion-ion collision. The mean relative energy gain
was measured by a separate measurement, completing the two differential
equations of evolution without any fitting parameter. The extended model
well-described the observed results for forced evaporative cooling of anions
via photodetachment with a far-threshold laser beam.
Since the theoretical model reproduces the data very well, it enables to identify
the prospects of this technique. It has been shown, that a runaway evaporation regime can be reached by increasing the photodetachment laser beam
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intensity and an accelerated beam movement. A higher photodetachment laser
beam intensity improves the evaporation efficiency, and prevents the relative
cut-off energy from dropping with inward movement of the laser beam. With
cooling of the ions the thermalization rate increases drastically, because the
background loss out of the radio frequency trap is negligible. Therefore, the
cooling rate can be increased without decreasing the efficiency.
Another future prospect of this technique is the co-trapping of multiple anions.
Since in a radio frequency trap it is possible to trap multiple species at the
same time, one can sympathetically cool one specie via collisions with the
evaporatively cooled other one, e.g. co-trapped O− and OH− . The photodetachment threshold of O− is lower, thus, O− can be cooled evaporatively, while
OH− is only influenced by Coulomb collisions, not the photodetachment light.
The final temperature attained would depend on the laser beam position. Thus,
the energy can be varied over a range of multiple orders of magnitude, providing a great deal of control and tunability over the system. This measurement
technique is ideal to study temperature dependent reaction dynamics of, in
principle, any anion specie interacting with ultracold atoms.
In this thesis, two new approaches for cooling anions were discussed, which
pushed the frontiers of interaction of trapped anions with photons and atoms.
With consideration of the relevant rates, these techniques can be applied, in
principle, to a large variety of anionic species, thus providing vital insights
into the field of anion trapping and cooling in rf traps.
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