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Abstract

In recent years, improved control of the motional and interal quantum
states of ultracold neutral atoms and ions has opened intaghg possibili-
ties for quantum simulation and quantum computation. Manybody e ects
have been explored with hundreds of thousands of quantumegimerate neu-
tral atoms and coherent light-matter interfaces have beenuit. Systems of
single or a few trapped ions have been used to demonstratevansal quantum
computing algorithms and to detect variations of fundamemtl constants in
precision atomic clocks. Now in our experiment we investigathow the two
systems can be advantageously combined. We immerse a singigped Yb*
ion in a Bose-Einstein condensate of Rb atoms. Our hybrid $gt consists of a
linear RF-Paul trap which is overlapped with a magnetic trapand an optical
dipole trap for the neutral atoms.

A rst synergetic e ect is the sympathetic cooling of the trgpped ions to
very low temperatures through collisions with the ultracal neutral gas and
thus without applying laser light to the ions. We observe thedynamics of
this e ect by measuring the mean ion energy after having an itnally hot ion
immersed into the condensate for various interaction timesvhile at the same
time monitoring the e ects of the collisions on the condensa. The observed
ion cooling e ect calls for further research into the possility of using such
hybrid systems for the continuous cooling of quantum compeits.

To this end a good understanding of the fundamental interaiin processes
between the ion and the neutrals is essential. We investigathe energy de-
pendent elastic scattering properties by measuring neutratom losses and
temperature increase from an ultracold thermal cloud of Rb.By compari-
son with a Monte-Carlo simulation we gain a deeper understdimg of how
the di erent parameters a ect the collisional e ects. Additionally, we observe
charge exchange reactions at the single particle level andasure the energy-
independent reaction rate constants. The reaction produstare identi ed by
in-trap mass spectrometry, revealing the branching ratioétween radiative and
non-radiative charge exchange processes.
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Introduction

In recent years, large improvements in the control of quanto systems both for ultracold
neutral atomic gases and trapped ions have been achieved.

The break-through event with neutral atomic gases has beemr@mplished in 1995 with
the rst creation of a Bose-Einstein condensate (BEC) of alti atoms [1,[2]. This novel
state of matter exhibits non-classical behaviour such as er uidity [3, 4] and long range
coherence]5,16]. Being a quantum degenerate gas, it is waltexd to study non classical many-
body e ects [7]. Also, the system is a promising candidate togoform quantum simulation [8,
9], and coherent light-matter interfaces have been built Q1[11].

Traps for few or single ions, which can con ne electricallyharged particles for extended
times, have rst been developed in 1958 12, 113]. The long pping times allow for vari-
ous precision measurements such as the investigation ofigéions of fundamental constants
with precision atomic clocks[][14], 15]. Also, trapped ion sy&is are an auspicious candidate
to perform quantum computation [16, 17/ 18], fundamental qantum logic gates have been
demonstrated [19/20, 21, 22], and a complete set of operasdor scalable ion trap quantum
information processing have been implemented in a singlestssm [23].

Until before this work, single ions and quantum degenerate g@s have only been treated
separately. Here, we investigate how these two systems candalvantageously combined into
one such hybrid system. It has been anticipated that the conmmtion of the two systems could
allow continuous immersion cooling of trapped ions to verpow temperatures[[24] 25] or the
local manipulation of a quantum degenerate gas using a siagiarticle probe([26]. The general
expectation is, that by combining two such advanced constient systems, the synergies should
be manifold, adding new experimental possibilities to eadf the two systems and additionally
generating new e ects. In April 2009, we have successfullyeated the rst overlap between a
single trapped ion and a Bose-Einstein condensate and we dabserved sympathetic cooling
of the ion by the Bose-Einstein condensaté [27]. Moreoverewave used the ion to measure
local properties within the ultracold gas and have investaged chemical reactions at ultralow
energies and at the single particle level [28]. Related exmeents with ions and cold neutral
atoms are also being conducted by other groups [29) 30] 31fanore are currently being set
up.

For the quantum gas, the introduction of an impurity can havedramatic e ects. In su-
perconductors for example, impurities can profoundly a dcthe system's properties, both in

11



12 INTRODUCTION

conventional [32/°33] and high-transition-temperatureé @ superconductors. The distinguisha-
bility of the impurity can be used to detect structures withn the medium it is immersed in.
In liquid helium for instance, vortex lattices have been olesved by using charged particles
as markers|[[3b]. For a trapped ion immersed in a quantum gagasning probe microscopy
technigues have been suggested|[26] 36]. Also, the ion cowdulsed to locally manipulate the
quantum gas [[37]. For future investigations of quantum maér in combination with impuri-
ties, the degree of available control over the impurities isrucial. In this regard, the trapped
ion system is highly promising.

For the trapped ion, the presence of an ultracold bath is expted to lead to sympathetic
cooling [24,38]. Immersion cooling has previously been sessful with polar molecules [39]
and nanomechanical resonators [40]. Moreover, it has beeaegticted that even internal degrees
of ionic molecules could be cooled by an ultracold neutral §@1]. Further, the entanglement
between properties of the ion and the neutral atoms$ [42], pbly leading towards hybrid
atom-ion quantum processors can be thought of. Also, the combd system might allow the
study of decoherence of single, locally controlled impuieis in a quantum environment/[43, 44].

Collision processes between ions and neutral atoms at loweegies play a decisive role in
cold and ultracold chemistry. They have previously not beestudied in detail experimentally,
and they are essential to understand the physics in our hylrisystem. E cient sympathetic
cooling relies on elastic collisions occurring at much high rates than inelastic processes.
The interaction between an ion and a neutral atom is dominateby the long range induced
dipole potential, which decays with internuclear separatn to the fourth power. Therefore,
the collision cross-section is considerably larger thanrfthe case of scattering between two
neutral atoms [45]46]. In a classical picturé [47], colleis can be divided into two regimes. If
the impact parameter is larger than a critical valudy,, the particle trajectory is only slightly
de ected, leading to forward scattering. These collisionkave only a negligible e ect on
sympathetic cooling of the ion. However, if the impact paranter is smaller than the critical
value by, the particles approach each other to very close distancestiithey get re ected by the
hard-core potential. These trajectories are de ected alnsd uniformly into any direction and
lead to signi cant energy transfer between the colliding péicles, see Figl, and are therefore
responsible for sympathetic cooling. Also, since the par&s get very close during the collision,
such that their electronic wavefunctions overlap signi catly, inelastic processes are expected.
The classical cross-section for the close encounter cadiis can be de ned by = b2, with the
critical impact parameter b, = (2 C,=E.)***. This leads to an energy-independent collision rate
constant, which results in simpli ed system behaviour, wioh has been used for example in ion
mobility spectrometry [49]. Alternatively, the quantum medanical description of the collision
process predicts an energy dependent collision rate, asnvolves both forward scattering and
close-encounter events. At very low collision energies, @re only few partial waves contribute,
the interaction strength might become tunable with atom-ia Feshbach resonances |50,/51].

Inelastic collisions involve charge exchange [52, 24] 48, 54,[51/55], spin exchange ]24]
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Figure 1: Classical trajectories in theC, potential [48]. The Langevin cross-section accounts
for all trajectories with an impact parameter smaller thank, = (2 C,=E.)** (red), while
forward scattering (blue) is neglected.

and formation of molecules[[56], which lead into the eld of Itracold chemistry [57]. In
neutral atomic systems, at ultralow temperatures, atom-nlecule coherence in dimers_[58],
the formation of trimers [59], and polar molecules [60] haugeen observed. Molecular ions
have the advantage that they can be trapped for long times, lalving to perform precise
measurements on them, such as mass spectromelry [61,62 /6B[65]. lon-neutral chemical
reactions are also thought to play an important role in expiaing the composition of the
interstellar gas [66]. So far, such chemical reactions habveen investigated between trapped
ions and a hot neutral gas |67, 62, 63]. Due to both reactanteing at ultralow temperatures,
the new hybrid system might open the way to control the chemat reaction paths on the
quantum level.

This thesis describes measurements we have conducted on tiesv hybrid system with
a Yb* ion immersed in a®’Rb Bose-Einstein condensate. In chaptérn 1 and chaptgr 2 the
experimental setup is described. Chaptér 3 introduces ahé methods which have been used
in the experiments. Chaptef# discusses the experimentastdts. They include the observation
of sympathetic cooling, e ects on the Bose-Einstein condsate, the in uence of micromotion,
and the measured rates and reaction channels of inelasticllisions. Chapter[5 describes
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the Monte-Carlo simulation which has been written to explai the experimental observations
with elastic collisions. The role of micromotion, the ion-autral mass-ratio and the applied
cross-section model are investigated.
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Chapter 1
Experimental Setup

This chapter gives an overview of our experimental apparasu The setup to create a Bose-
Einstein condensate will be described in brief. The ion trapith its speci ¢ features to tin
the hybrid system and our ion loading technique will be explaed, and the laser setup will be
introduced.

1.1 Bose-Einstein Condensate

We create Bose-Einstein condensates®Rb in a two compartment vacuum chamber, shown in
Fig.[L.1. The rst section of the vacuum chamber is used to magto-optically trap (MOT) [68]
the atoms from a background pressure of approximately 19mbar. This background pressure
is sustained by ring Rb-dispensers for about 20 s per exparental cycle of 80s length. The
loading of the MOT with 10° atoms takes somewhat more than 20s. Next, the magnetic eld

UHV chamber

MOT chamber

Figure 1.1: Section of the vacuum chamber showing the chamlue# the magneto-optical trap
(MOT) connected to the ultrahigh vacuum chamber (UHV) via a di erential pumping tube.
Stainless steel parts are shown in grey, windows are depatia blue.

15



16 CHAPTER 1. EXPERIMENTAL SETUP

is turned o to cool the atoms further in an optical molassesdr which the cooling light is
further detuned ( 6 ) and its intensity reduced. Then the atoms are optically pmped into
the F = 2; mg = 2 hyper ne state to con ne and compress them in a magnetic cadrupole
eld. The atoms are transported over a distance of 140 mm intthe second section of the
vacuum chamber by tuning the currents of three overlappingugdrupole coil pairs. This
second part of the vacuum chamber, connected to the MOT chambby a di erential pumping
tube, has a much lower background pressure of about 20 mbar. The lower pressure is
required to keep the atom losses, induced by collisions witte background gas, low during the
evaporative cooling process. A QUIC trap [69] is used to avoatom losses by nonadiabatic
spin ips. Evaporative cooling [70, 71] can be controlled thier with RF frequencies in the
range from 25MHz to 1 MHz, driving transitions between di erebh mg states, or by using
microwave frequencies between®GHz and 68 GHz, driving transitions between the di erent
F ground states, see Fig. 1l2. The evaporative cooling proses the magnetic trap takes
about 35s until the atoms start to Bose-Einstein condense. #&knatively, the atoms can be
loaded into an optical dipole trap shortly before they reaclquantum degeneracy, and the last
step of evaporation is then achieved by lowering the opticabn nement.

8’Rb - 5 2S1»

F=2

Figure 1.2: Zeeman levels of thf&Rb ground state. Evaporation is achieved either by applying
radio-frequency (red) to couple the di erent Zeeman levelsf the F = 2 hyper ne state, or by
applying microwave (blue) to couple to theF = 1 hyper ne state.

With the described apparatus we created our rst MOT in Novemler 2007 and the rst
Bose-Einstein condensate in April 2008. An experiment of quiam transport in a one-
dimensional system([72] has been setup and measurementeitgknainly by Carlo Sias, until
February 2009. The BEC setup, which has been described herdyoin brief, is explained in
more detail in [73].

In the meanwhile the ion trap has been set up and tested. Ourriarap design will be
introduced in the next section.
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1.2 lon Trap Design

We started designing our ion trap system shortly after the eation of our rst Rb-MOT in
November 2007. While Stefan Palzer has been responsible foe fplanning and building of
the laser system, to cool and probe the Yb ion (a short overviewill be given in section”1.4),
| have set up the ion trap with control electronics and softwa. The design of the trap and
its part of the vacuum chamber has been mostly complete by thend of 2007. Assembly
started in June 2008, after all parts had been manufactured delivered. By November 2008
we trapped our rst Yb ions in the test setup, which was not yet onnected to the vacuum
chamber of the BEC setup. In February 2009 we joined the two sems, the ion trap and the
BEC setup, to start the rst measurements of a single trappedon immersed in the BEC in
April 2009. In this section, the ion trap design will be desdnied, with a special focus on the
considerations required for combining the ion trap with théBEC apparatus.

1.2.1 Pseudopotential Approximation

The general equation of motion for a charged particle in thdextric eld E(*;t) is given by
mt= QE(¥1t) (1.2)

where m is the mass of the ion andQ its charge. According to Earnshaw's theorem, with
only static electric elds E(¥) no ions can be trapped. Nevertheless, in oscillating elds is
possible [[13,74] and a pseudopotential can be derived foetmotion of the ion (cf. [7/5/76]).
The electric eld is assumed to be oscillating with one freggncy 1 only and having a spatial
distribution described by Eq(¥).

E(t) = Eo(¥) sin( 11) (1.2)

Because of the oscillatory behavior of the eld the mean foecon the particle over one period
2= 1 is much smaller than the peak force in{1l1). Therefore onesasnes the positionr of
the ion to consist of a mean positior,, and an oscillatory deviation from the mean position
*

= fnt+ F (1.3)

The equation of motion [1.1) is then solved by[(1]3) with

£ = QmEO(:) sin( 1t): (1.4)

T
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The electric eld Ey(+) is linearly approximated by

" #
@Eo(¥
Eolf) = Eolrm)+ + 200 (15)
£=tm
Now the mean force on the ion over one oscillatory period=2 1 is calculated,
" #
D E D E
_ _ _ @o(1) QEo(t) .
F(fm)= F(® =Q E(® =Q ar om 2 (1.6)
= fm
With the usual convention
F(fm) = FU(tn) @.7)
the pseudopotentialU(+,) can now be de ned as
_ Q°E§(tm) .
U(fm) = am 2 (1.8)

This result of the pseudo potential approximation is for a geeral electric eld geometry and
the motion an ion exhibits due toU(*,) is usually termed secular motion.

1.2.2 Linear RF-Quadrupole Trap Potential

Figure 1.3: Schematic con guration of the trap electrodeg-our parallel rods de ne an electric
eld with a dominating quadrupole term in the centre of the trap. Two opposing rods are on
an oscillating electric potential (RF) the other two on groumnd (GND). The distance from the

centre of the trap to the surface of an electrode R.

In the linear Paul trap con guration, which we use in our expament, the electric RF
potential is de ned by four electrodes arranged as in Fig. 3, with the diagonally opposing
electrodes being on the same voltage. The applied voltageedence between the two diagonal
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electrode pairs isvy sin( 1 t). In the central region of the trap the electric potential ca then
be approximated by the quadrupole
Vo x? y? .
ft)= — c+ —— sin t 1.9
R (1) = 5 =2 (1) (1.9)
whereR is the distance from the centre of the trap to the surface of thelectrodex andy
are the coordinates pointing towards the electrodes, ang is the voltage amplitude between
the electrode pairs.c is equal to one for the con guration where one electrode pais set to
ground as shown in Fid. 1]3. Independent of this common modgthe relevant electric eld is

0 1

X
B9 = 0B yK (1.10)
0

In combination with equation (1.8) the corresponding pseupotential is

2v2
Q" Vo > XA +Yyh o (1.11)

Vi) = ImRre 2
2

This potential is harmonic in the region where the electric @ential ( +;t) can be assumed
to follow the quadrupole shape of EqQnl{1l9). The pure radidatap frequency in the absence
of any con nement along the axial direction is

I Vo

p T p%RZ—T (112)

Longitudinal con nement is obtained by adding a static eleitic quadrupole potential of the
form

V.
CJ;"L(Zz2 X2 y?); (1.13)
dec

with VgL typically being a voltage applied to some end-cap electraslevhich are separated
by a distancede.. In the combined ion trap potential U(¥y) + Q  static (fm), the longitudi-
nal con nement lowers the radial trapping frequencies, whh if exaggerated renders the ion
trap unstable. Additionally, electric potentials due to acamulated static charges present in
an experimental environment are likely to lift the degenexy between the two radial trap-
ping frequencies and also to rotate the main trapping axes awfrom the coordinate system
suggested by the trap electrode geometry.

static ('F) =

The description of the ion's motion in the RF-trapping eld is given here only in the
pseudo-potential approximation. A more exact descriptioms given by the solutions to the
Mathieu equations [74| 75, 76], which also provide informah on the stability of the ion trap
for di erent mass to charge ratios. A link between the pseudgpotential approximation and
the stability parametersa and g of the Mathieu equations will be given later in chapter]5.
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1.2.3 O set Fields and Micromotion

The presence of static charges or stray elds will also shifte position of the ion away from the
trap symmetry axis where the RF eld amplitude is zero and willead to excess micromotion.
To control it, electric compensation elds need to be applein the radial direction.

Micromotion is used here as a general term for any oscillayomotion of the ion at the
frequency t of the RF driving eld. In a homogeneous RF- eld, it is simplythe di erence
between the real ion position and its time average, of as de ned in Egn. (1.3). The amplitude
of that micromotion evaluates with Eqn.[1.4) to

1.14
2 (1.14)

’anm
Intrinsic micromotion is the micromotion the ion undergoesn a trap with perfect eld com-
pensation. Its amplitude is calculated by using the quadruge eld for Eq(+y) in Eqn. (I.14).
If the ion was at rest in the centre of the trapt,, there would be zero intrinsic micromotion.
However, in the presence of uncompensated static electridde the micromotion in the centre
of the trap is non-zero, and termed excess micromotion. Toauate its amplitude we rst
calculate the displacement +y, of the trap centre caused by the static o0 set eldEgget . In

its presence, the new trap potential is

Q?E{(fm)

U(tm) = Am 2
2

+ QEoset fm : (1.15)
In the special case where this o set term is
added to the linear quadrupole eld given in
(LI0), with Epset pointing in the radial di-
rection, the position of the minimum +,, of
U(r) shifts by

£ = 2m E'Oset %R4
mo — 2
Q Vo

(1.16)

. ) , which results in an excess micromotion am-
Figure 1.4: Numerically calculated ion tra-

. . . plitude of
jectories for compensated electric o set elds
(blue) and for an uncompensated eld (red). 2 Eowt R2
Se
The displacement of the ion trap centre +n, JBnme) = v (2.17)
0

is indicated by the green arrow. Field lines of

the RF-electric quadrupole are shown in grey. Note that the direction of &nne is the same
as the direction of Eyx(tm,), and not the di-
rection of Eg et -

For illustration of the secular motion and the micromotion,Fig.[I.4 shows two possible ion
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trajectories calculated by numerically solving the equatn of motion (I.1). In the rst case,

the applied electric eld is given by the RF-quadrupole wh# in the second case a static o set

eld is added, as in Egn.[1.I5). The centre of the RF- eld stgs in its position and the shift
tm, Of the trap centre can be seen, indicated by the green arrow.

Micromotion and in particular the excess micromotion play arucial role in the collision
dynamics between a trapped ion and an ultracold neutral ga3.herefore a good electric eld
compensation is essential. We apply compensation voltag#isectly to the RF-electrodes by
adding a DC-o set. The electronics required to do so will bexplained in sectiorZ.4, while the
method to detect excess micromotion and the procedure to apize the electric o set elds
will be described in sectiof 3]2. Observed e ects depending micromotion will be presented
in section[4 and explained in section 5.1.

1.2.4 BEC Compatible lon Trap Design and Assembly

The prerequisites set by the form of the previously installeBEC vacuum chamber and the
needed spatial access, to transport the neutral atoms intd¢ ion trap, for laser beams to set
up an optical dipole trap, and to do absorption imaging aftetime of ight have set a number
of constraints on the design of our ion trap. Also, we decided trst set up a small vacuum
chamber on its own, to test the ion trap separately, while athie same time being able to do
experiments with the BEC. This has set additional demands tthe design of the ion trap side
of the vacuum chamber and its supporting structure. Moreovethe condensation of a Bose
gas can only be achieved with a low vacuum background pressurequiring all the materials
of the ion trap being ultrahigh-vacuum (UHV) compatible. A speial loading procedure had
to be thought of, explained in sectiom 113, as the high tempeture, the Yb needs to acquire
a su cient vapour pressure for trap loading, also negativel a ects the UHV. The access port
to connect the ion trap setup to the UHV vacuum chamber is a CF35ange (seen in Fig. 1]1
on the right side of the UHV chamber). The distance from there tthe centre of the magnetic
trap, where the BEC can be produced, is about 100 mm. The acsg®ort has a square shaped
cross-section with a side length of 30 mm. The ion trap is motad on a copper holder with
a slightly smaller cross-section, see F[g.1.5. The ion trdpead needs to be centred on the
location of the BEC. To this end, the copper holder can be stesl, similar as a mirror holder,
with four adjustment screws on its one side. Copper has beesead as material for the holder,
to additionally provide e cient thermal and electrical grounding.

The ion trap head consists of the four RF-trap electrodes, éhtwo end-cap electrodes, and
pieces of ceramics, see Fig.11.6. The six electrodes are maden beryllium-copper, which is
much harder than copper but su ers less from oxidization whreexposed to air during assembly,
and with a similar electric and heat conductivity as copperAlso, it is non-magnetic, which
is important as the ultracold neutral atoms will be located yst a few 100 m away from the
electrodes. The ceramic parts are made from an aluminium ride (Shapal-M), with good
electrical isolation and heat conductivity properties, ad with a low dielectric constant and
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BEC Setup lon Trap Setup

UHV chamber_J \ Trap Head
— =1 * 16T S

& .
MOT chamber //
| Supporting structure
L lon chamber

Quadrupole Coils

Mu-metal shielding

BEC and lon Trap Setup joined

="

= >
?‘ L

W T T

Figure 1.5: The BEC chamber and the ion trap setup are rst shen separated (above), then
joined together (below). Note the special shape of the trapestrodes to enable imaging the
cold atomic cloud in time of ight (TOF). The BEC is brought into the ion trap from the left
side by changing the magnetic con nement elds, thus a magtie transport.

loss tangent. A compilation of the detailed material propdies of Shapal-M and other ceramic
materials considered for our setup, can be found in AppendixC

The shape of our RF-electrodes is inspired by the Innsbruclesign of blade shaped ion trap
electrodes|[[77]. To allow optical access to the neutral atenafter about 25 ms time of ight
(TOF), our electrodes need a clearance at the correspondipgsition. This is schematically
indicated in Fig.[1.5 with the TOF location, the actual shapeof the electrodes can be seen in
Fig.[I.G or Fig[1.T. The electrodes on the upper side have tkame clearance to keep the trap
symmetric. The four electrodes have a minimal distance of @6m from the trap symmetry
axis, which corresponds to the parameteR in Eqn. (I.9). Their knife edges are of cylindrical
shape with a radius of 100m. Along the horizontal or vertical direction, the gap betwese the
electrodes
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Figure 1.6: Shown is the ion trap head, in a) the four electr@d in their position, in b) the
end cap electrodes are added, in c) the ceramic sheet on thghtiside and the four ceramic
washers on the left between the end cap and the electrodes. gijows the trap mounted to
the copper block which itself is then connected to the vacuuchamber as shown in Fig. 119

has a size of 600m. The end-cap electrodes have a
conical shape with a bore through its centre. The tips
of the two end-caps are separated by.3B mm and the
bores have a diameter of 700m. All the dimensions
speci ed here are by design, the actual values in the
experiment might vary on the order of a few 10m,
limited by manufacturing tolerances.

Implementing external cooling of the ion trap struc- =
ture has initially been motivated by the work of [78], B
where a strong dependence of the ion heating rate on
the temperature of the trap electrodes has been ob-
served. Additionally, we expect our system to drift
less due to thermal expansion of the supporting struc-
ture if we can control its temperature externally. To
this end, the copper holder of the ion trap is mounted
to a copper ring with an integrated loop of copper tub-
ing, which connects to a liquid feedthrough at the top Figure 1.7: Image of the ion trap head
of the vacuum chamber. The copper ring is xed to taken during assembly.
the vacuum chamber with long stainless steel screws
and spacers made from a plastic with low heat conductivityMespe), to provide only little
thermal contact between the ion trap structure and the vacum chamber. Special care has
been taken in the design of the coolant tubing. To avoid damago the structure from ther-
mal stresses, the tubes have some extra bendings for lengdmpensation. The feedthrough
should allow the use of coolants with temperatures as low a®5 C. However, we have never
tried to cool the setup to such low temperatures and today wesually operate at 5C. The
copper ring is best seen in Fig.1.9a, the bending of the tubes Fig.[L.9b. To monitor the
temperature of the ion trap, two probes (PT100) are glued tohte trap head (cf. Fig[CLIL).
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The cooling e ciency between the trap head and the cooling djuid is calculated to be on
the order of 350 mW/K [79]. With the sensors we detect a tempature increase of less than
100 mK when the ion trap is turned on, from which we conclude #t there is less than 35 mW
heat dissipated, by ohmic resistance within the electrodeasnd dielectric losses in the ceramics.

Figure 1.8: Image of the experiment setup just before joininthe ion trap chamber, on the
right side of the image, with the BEC part, on the left side.

The part of the vacuum chamber which holds the ion trap condis of a custom made
stainless steel cube with seven access ports with a stand&863 cross connected to the top
of it. One other access port is used for a viewport to allow dptl access along the ion trap
symmetry axis. Three access ports are used for electricagédéhroughs, to connect the trap
electrodes, the Yb-ovens and the temperature probes. The tyworts on the sides of the CF63
cross are connected to an ion getter pump and to a titanium slimator, which has been home-
built for it to t next to the coolant tubing. A drawing of the d escribed ion vacuum chamber
is shown in FiglI.®c, and a picture of the actual setup is shawn Fig.[L.8. In the test setup,
before joining the ion trap with the BEC apparatus, we used ansall vacuum chamber with
ve viewports, a pressure gauge and a valve for initial vacum pumping, shown in Fig[1.9d.

The Z-shaped legs of the ion trap vacuum chamber, seen in FEIg8c, were necessary for
them to t around the big ion getter pump of the UHV-chamber, as ca be seen in Fid. 1)8.
Conveniently, a breadboard has directly been xed to theseefjs, to mount some of the ion
trap optics. The legs stand on two baseplates, which themses are lifted from the experiment
table with four M6 screws. This allows a ne adjustment of theelative position between the
two vacuum chambers, before the central combining ange getlosed. The nal alignment
of the ion trap position has been guided by a laser previoughpinted at the BEC, which had
to pass through the end-cap bores after a successful positig of the ion trap.
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Figure 1.9: The ion trap setup is shown in four di erent leved of detail. In a) the trap head
on the left is connected via three copper rods to the coolingng. The copper tubes pointing
upwards deliver the coolant to the ring. The electrodes arennected with silver wires to the
high voltage feedthrough in the back. The cooling ring is sewed to the stainless steel cube
seen in b). Vespelrings between the cooling ring and the stainless steel aretpn place for
thermal isolation. In c) the cube vacuum chamber is mountedotthe four Z-shaped legs. A
CF-63 cross with ion getter pump at the back and titanium sulinator at the front is put on
top of the cube chamber. On top of the cross the cooling liquigedthrough is located (not
shown in gure) where the coolant tubes connect to. In d) thedst vacuum chamber is added
with four viewports to provide optical access to the trap. Tl two loose ends on the left side
of the test chamber are used for a pressure gauge and to corriee turbo molecular pump
during initial evacuation and bake-out.
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1.3 Yb Oven Design

1.3.1 Loading Techniques

In other ion trapping experiments some di erent ways of loaidg the trap have been tested
and used. One, for a long time preferred method was to ionizees by electron impact using
an electron beam[[80]. By doing so, multiply charged ions cére produced and the ionization
process is not selective for species of atoms and isotopes.other method is to use lasers
to ionize atoms by photo-ionization. By using a two photon grcess the ionization can be
done isotope selectively [81], where the rst photon drivethe neutral atom into an excited
state and the second photon takes one electron from the et state to the continuum.
The rst transition into the excited, but yet bound state provides the isotope-selectivity if the
frequency-shifts between the transitions of di erent isaipes can be spectroscopically resolved.
For the ionization of Yb, a laser at 398 nm is used to pump the n&al Yb on the 'S, - 1P,
transition. The second photon needs to be of wavelength sher than 394 nm in order to
ionize the Yb atom to the ground state of the YB ion. Therefore the laser light for the ion
cooling transition at 3695 nm is suitable to ionize the Yb atoms from théP; state.

1.3.2 Isotope Selective Loading

To enable isotope selective loading two conditions need te lbul lled. The resonances of the
di erent isotopes must be separated by more than both the natal linewidth of the transition
and the Doppler broadening given by the atoms velocity distvution along the ionization laser
axis. The second condition is that the laser can be stabilideon the selected transition and
the laser linewidth being small enough to resolve the resaree lines of the di erent isotopes.
For Yb the natural linewidth of the 1S, - P, transition is on the order of 28 MHz while the
separation between resonances of di erent isotopes is inetli00 MHz range[|82]. Roughly
calculated, this means that the velocity distribution shold be smaller than 20 m/s. This can
be achieved by collimating an atom beam from a hot atom sour@nd pointing the atom
beam perpendicular to the isotope selective laser. In[83]saall metal tube is used as an
oven, the tube is heated at the lower end where the Yb is and kepbol at the other end to
collimate the atomic beam. For isotopic selective loadingf &b it should be su cient if the
angle of divergence of the atomic beam is smaller than &assuming the oven temperature is
kept below 1000 K.

1.3.3 Oven Design

Our oven design is mostly inspired by the work of [83]. A smadtainless steel tube of :# mm
diameter and 4 mm length contains a small amount of Yb with a natral abundance isotope
distribution. The top end of the small tube is held by a much leger copper piece acting as
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od.

stainless steel tubes

Figure 1.10: Shown is a section view of the Yb oven for loadinget ion trap. A copper wire
(lower left) connects to a stainless steel tube that contasna small Yb block with a natural
abundance isotope distribution. The stainless steel tubés into the large copper piece that
supports the ion trap. The atomic beam coming out of the oversicollimated by the smaller
hole in the ceramic part in front of the oven. The beam pointsa the centre of the trap where
the atoms can be photo-ionized.

both thermal and electric ground. AKapton isolated copper wire connects to the lower end
of the stainless steel tube to deliver the current needed teeht the oven.

One major constraint in our setup is the limitation on spaceSince the whole ion trap setup
has to tinto the BEC vacuum chamber the length of the oven wadimited to a maximum of
4 mm. The collimation that could be achieved with only this sbrt stainless steel tube would
not have been su cient for isotope selective loading of therap. Therefore an additional
collimation is provided by a small hole ? = 0:5mm) in the ceramic part that supports the ion
trap. Also, there is no direct thermal contact between the oveand the collimating ceramic
part which can lead to a better collimation if the ceramic paris colder than the copper part.
The oven setup is illustrated in FiglZLID .

The orientation of the oven is such that the velocity of the dbmated atomic beam is
perpendicular to the 398 nm laser which crosses the ion trap the horizontal plane at an
angle of 60 relative to the trap axis. It also needs to point upwards suckthat the Yb, which
might become liquid, does not fall out of the oven. The loweme of the oven is sealed by
crimping as described in [83].
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Figure 1.11: Image of the ion trap head during assembly, seom the bottom. This view
shows the two Yb ovens and how they are connected to the copperrev The Yb beam
collimation bore can be seen at the point where the atoms wakit from the ceramic part. In
between the ovens, two temperature sensors of the type PT1B88ve been placed.

Two separate but identical ovens are built into our setup. Tis allows, in the case of
failure or depletion of one of the ovens, to use the second pweithout opening the vacuum.
As the two ovens provide atoms moving along di erent vectorghe laser axis for Doppler free
photo-ionization changes in that case.

1.3.4 Calculation of Temperature Increase

Usually ovens for loading ion traps are being heated for seséminutes with a few amperes
to reach a temperature where they evaporate enough atoms five trap to be loaded. This
scheme was not directly applicable to our experiment becaushe high temperature of the
oven over a few minutes could easily spoil the ultra high vaam which is needed for the
creation of a BEC. Additionally, some of our measurements rage an ion loss as a signal,
therefore the trap needs to be frequently and quickly reload. So the aim was to develop an
oven loading scheme that allows for fast temperature increa without putting to much heat
in the surrounding materials and a subsequent fast coolingatk to a normal temperature.
Resistive heating in a cable is proportional to the currentguared and the resistance,
Preat = R12. The local temperature increase due to this heating is giveloy T=t =
Preat=(Co M) , Wherec, is the speci ¢ heat capacity of the material andn its mass. Calculated
for the copper wire with 1 mm diameter this gives a temperaterincrease of W08 KA 2s 1,
whereas in the stainless steel tube there is a temperaturecirase of GKA 2s 1. The
temperature increase of the bulk copper is very small compat to these values and therefore
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negligible. With these values one gets for a 100 ms short cemt pulse of 100 A a temperature
increase of 500K in the oven, and a temperature increase of &Khe copper wire. Considering
now the heat conduction that has been neglected so far one sdhat in the short time
of 100ms only less than 10 percent of the heat deposited in tbgen can ow out to the
surrounding materials. This fraction gets larger of coursé one goes to lower currents and
longer heating times, all the surrounding materials wouldéat up more and the total of energy
that has to be put into the system to reach the same oven tempaure would increase. In
the case of the 100 ms short pulse the total energy put into treystem is on the order of only
10J.

This heating scheme with the short high current pulse has beereviously tested on a
sample oven with similar dimensions. The outcome of the teston rmed the calculations:
The stainless steel tube could easily be heated up such thateocould see it glowing by eye
while the temperature of the surrounding material did not hat up signi cantly and the copper
wire's temperature increased only by some degrees, as peéelil by the calculation.

1.3.5 Characterization of Neutral Yb Fluorescence

As Yb quickly oxidizes when exposed to air, the two ovens integfed in the ion trap have
only been tested after being placed in the vacuum. It is stifpossible to see the oven glowing
through one of the viewports. This visual check has mostly ba used to con rm the oven is
working when ions could not be loaded. The rst oven has now be working reliably for the
last three years and the second one has not yet been used.

The short current pulse of typically 94 A is provided by the sae power supply used to
drive the magnetic coils for the MOT. A fuse connected in s&s$, consisting of three thin
wires, has been designed such that the fuse burns before tverodoes, and has been tested
on the sample oven. To prevent any small currents from owinthrough the Yb oven when not
required, we placed two MOSFETSs between both the oven suppiynd ground connection, and
the power supply. These MOSFETs are opened by the control $gs of the BEC for accurate
timing (cf. section[Z.2) with respect to the current controlof the power supply. Additionally,
a digital output from the ion control system gates the rst catrol signal. This allows the ion
software (section’2.B) to enable or disable the ring of thewen, once in every cycle of the
BEC.

The vapour pressure of Yb is given by [84]

pvp(T)=1Paexp 325 18680T ' 1:08491log() ; (1.18)

with the temperature T in units of Kelvin. The pressure increases quite rapidly whittemper-

ature. In the range of interest the increase is on the order af factor 2 in pressure per 2%
of current increase. Finding the right amount of oven currdns therefore critical to achieve
reasonable ion loading rates.
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Figure 1.12: (a) The neutral*’*Yb uorescence signal is recorded with a PMT and averaged
over 36 realizations. The uorescence is binned with 1 ms wdstion over 3s. Att = 0 the
current (I = 94 A) pulse of 100 ms length starts, during which the oven hé&aup by several
100 K. After the 100 ms the oven's temperature is at its maximurand the uorescence peaks.
(b) The integrated neutral "*Yb uorescence counts are shown against oven current. The
observed increase in uorescence for higher currents slighexceeds the expectation from the
calculated vapour pressure.

The observation of uorescence light of the neutral Yb markshe presence of Yb atoms
in the trapping region and can be used to determine the reqed oven current. For this
measurement, the frequency stabilized laser at 398 nm is @iged to the centre of the ion trap
and the uorescence light is detected with a photo-multipkr-tube (PMT). The time resolved
uorescence rate is shown in Fig.1.12a and the integrated arescence counts for di erent
oven currents in FiglLI.IRb. The detection e ciency of scattred photons is on the order of
0:001, which means at 94 A there are about 3.° photons scattered. Each atom is expected
to scatter about 4 photons while traversing the laser beam. e number of atoms passing
close enough to the ion trap centre, such that they can be trapd when ionized, is estimated
on the order of 16. For this, an e ective trapping radius of 25 m has been assumed.

The data of Fig.[I1.12b are expected to re ect the shape of Eqgff.18). The measured in-
crease in uorescence counts is however slightly higher théhe calculated increase in pressure.
This might be on one side due to EqQnl{1.18) being strictly apipable only to a steady state
situation while we look at a dynamic system. On the other sidét is possible that the electric
resistance of the oven increases with the temperature. Fdri$ second e ect to be relevant the
temperature of the stainless steel needs to be well above Q80 at least locally. This could
be the case at contact points or where the material has beenakened, for example by the
crimping or bending.

The shape of FigZLl.I2a behaves as anticipated up to= 0:5s. Within the 100 ms of
heating, a linear increase in temperature together with EqI{L.I8) ts the data. Fromt =0:1s
to t = 0:5s, a model with exponential temperature decay yields a clamteristic, initial cool
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down time of Q95s, consistent with the calculated 10% heat loss during 108. The second
observed increase in uorescence rate thenafter is howewdircult to explain. It is most
probably due to a hot spot forming somewhere at the back of th@ven during the 100 ms of
heating. Thereafter the heat ows from there towards the Yb whin the next 1s, causing the
second peak in uorescence.

During the pulsed oven operation typically no e ect is obseed on the vacuum. A small
temperature increase of G K can be seen on the sensor placed next to the oven. A tempenat
recording will be shown in FigiL.ZI5. The pressure gauges ecagister an increase in the vacuum
background pressure only when ring the oven for the rst tine, or after it has not been used
for an extended period, when dirt has deposited on the ovenn hormal operation, when
the oven is red several times per hour, this pressure increa is not seen. Even the size of
the BEC is not a ected when the oven is red just 4s before corghsation. In the standard
experimental cycle, the oven res about 50 s before Bose-Birin condensation.

1.4 Laser Setup

1.4.1 Rb Lasers
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Figure 1.13: The® Rb D2 line hyper ne level scheme is shown with the relevant §giings.
Accurate numbers can be found in_[85]. The red lines on the rigkide indicate the laser
frequencies of the three lasers used in our setup.

In the experiments with the 8’Rb condensate we use lasers to cool, manipulate, trap and
image the atoms. Three home-built diode lasers, with an extel grating for frequency sta-
bilization, are used to drive atomic transitions on the D2 ke, indicated in Fig[1T.1B. The
transition from F =2 to F = 3 is used in the Doppler cooling during the MOT and for the
absorption imaging (cf. later chaptef-316). Our MOT operats with large beam diameters and
therefore requires more laser power than the diode delivadsectly. To this end, the output
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from the diode laser is ampli ed by a tapered ampli er, resuing in about 300 mW of optical
power in the MOT. The frequency of the MOT laser is controlledvith an o set lock [86].
As a reference, we use another diode which is locked to the= 2 to F = 2 transition by
Doppler free RF-spectroscopy [87] on a Rb vapor cell. Part tife light of this reference laser
is used for the absorption imaging, for which the optical figuency is increased by 267 MHz
with an acousto-optical modulator (AOM). The AOM serves twopurposes. It controls the
exact frequency of the imaging light and allows for fast intesity switching. The third diode
laser is locked to theF =1 to F = 2 transition by means of another RF-spectroscopy on a Rb
vapor cell. The light is used for repumping atomic populatio from the otherwise darkF =1
ground state back to the D2 cycling transition betweerr = 2 and F = 3. The repumping
light is enabled during the MOT, and optionally during the imaging. A schematic of the laser
setup is shown in Fig LT5.

1.4.2 Yb Lasers

D[5/2]s:
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Figure 1.14: Level scheme of th&4Yb ion. The main cooling transition S;-, to P;—, can be
driven with a laser at 3695 nm. Two long lived states, theD ;-, and the F;=, can be repumped
with light at 935 nm and 638 nm respectively. The level strucire for the other isotopes of Yb
without nuclear spin, such as'’?Yb or 1’6Yb, looks identical and the transitions are shifted
by a few 100 MHz[[8R2].

The Yb ion is laser cooled on thes;-, to P, transition with a wavelength of 3695 nm.
A level scheme for the!’*Yb ion is shown in FiglI.IT#. One dark state, theD;-, requires
a repump laser at 935nm. A second dark state, the;,-, can be repumped with a laser at
638 nm. However, since this state very rarely gets occupiede Wave not used the 638 nm laser
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Figure 1.15: Schematic drawing of the laser setup with an efmm@sis on the control of frequency
and intensity. The seven diode lasers are all PID-frequensyabilized, either by Doppler free
RF-spectroscopy (Rb Repump, Rb Master, Yb lonization), by cset-locking (Rb Seed, 739
Seed), or by a transfer lock on a cavity (Yb Repump, Yb Master). Re transfer cavity is
locked to the Rb Master. The frequency doubling cavity is I&ed to its seeding laser. Intensity
controls are realized by PID-feedback from a photodiode med after the ber output. They
are implemented for the dipolar trap and the ion cooling ligh In the latter case, an electronic
logic switches between three UV-photodiodes depending on tstates of the three shutters for
the Yb cooling light.

in any of our experiments. Additionally, for the two-photon onization process, another laser
at 398 nm is required to drive arS to P transition in the neutral Yb.

The laser system, which has been designed and built by StefBalzer, consists of ve
diode lasers, two cavities and one tapered laser. A schencatif the laser setup is shown in
Fig.[L.15, and a more detailed documentation can be found i@3]. All lasers are frequency
stabilized. The 398 nm laser is locked to a speci c isotope uteal Yb resonance with RF-
spectroscopy on a hollow-cathode lamp. All the other lasersrfthe Yb ion system, are locked
to a transfer cavity which is itself locked to the Rb refererelaser. The frequency lock is stable
over long terms within a few MHz. Drifts are primarily caused ¥ air pressure uctuations
in the cavity. Fine tuning of the repump laser frequencies iachieved by sending the beams
through an AOM. The light at 369:5 nm is created by frequency doubling the light of a 739 nm
tapered laser. The frequency doubling is achieved with an Bcrystal in a bow tie cavity.
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For frequency control, the tapered laser is seeded by a dioldeser at 739 nm. The frequency
of this diode is o set locked to another diode laser, which iecked to the transfer cavity. The

tuning range of the o set lock is 245 MHz, allowing to continuosly scan the UV frequency
over about 20 times the natural linewidth of the ion coolingransition. The exact frequency
settings are calibrated by direct spectroscopy on the ionf(csection[2.3.B).

1.4.3 Optical Access

Our experiment is set up on two di erent tables. The above desibed lasers shown in Fig. 1.15
are placed on the rst table, while the BEC apparatus and thedn trap are on the second
table. The laser light is transmitted through single mode lers from the rst to the second
table. A small amount of the outcoupled UV and dipole trap lighis sent to photo-diodes
for intensity control. The light from most of the lasers is tlen sent to the atoms and ions,
from various di erent angles. Fig[1.1b shows all the laserdams which can be applied to the
interaction region between the ion and the condensate. Then repump light is sent along the
ion trap symmetry axis. UV light, to drive the ion cooling transition, can be sent on three
di erent axes, necessary for micromotion detection (cf. seon 3:2). The light at 398 nm used
in the two-photon ionization process is sent copropagatingith on of the UV beams, as it
conveniently is coupled into the same ber. The ion uoresaee light is imaged onto a CCD-
camera by an objective situated above the vacuum chamber. @me horizontal axis, another
objective collects ion uorescence photons to be countedtivia photo-multiplier tube (PMT).
Several apertures and an interference lIter are employed teduce the background count rate.
Two di erent objectives have been used for photon collectioin the experiments which will
be described in chapterl4. The more recent one, designed bytHar Ratschbacher|([88], has a
ten-fold better photon collection e ciency than the previous objective. The Rb atoms can be
imaged on one horizontal axis and on the vertical axis. The @ssed beam optical dipole trap
consists of two beams, one along the vertical axis, the otheounter propagating to the ion
repump light on the horizontal axis. In those situations whee di erent beams use the same
axis of optical access and need to be separated, polarizataeependent, spatial, or chromatic
Itering is used.
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Figure 1.16: The drawing shows all the laser beams intersict in the combined trap centre
region. The ion trap electrodes are sketched in orange. Tler&eams, driving the main YB
uorescence line at 370 nm, are required to detect micromotn in all three dimensions. On
one beam (Yb hori), light at 398 nm is additionally used in thewo-photon ionization of the
neutral Yb. The repump light for Yb* is sent from one side through the holes in the end-cap
electrodes. The uorescence light of the ion is collected Bn objective and detected with
a photomultiplier-tube (PMT), or imaged on a camera througha di erent objective at the
top of the setup. The same objective is used to take an absoigrt image of the Rb cloud in
the vertical direction on a di erent camera, after a 50/50 bamsplitter. The Rb atoms can
be illuminated with 780 nm imaging light from either the botobm, or through the objective
used in conjunction with the PMT to image the neutral atoms aing the horizontal direction.
For this, another objective and a camera (CAM1 Rb) are set on #t horizontal axis. The
crossed-beam optical dipole trap uses two laser beams, ometbe horizontal axis through
the holes in the end-cap electrodes, and the second one pimigtupwards along the vertical

direction.



36

CHAPTER 1. EXPERIMENTAL SETUP



Chapter 2
Electronics and Software

This chapter describes the control of our experiment. We anasing two di erent software
controlling systems and a variety of home-built and commeial electronic devices. Clock syn-
chronization for these devices will be explained, which isgential for example for our scheme
of micromotion compensation. The two software systems, omé which has been developed
in the course of this work, will be introduced, including a f@ methods of data evaluation.
The electronics to drive the ion trap RF-voltage and a few meressential electronics will be
characterized.

2.1 Timing and Synchronization

In an experiment with many devices involved,

synchronization between them is essential.

The use of a single master clock greatly fa-

cilitates this task. In our system we use a

Rubidium atomic clock source with an out-

put at 10 MHz of the type Efratom LPRO.

With the help of two distribution ampli ers

of the type MAX4135 the 10 MHz signal is

split into 12 identical signals. They are then

used by various devices such as synthesizers,

spectrum analyzers or bu ered digital to ana- Figure 2.1: Schematic of clock distribution to
log converters. Another device, which we usesynchronize the measured photon arrival times
to measure time di erence with a high res- with the ion trapping RF eld.

olution of 25ps, is theRoentDek TDC8HP

time-to-digital converter (TDC). It is mainly used to measue photon arrival times of the u-
orescence light from the ion. The TDC requires an externaladk at 320625 MHz. To provide
this frequency, a clock generator board has been designede($-ig. 2.2) which phase locks a
voltage controlled oscillator (VCO) to the 10 MHz signal. Thephase locked loop (PLL) is

37
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Figure 2.2: (a) Clock Generation Board (b) DDS Board

controlled by a ADF4154. This device must be con gured over a serial peripheral intace
(SPI). For this purpose, a microcontroller ADuC7026) is used, which can be connected via
RS-232 to a computer. The frequency of the PLL is set once uppower up of the system.
The same microcontroller is however used for many other apgtions as well, making use of
the serial data-interface to the computer (cf. 2.5). The PLLon the clock generation board
is ideal to generate a xed frequency output. A better tunal@ system is achieved by the use
of direct-digital-synthesis (DDS). We are using devices tiie type AD9858 They require an
external clock at 1 GHz provided by a clock generation board aescribed above. The typical
frequency output ranges from a few kHz up to 400 MHz with a resdion of 0:23Hz. The
frequencies can be set over an SPI or a parallel interface. éimicrocontroller of the clock
generation board is used to control the DDS over SPI. The pdral interface can be accessed
with an FPGA, allowing frequencies to be changed with highenrhing accuracy. The DDS
outputs are used for a wide range of applications, such as RFaporation on the Rubidium
gas, as frequency source to drive AOMs or o set locks, and a$Rource for the ion trap.

2.2 Computer Control of the BEC setup

The successful and reproducible creation of a BEC dependsca bn accurate timing of all

the magnetic and light elds. Magnetic elds are driven by paver supplies where the electric
current is controlled by an analog signal. Fast switching athe elds is achieved by using
MOSFETs which are controlled by TTL signals. Laser elds ardrequency and intensity

controlled by analog signals and switched with TTL signalsFor instance, the length of light

pulses used in absorption imaging need to be controlled totter than 1 s in order not to

limit the measurement accuracy. Thus the basic requiremei control a BEC cycle are some
accurately timed analog and digital outputs.
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In our setup we use on&iewpoint Systems DIO-64providing 64 channels of digital output
and two National Instruments PCI-6733 providing 8 analog outputs each. All three cards are
placed in the same computer and clocked with the 10 MHz atomidock signal. Both the
DIO-64 and the PCI-6733 have a local bu er which works in a load and execute scheme. &n
preparation step the required ramps and timing edges are lbed into the bu ers, and upon a
synchronized start trigger all the cards run trough the whda bu er. At the end, the bu ers get
ready to be loaded again and the cycle can restart. The advage of this type of setup is that
all outputs stay synchronized throughout the cycle withouthe need of additional triggering.

The software Experiment Wizard which we are using to set up and control the BEC cycle
has been developed by Thilo Steferle for experiments witHteacold gases at ETH Zurich [89].
The software uses a graphical user interface to map the bu erontents onto a time based
matrix, providing an intuitive visualisation of the BEC cycle. Variables can be used to de ne
speci c features of the experimental sequence, like for exple the time of ight before an ab-
sorption image of the falling atoms is taken. Changing one cuvariable for every consecutive
cycle generates a series of measurements. A separate pathefExperiment Wizard software,
the Camera Control handles data acquisition from several CCD cameras and pamrhs ts
to the data using physical models. Fit results and experiméad parameters are then written
into comma-separated-value (csv) les, which can later besed for data analysis with any
standard spreadsheet software.

Figure 2.3: Diagram of a typical experimental cycle, showgnthe basic stages. The operations
which include the ion trap will be described in chapter 3. Syaironization between the neutral
atom preparation and the ion trap system is handled by the DEBDS software.

A diagram of our experimental cycle is shown in Fig.2.3. Mogif the operations on the
neutral atoms are controlled by theExperiment Wizard (except for some hardware, like the
DDS used for the evaporation, which is not controlled by thisoftware). The operation of the
ion trap is controlled by a di erent software, which will be ntroduced in the following section.
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2.3 Distributed Experiment Control and Data-Taking
System (DECADYS)

During the design phase of the ion trap and the attached corml electronics we realized that
a dierent type of control system is required for an ion trap gperiment than for a BEC
experiment. The ion can stay trapped for long times, but losprocesses are often random.
This makes it di cult to de ne a xed cycle length. Also, upon d etection of an ion loss a new
ion loading sequence should be initiated, requiring some ams of feedback within the software.
These two points both oppose the bu er load and execute schemAs the Experiment Wizard
builds upon this technique, it was decided to develop a new@ariment control software as a
part of this thesis.

The new software design is shaped by three main targets. Thest one addresses both the
need for user interference with the running system and alleWor software feedback loops. It is
the requirement to design interfaces between hardware anaftsvare, which can be continuously
accessed, speci cally while the hardware is running. Evehdugh not every type of hardware
supports this mode of operation, the software is designed sopport such continuous access
as far as possible. Within the software, parallel code exemn, which is required to control
several hardware systems at the same time, is supported by linthreading. The second target
Is to support the idea of connecting all hardware in the labatory to one controlling system.
The idea holds many promises, such as quick setup and easyroelucibility of experimental
con gurations, central data logging, simpli ed developmat of feedback loops, etc. The usual
problem with complex control systems is, that integration ba new hardware becomes more
di cult, the larger the control system has grown. Here this ircrease of complexity is prevented
with modular hardware integration. It allows the developmet or maintenance work on single
hardware parts without the need of shutting down and restaimg the main software system,
or worse, even recompiling the whole software. Code tempatwith extensive documentation
have been prepared to simplify the task of integrating addiinal hardware. The third target
Is to keep detailed track of all what the system is doing. Traability of all actions relevant
to the experiment, performed via user interfaces or from aoinated routines, is essential to
reconstruct past experiments or just to understand recordedata. As a consequence, several
logging mechanisms are implemented in the software and efatbby default.

For the user, the software system consists of one main applion, currently named
DECADS Console V2 and the additional modules to interface with speci ¢ hardwre, called
HWDM. The main application and each HWDM can be installed indepndently. HWDMs
run on the computer with the physical interface to the hardwee (e.g. serial port, USB,
PCl-card, ...) and get connected to the main application via local network, using TCP-IP.

The software has been written in C++ with Microsoft Visual Studio, using MFC, and runs
under Windows XP, Vista and 7. In the following, the main appliation and a few experiment
speci ¢ hardware modules (HWDM) will be explained. A schemat overview of the software
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Figure 2.4: Schematic of the DECADS software concept. HardwaModules (HWDM) are
connected via Ethernet to the main control application (Cosole). Each HWDM can be taken
o ine without disturbing the rest of the system, which facilitates maintenance work and the
process of adding new hardware. User access is structureddarflevels. The top two levels
(blue and green) correspond to the daily operation of the egpimental setup. The two bottom
levels (red), which require programming in C++, consist of he core level (the DLLs) and the
interface level which, for the HWDM, provides a set of functies that connect the hardware
with the DLLs and the user interface.

structure is shown in Fig. 2.4.

2.3.1 Console

The user interface of the main application works in a similamanner as a console application.
There are command lines where the user enters text commandsiaa log window where the
system displays recent commands and messages from the emgi@ommands are sent to the
main engine thread and get interpreted by a parser. The engirconsists of several subsystems.
One rst subsystem, the data value management (dvm), is intedled to store any parameters
or measurement results relevant to the experiment. Valuegeastored with their standard
error, a physical unit and are accessible by a name. A numbefl mathematical operations
have been implemented in the dvm-subsystem, from simple atidns or multiplications to
multi-parameter tting routines. With a Monte-Carlo error calculation technique, the dvm-
subsystem functions as a numerical calculator, dealing \witboth physical units and error
propagation. Another subsystem is responsible for data logg and saving these data in a
readable form, such as a csv- le. The hardware interface ssystem (hwi) is used to connect
the engine to the hardware modules (HWDM) over TCP-IP, and ges access to the full
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hardware functionality made available by the HWDM. A softwae triggering system (trig)
adds the necessary methods to implement automation. A lisf gommands can be set which
get executed on a trigger call. These are triggered either lytimer, an incoming network call
from the hwi subsystem, a value being updated in the dvm substgm or after a successful
comparison of two values. Multiple commands can be buncheouted by using a batch-
le. Automatic system recon guration after a software restat is supported by an autostart
batch- le call and a resume function to retrieve parametersuch as electric eld compensation
values.

In our experiment the software runs very stable, typicallydr more than a month without a
restart. Its versatile structure has made it useful also tohte other experiments in our research
group. In the fermionic experiment for instance, the softwa is mostly used because new
hardware can easily be integrated into the existing measument cycle.

2.3.2 Camera iXon

To image a single or few ions we use a CCD camera of the typador iXon DV-885. The
hardware interface module directly maps a couple of functie from the Andor application
programming interface (API), such as setting the exposurertie, the camera temperature or
the electron multiplier (EM) gain. Acquired images are displyed and saved locally, including
information on exposure time, CCD temperature and EM-gain.

The information of primary interest in an image of an ion cryml is the number of ions
and their positions. A tting function to retrieve these data is implemented in the HWDM,
which will be described in the following.

The problem of nding the positions of ions on a CCD-image isralogous to the search for
local maxima in a 2D array. Electronic noise, stray-light ath photon shot-noise typically limit
the quality of a single image and demand for a position searakgorithm with little sensitivity
to this noise. Some averaging technique over several pixelsequired.

One very simple method, analogous to the calculation of theeter of mass for a given
density distribution, is to calculate the center of light. Doing this for a full image will approx-
imate an ion's position if it is only one, but give some averagbetween ion positions if there
are more than one ion. Instead, calculating the center of kg only in a small region, that
encloses only one ion, will give the center position of thien.

As this suggested method requires the prior knowledge of th@moximate position to
locally average around, it will be recursive. Starting frona random position, in every iteration
step the position will seek its way towards the nearest locahaximum. The new position is

determined with the weighted average
P 2
(f_si)
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Figure 2.5: (a) A one-dimensional randomly generated Po@san sample (grey), according
to a preset distribution (red), is used to test the algorithmwith 3 di erent w. The converged
envelopes (green) are shown. For very small single pixel noise deteriorates the t and for
very largew the neighbouring peak a ects the tted position. Fitting with w comparable to
the real width of the signal gives the best result. (b) Expeetd errors on the tted position
are shown in dependence of the choicewf The data is obtained by repeating the test shown
in (a) 5000 times. The width of the preset distribution is 2.3 Systematic errors (red) occur
for largew when the seeker's envelope overlaps with more than one sigarad for smallw due
to single pixel noise. The RMS of the error is plotted for two icerent settings of background
noise, in green, for a background noise level of 0.25 as in,(ahd in blue for a background
noise level of 4.0. The optimalv is typically found somewhat larger than the real signal widt,
depending on the background noise.

using the Gaussian widthw to de ne the small region in which to calculate the center ofight.
Here; denotes the position of pixe] andv; its value. The sum can be taken over all pixels
j of the image. It is however su cient to sum on pixels within a enge of 4v around 5, due
to the fast decay of the Gaussian pro le. A convergence criien of the formjs,; S§j< Is
used to stop iterating once the local maximum is found with scient accuracy. For =10 °w
a seeker's positiors typically converges after only 20 iterations.

The parameterw is chosen similarly as the waist of a typical image of an ion atightly
larger. Using aw smaller makes the determination of the ion position sensig to uctuations
within the center of the ion image peakw smaller than the size of a pixel should be avoided as
single pixel noise will otherwise dominate the algorithm'sehaviour. Choosingw larger than
the size of the signal increases the in uence of backgroundise. And if the seeker's Gaussian
envelope starts overlapping with a second ion, systematicrers on the tted position are
expected, or worse, the two signals become indistinguisiapsee Fig. 2.5.

To nd all the local maxima within a de ned region of interest, a grid of initial seeker
positions is set up. A reasonable choice for the grid spacimy2w, as local maxima closer
together than this will not be distinguished anyway.

Once all the seekers have converged a selection is made tatifle the ones corresponding
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Figure 2.6: lon uorescence signals on CCD-images taken elitly after loading the ion trap
(left) for 1 to 5 ions. The red crosses mark the detected hitviatching memorized patterns
to the found hits (right) identi es dark ions, as they are ocapying a non- uorescing site in
the Coulomb-crystal. The green circles indicate the patterwhich the software automatically
determines as the best t to the data.

to real ion signatures. First, the seekers having convergéal the same point are treated as
one, using a minimum spacing requirement in units ofl. Next, the weight of each signal is
calculated.

&2
v exp
(f_s)2
i exp —nz—

The seeker is identi ed as a hit if the weightW exceeds a multiple of the image's background
noise. Then the highest weightW.«x is searched for and all hits with a weightV less than
a prede ned fraction of W,,ox are discarded. The identi ed hits are then usually sorted ahg
the trap axis for ease of data access. Typical experimentahtd with the detected ion signals
are shown in Fig. 2.6.

The presented algorithm is accurate to the limit given by imge noise. It works reliably
and ts well even under changing conditions of noise or sighaize. It is very fast compared
to alternative multi-parameter t routines and allows recgnition of the number of ions to be
e ciently used within feedback loops, to control the numberof ions in the trap.

An additional feature is implemented to detect the presencd dark ions. Having at least
one bright ion left in the trap, it is displaced by its Coulombinteraction with the dark ions.
The algorithm remembers positional patterns of Coulomb csfals of up to 5 ions. After
detection of the ion positions, these are matched to the memwed patterns by minimizing
the positional displacement.

Learning the patterns could be done once initially, but to amount for slow positional drifts
the learning process is implemented as a oating average Wwiexponential weighting. Only
images with no dark ions should be used to set up the patternsherefore the pattern learning
process is applied to the rstimage taken directly after loding the previously emptied ion trap.
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Additionally a rejection mechanism is implemented to only am®pt images where positional
displacements are within some prede ned limit.

To identify the pattern which best ts some found ion positios, the RMS of position
mismatches for all possible mappings are calculated, andetimapping with the smallest RMS
is selected. Images from experiments with dark ions presemte shown in Fig. 2.6, with the
matched patterns indicated by green circles.

From the repeated learning process, the expected RMS vals&known and can be compared
to the RMS of the t. Assuming normally distributed positional mismatches, the probability
for a correct pattern recognition is calculated and loggeaf later usage in data analysis. This
probability is typically close to 1, except when there is ogla single bright ion in the centre.
The patterns for 1, 3 and 5 ions are then equally good ts, ons imapped randomly due to
the present noise and the resulting probability is on the ot of Q4.

2.3.3 TDC8HP

The HWDM module for the time-to-digital converter (TDC) RoentDek TDC8HP handles the
photon arrival times, which are detected with the photomulplier tube (PMT) Hamamatsu
H7360-01 The TDC has eight input channels with a resolution of 25 ps. @ channel receives
the signal from the PMT. Two other channels are used for triggging. The TDC runs in a
continuous mode, typically for several months. The raw datatream from the TDC8HP card
is stored on a local hard disk, to ensure full traceability ohny data evaluation based upon
these raw data. The storage amounts to several GB per day, mag frequent data transfers
to a server necessary. A rst step in the data analysis is to tér out double counted events.
The PMT provides a pulse-pair resolution of 18 ns. Therefar¢he software is set to discard
any event which has a separation smaller than 18 ns to its precessor. The counted photons
are continuously binned, typically in 100 ms wide bins, andche histogram is saved in csv les
and displayed on a screen. This immediate display of the plwot count rate is the fastest
channel of information from the ion trap to the experimenteand is often used for example for
alignment of laser beams to the ion. Di erent binnings can beequested through the software
interface, externally triggered if required.

One important function, which is mostly used for micromotia compensation, is the cal-
culation of correlation between photon arrival times and aertain frequency! . The function
evaluates alln photon arrival times t; within a requested time interval of length t. The
frequency! is resolved with a bandwidth of £ t, implying that, to resolve a correlation the
frequency must be known with a precision better than the bawddth. The function returns
the correlation information by means of two coe cients. To @lculate these, we rst de ne

the photon signal function
1 X
f(t) = - (t t): (2.3)
j=1
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The Fourier transform at the frequency of interest

Z, 1 X
f'\(! )= ) f(t)exp( it )dt = o exp( i't ;) (2.4)
i=1
is then simply separated into its real and imaginary part, wich de ne the correlation coe -
cients

X0
ce(! :% cos(t ;) = Re(f\(!)) (2.5a)
1

cs(!):% sin(t ;)= Im(f\(1)) : (2.5b)

j=1

The expected error on these coe cients is determined by phonh shot noise, which is ip non
if(1)j, or 1= 2n onc(! ) and c(! ). The de nition of the correlation coe cients is related
to the modulation index, which is the amplitude of the count ate modulation divided by the
average count rate, which corresponds lj@f\(! )j.

A further function, implemented into the
HWDM module for the TDC8HP, isto t a
Lorentzian pro le to the photon count rate.
The motivation is to automatically adjust the
laser frequency to a given distance from the
resonance frequency of the ion. Though all
the lasers are frequency locked in our system,
some drifts of several MHz can still be ob-

served, mainly related to air pressure changes
in the transfer cavity. To compensate for

these drifts, the function described here is
used to evaluate direct spectroscopy on the

_ . ~ single ion. The acquisition procedure is the
Figure 2.7: lon uorescence (black) binned in¢.,.ing First a trigger signal is sent to the

10 ms wide bins while the excitation frequencyTDC and the laser frequency is slowly swept
is scanned over 60 MHz within 8s. The redfrom red detuned to blue detuned. After

line represents the single-sided Lorentzian t

d/2n

completion of the sweep, the photon counter
with parameters |=l s = 2:9 and a counting data from the time of the sweep is binned and
e ciency of pyr =0:00133. each bin labeled with the detuning frequency

. A dataset of this type is shown in Fig. 2.7.
The Lorentzian shape is single-sided because when the lasdrlue detuned, the ion heats up
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and uorescence decreases. On the red detuned side the pmobtount rate is expected to be

PMT =2 =l gq
O i)t v m (2.6)

The tting procedure rst estimates the position of the resmance by searching for the steep
drop of uorescence, then adapts the counting e ciency pyyt and the laser intensity = g4.
Next, the three parameters are adjusted to minimize the sum sfjuared errors within the red
detuned side. A t of this type is also displayed in Fig.2.7. Ashe variance of the recorded
count rate is known from the expected shot noise, the reducetli-square is easily calculated
and returned with the other tting results to the main application. Before adjusting the
laser detuning for following measurements to the newly detained resonance, the reduced
chi-square value is used to check if the measurement was ®ssful and accurate. The t
results of pyt are useful to check and monitor the alignment of the photon cating system,
and the saturation parameterl=Il ¢4 is important to understand the micromotion correlation
(see section 3.2) and for measuring the temperature of thenigsee section 3.4). The model
of Eqn. (2.6) assumes a pure two-level system and neglecty additional broadening, such as
from non degenerate Zeeman levels in the presence of a magnelid [90]. This additional
e ect is estimated to be very low in our measurements, as thegre usually performed during
the MOT loading phase while the magnetic eld at the positiorof the ion is below 1 G.

This measurement relies however on a successful compemsabdf micromotion (see chap-
ter 3.2), as large micromotion amplitudes introduce sidelbas on the spectroscopic signal.

2.4 lon Trap (Drive) Electronics

In this section, the electrical circuit which generates thelectric trapping voltage of the form
Vo sin( 1 t) will be explained.

2.4.1 Circuit Design

One of the main challenges in designing ion trap electronitsthe e ective generation of the
high voltage radio frequency (RF) signal and its delivery tdhe trap electrodes. Some general
conclusions on the type of electrical circuit required, came made due to very basic constraints.
The power dissipation in the vacuum has to be kept low to avoieixcessive heating, so all ohmic
resistances have to be minimized. At the same time the impeuze of the trap has to be high
in order to achieve high voltages without using immensely g currents. For a standard 50
impedance as an example, with 250V of voltage amplitude theeeded RF-power would be
1KkW. In the case of our ion trap the impedance is mainly givenyba capacitance de ned by
the geometry of the electrodes and the dielectric properieof the used materials. For typical
RF frequencies this impedance is on the order of 1k , which Bt necessitates a power of 50 W
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to achieve the high voltage. A resonant circuit further redces the required RF power, making
it possible to operate the ion trap with decent RF ampli ers.

For our setup the resonating circuit had to be designed suchadt the resonance frequency

1 ts within some given limits. The RF evaporation ramp for the evaporative cooling of
the neutral atoms runs from around 25 MHz down to less than 1 MHZIhe ion trap's driving
frequency t has to be outside this range, otherwise producing a BEC wilelsome impossible
as atoms would be lost from the magnetic trap before they carlzooled. Having the resonance
well below 1 MHz was not an option as it would limit the trappingfrequency! . of the ion. So

1 nheeds to be higher than 2 25MHz, but not too high as every increase of r also lowers
the resulting con nement of the pseudopotential.

For electric DC- eld compensation we apply voltage o setsd each trap electrode individ-
ually. Therefore no additional compensation electrodes arequired which facilitates tting
the ion trap in the rather limited space of the BEC vacuum chaimer. This implies however,
that the potentials of the trap electrodes cannot be interamected directly. They are RF
coupled with transformers instead to ensure phase stabylibetween them.

The RF voltage can be applied to the electrodes of the ion tram two dierent con-
gurations, creating the same electric quadrupole poterdi in the trapping region. Either,
two (opposing) electrodes are connected to the RF voltage cthe other two to ground, or,
the other two are connected to an RF voltage with opposite gig The latter requires more
electronics but gives twice the voltage amplitude betweeré¢ trap electrodes and, due to its
symmetry, holds promise of a lower RF emission and higher Q tbfe resonating circuit. It
also allows to employ the same design of DC o set coupling fatl four electrodes.

As main ampli ers we use two dual package RF power MOSFET#ARF473) with a com-
mon source. They are speci ed for outputs of up to 300 W and 1Bdgain per pair. Using a
DDS with 0dBm output as a frequency source, a preampli er iseeded to increase the input
signal for the power MOSFETs. The gain of the MOSFETS is adjtisd by changing the gate-
source o set voltage. As each of the four MOSFETSs has a slighttli erent threshold voltage
(see Fig. 2.10), we use four computer controlled analog clmafs to set gate-source o set volt-
ages individually. Due to the size of the MOSFET, the gate haa rather large capacitance.
A transformer matches the resulting low impedance to the 50 input and distributes power
to the four MOSFETS.

A schematic of the RF drive for two electrodes is shown in Fig.8. The supply voltage
is DC-coupled to the source of the MOSFET, while AC-couplingonnects the RF-output to
step-up transformers. These increase the RF-voltage forehrap electrodes and are required
to match the impedance of the ion trap to the ampli er's outpu. The two electrodes shown are
driven in phase enforced by transformer T7. Up to now, the poi€OM is not connected and
the phase di erence between opposing trap electrodes isigsited to be less than @01 (for
the determination of this number see section 3.2). Comperisg this small phase di erence
could be achieved in two dierent ways. Connecting the port OM to ground allows to
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Figure 2.8: Schematic of RF drive electronics. Left of the goi er MOSFETs (M1 and
M2) is the RF input with impedance matching (T5) connected tothe MOSFET gates. The
MOSFET source is connected to the supply voltage through avopass Iter and to the RF
output side. T1 and T2 are transforming high current into hidp voltage. T7 is used to balance
the phase between the electrode's RF-voltages and also ton&uthe resonance of the circuit.
The connection to the trap electrodes is modelled to be resi® and inductive, the trap itself
as a capacitance between the electrodes. The schematic astipws two RF channels with the
same phase. In the hardware, this circuit is implemented ta@ to power all four electrodes.
A full electric circuit model needs to account for capacite and inductive coupling between
all four electrodes and the additional end-caps.

unbalance the RF powers between T1 and T2 by changing the sepi® gate o sets. The rst
way to compensate small phase di erences makes use of theuoeld phase shift of T7 when
transmitting power from the stronger side to the weaker. Thether way is to remove T7
and drive each RF voltage ampli cation line with a separate DS channel. Phase o sets can
then be programmed to the DDS directly. Also, removing T7 shddi increase the RF voltage
output and allow for full tunability of voltage amplitudes for each electrode individually.

2.4.2 Hardware

The ion trap driving circuit is mounted on a double-sided pnted circuit board (PCB). Fig. 2.9
shows a picture of the fully equipped PCB. The power MOSFETsra located in the centre,
under the copper blocks, which are used to cool them. On thdtlside is the RF input with

impedance matching circuit and another MOSFET which is cuently not used. The high
power section is situated on the right side of the PCB. Betwaethe MOSFETs and the ring
core transformers is the high current section and to the rigiside of the transformers, the high
voltage section. The high current and high voltage sectionsok almost identical on the back
side of the PCB (not visible in the picture). The upright ring core transformers in the high
voltage section correspond to T7 of Fig. 2.8. The central pain the high power section is the
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Figure 2.9: Assembled RF drive PCB. The main amplier MOSFETsare below the water
cooled copper blocks in the center of the image. On the leftsiis the RF input, on the right
side the RF-output. On the back side of the PCB there is an id¢ical RF-output stage. On
the very right edge of the board, four contacts (two visiblepre placed to connect the circuit
to the trap electrodes.

trap ground with capacitive coupling, and the connection téhe computer controlled electrode
0 set voltages via several low-pass lters. The PCB, and eggially the high power side, has
been designed with as much symmetry between the four charels possible. The ring core
transformers are the elements which create the strongesthbalance as they are wound by
hand. The ring cores are of the typéAmidon FT114-67 and have an inductance of 25 nH per
square winding. The windings are made from Litz-wire with 12strands, T1 and T2 have 1:16
primary to secondary windings and T7 has 6:6. The MOSFETS rage water cooling, as they
can easily dissipate up to 100 W. A stable water temperaturs helpful as the gain behaviour
of the MOSFETs change with temperature. Today, the water cdiog is provided by a small
chiller situated in our lab, with temperature uctuations of less than 01 K. Before 2010, the
house cooling water was used and temperature uctuations séveral degrees regularly caused
the trap drive to fail. A temperature interlock has been degined to prevent damaging the
MOSFETS in such events. The temperature sensor can be seerfig. 2.9 on the left side of
the upper copper block. The interlock will disconnect the gply voltage from the drive when
the temperature exceeds a certain limit, and has to be manlyareenabled thereafter.

To monitor the drive output, two measurements are continuosly taken and logged with
the DECADS software once every 2s, cf. Fig.2.14. An analog-titgital converter reads the
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supply current drawn by the drive. The current value is usedni an additional, software
based interlock loop, also disabling the drive by ramping dom the gate voltages, in the
case of failure. The increased current detection is fastend the soft switch o procedure
is less abrupt than disconnecting the supply voltage, and\gis a better protection to the
MOSFETSs therefore. Also, as the software is aware of this typa failure, it can shut down
other systems (such as trap reloading) and enable an acogssilarm. The second observable
which is continuously measured is RF power from a pick-up var The pickup is integrated on
the drive PCB and can be seen on the very right end of the boardt is connected through
an SMA cable to a 50 terminated RF power sensor board. This bard has been custom
designed and data are read-out with the help of the microcawtler described in section 2.1.
RF powers can be measured over a range of 90dB with less tha@2® dB RMS noise. This
allows to see very small uctuations in the power output of tle drive. In the previous case
with the house cooling water and its temperature uctuation an active feedback loop has been
successfully implemented in the software, adjusting the ijaof the drive to keep the measured
RF power stable. However, today this feature is not requiredngmore due to the stable water
temperature and the pickup power can be used as a reliable icator of the drive stability.

2.4.3 Characterization

A rst set of parameters, which have to be
determined before enabling the drive, are
the MOSFET gate threshold voltages. The
datasheet of the ARF473 only states the

threshold to be between 3V and 5V, but no
typical value is given. The threshold is mea-
sured without using any RF, just by apply- ) .
ing a supply voltage to the drain of the MOS- ¢ N

*

FET and measuring the DC drain-source cur- ] o 43
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rent I ps for di erent values of the gate-source VPP I ST
voltage Vgs. Such a measurement for all
four MOSFETs is displayed in Fig.2.10. The
main observable di erence between the four

measured curves are shifts aloridss. A bal- Figure 2.10: Measured MOSFET conductance

anced calibration is obtained by adding an for a supply voltage ofVps = 75V. The drain-

individual compensation value for the gate- S°!"€ currentlps is measured for dierent
source voltage of each MOSFET channel invalues of the gate-source voltagiss for each

the software. Note that the presented mea—MOSFE_T |n.d|V|duaIIy (dierent colors). Due
surement can be repeated at a later time toto variation in threshold values, the measured

detect (or rule out) MOSFET ageing e ects. CUves appear shifted alonyes.
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Also, this measurement can be performed on the drive discomted from the ion trap, as
e ects from the resonant circuit are not required.

When connected to the RF input and the ion trap, the resonancef the trap drive circuit
can be searched for. The procedure is to séts to some small value, switch the DDS output
to a random frequency t, wait for a short time and measure the RF power from the pickup
Measurements of this type for di erentVgs are shown in Fig.2.11. At higheNgs and hence
higher power dissipation of the MOSFETSs, thermalization thes get longer as the supply
current drawn also changes for di erent frequencies. Howayehe position of the resonance
shifts only slightly for di erent drive powers. Once the resnant + is known, Vgs is increased
to the value for trap operation (392V in our case), and a nal small adjustment is made to

1 to optimize the ratio between measured pickup power and thetal power dissipated by
the drive.

To get an estimate of the RF voltage am-
plitude V, on the trap electrodes a calibra-
tion of the pickup signal is required. Mea-
suring V, is however di cult. The most di-
rect approach is to connect the electrodes
to an oscilloscope. As the ion trap is not
accessible inside the vacuum chamber, the
probes have to be connected to the electri-
cal feedthrough instead. The voltage drop
from the feedthrough to the trap electrodes
is therefore creating a bias towards an over-
estimation of \y. Also, connecting the probes
to the resonant circuit will alter it in a non
Figure 2.11: The RF-resonance of the trappredictable way. Fig.2.12 shows a measure-

driving electronics is found by varying t while ment of the voltage amplitudeV, compared
monitoring the drive pickup power. The shape to the detected pickup power. An extrapo-

and position of the resonance change slightl31ating t towards higher pickup values is dis-
for di erent powers.

played which uses an o set as the only free
parameter, the slope is xed to the expected
20dB for each voltage increase by a factor 10. An indirect but ane accurate approach to
calibrate the pickup power is to use measured ion trap freguees to calculateVy. This pro-

cedure is explained in section 3.3. The calculated voltages are more than a factor 2 below
the extrapolating t. This is most probably due to the beforementioned disturbance of the
resonant circuit and the neglected losses on the RF transmisn from the feedthrough to the
trap electrodes. The former is con rmed by comparing the rab between measured pickup
power and the total by the drive dissipated power for the twoeds of data. In the case of
directly probing V, with an oscilloscope this ratio is not a constant and it is mar than 300
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Figure 2.12: Two di erent measurements are compared to chiiate the RF-pickup signal.
The direct measurement (black) of the RF voltage amplitudd/, is obtained by connecting
an oscilloscope to the electrodes. The indirect determinah of Vg (red) uses the measured
ion trap frequencies and the geometric e ciency of the quadipole eld. The extrapolation
of the direct calibration does not t with the more accurate ndirect calibration. The slope is
assumed 20dB per factor of 10 in voltage.

times smaller than the ratio obtained during the trap frequacy measurement.
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The pickup signal can also be used to de-
termine the RF-signal width and noise, and
to detect possible sidebands. For this mea-

surement the pickup is directly connected
to a spectrum analyzer, a sample spectrum
obtained is shown in Fig.2.13. The noise
background is more than 80 dBc suppressed
35kHz away from the carrier at 1 = 2
427MHz. Sidebands are seen at HkHz,
o 7 7 30:25kHz and 401kHz, all are suppressed
by about 60 dBc or more, and narrower than
100 Hz. Except for the sideband at 4Q kHz
Figure 2.13: The spectrum of the RF-signal isthey are detected even when the drive is dis-
measured with anAgilent E4407B Spectrum abled, which means they stem from the noise
Analyzer. The settings are RBW = 1kHz and picked up before the preampli er or from the
VBW = 100Hz. The spectrum is measured DDS which is specied with a noise back-
once with the enabled drive (red) and with the ground of 60dBc. The sideband at 4@ kHz
disabled drive (blue). The noise level and thEmight be introduced by the power supply
narrow sidebands are well suppressed. used to provide the 75V of supply voltage for
the drive. As all these sidebands are strongly

suppressed and narrow, no strong heating e ect on a trappedn is expected.

Stable power output from the RF drive requires the MOSFETSs tde at a constant tem-
perature, because the gate thresholds decrease with in@ieg temperature. The initial ther-
malization time after enabling the drive is on the order of 3§, depicted in Fig.2.14. Disabling
the drive for short times, used for example to intentionallyempty the ion trap, does not have
a signi cant e ect on the MOSFET temperature and the output power recovers instantly.

2.5 Interlock System and Temperature Recording

In order to optimize the statistics from the collision measements between the single ion
and the ultracold neutral atoms, we have maximized the timefalata-taking by running the
experiment in a continuous mode, 24 hours per day and 7 days aek. This also resulted in
less drifts, as the whole setup achieves a better thermal @lgarium. To prevent the system
from being excessively damaged in unexpected events, arendck system has been designed.
It consists of a reliable hardware part and a exible softwae part.

The hardware part controls all the high current power suppdis, the optical dipole trap laser
and a valve in the main supply pipe of the cooling water. If anreor occurs, all these systems
are disabled. The hardware continuously monitors the tempa&ture of the magnetic coils,
senses water on the laboratory oor and the experiment taldeto detect cooling water leaks,
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Figure 2.14: Graphical output from the software to monitor he trap drive. The drive power
pickup signal (yellow) and the supply current (red) are meased values. The average gate-
source voltage (green) and the drive frequency (blue) are tput parameters. In the data
shown, the drive is enabled at 50s and runs stable about 30s later when the MOSFETSs
reach thermal equilibrium.

checks for su cient cooling water ow and detects interruptions of the mains supply voltage.
In combination, the interlock system is able to prevent oothg and critical overheating of the
experiment setup. When the system has detected an error, ieeds to be re-enabled manually.

A software interlock cannot provide the same degree of safets it relies on error free
operation of the software. However, it comes with the advang, that the critical values, which
can lead to a shut-down of the experiment, are continuouslgcorded and can be inspected to
nd the cause of the shut-down. Currently, our software intdock only monitors the magnetic
coils temperature, redundantly with the hardware part. An aditional switch o signal is
provided from the software to the hardware part of the intedck system, therefore combining
the advantages of error reproducibility and the higher satfe of the hardware system.

Beside emergency switch o, temperature recordings from sraus points in the experiment
have proven to be a useful data source for analyzing the systs thermal behaviour, or to
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Figure 2.15: Temperature recordings from seven di erent ¢ations of the experimental setup.
The readings from the magnetic coils (blue for one of the quagbole coils and red for the
lo e coil) show the strong temperature increase during theimne they are enabled within every
cycle of 87:5s in length. Some uncorrelated uctuations and drifts can & observed on the
cooling water temperature (dark blue) and the experiment fales and air (yellow, black and
orange, the black data is mostly hidden behind the yellow). e temperature of the ion trap
head (green) experiences a small temperature increase a theginning of those cycles where

the oven is red. It can be seen in the presented data dt2 f 0; 157 2355;5495; :: 0.

search for correlations between temperature variations de ects measured with the ion or the
atoms. A printed circuit board to measure temperature on fauchannels has been designed,
which connects to the previously described microcontroilen the clock generation board (see
section 2.1). The circuit is compatible with standard PT10Gemperature probes and a four
wire connection is used to minimize transmission line ermr A high resolution analog-to-
digital converter reads the resistance of the probe, whick converted into the corresponding
temperature by the software. The observed RMS-noise on thecorded temperature values is
below 10 mK. The sensors are slightly sensitive to strong mosvave and RF- elds present in
our setup, however the observed o sets are reproducible abelow 200 mK.

We have currently seven temperature sensors in use for thentitnuous data recording. Two
sensors on the magnetic coils keep track of the strong tempeire increase during the part
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of the experimental cycle, when the magnetic coils are enalll see Fig.2.15. The magnetic
coils, even though they are water cooled, are the strongestdiing elements directly a ecting
the experiments. The average temperature of the coils witihione experimental cycle is a
good measure to see if the system runs thermally stable. Afterchange of the currents for the
magnetic coils the thermalization typically takes about 3énin. The sensors on the experiment
and the laser table mainly monitor the stability of our air-onditioning. They help diagnosing
problems with lasers not running stable. The stability of tle cooling water temperature is
essential for good experimental conditions as it is used t@a, among other parts of the
setup, the ion trap and the ion trap drive. The one temperatue sensor operating within the
vacuum chamber is glued to the ion trap head, directly next tthe Yb-oven (cf. Fig.1.11). It
registers a temperature increase of a few 100 mK whenever tie-oven is red, a convenient
way to check if the oven is working.
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Chapter 3

Methods

In this chapter, the methods of system preparation, calibtaon and data retrieval will be in-
troduced. Preparing the ion trap involves loading a singlen, compensating the micromotion
and characterizing the ion trap geometry. To determine thegimperature of the ion, we use the
uorescence light during Doppler cooling as a signal. The Itlaration of electric elds is crucial
to ensure a xed position of the ion. The alignment between #ion an the neutral atom cloud
is achieved by displacing the trap centre for the neutral atoas relative to the ion trap. The
independent control over the two is discussed. The neutratans are absorption-imaged after
a few milliseconds time-of- ight, providing information a1 density, temperature and structure,
and the trap for the neutral atoms is characterized by its hamonic frequencies.

3.1 Single lon Loading

Di erent from most other experiments with trapped ions, whee ions typically stay trapped for
very long times, in collision experiments with cold atoms #loss of an ion tends to occur more
frequently. lon losses are even required by some types of si@@ments, predominantly when
investigating inelastic collisions. Our fast and automati trap reload procedure has therefore
allowed us to acquire data in an a ordable amount of time. Inhis section, the procedure of
automatically preparing one single ion in the trap will be eglained.

To control the number of ions we use three basic proceduresietloading of the trap,
partially unloading the trap and fully emptying the trap. The latter is achieved by simply
switching the trap drive o for a short time on the order of 100ms. The trap is typically
emptied before reloading, in order to get rid of any dark ionswhich could be Yb ions in
the F state or ionized Rb atoms. The time of loading of the traps xed to the end of the
experimental cycle when the power supply is available for ¢hYb oven as at that time, it is
not used for driving magnetic coils.

Just before the oven is red, the ion cooling laser at 370 nmiied detuned by approximately

20 , and its intensity is increased for higher ionization e ciency. The oven is heated by
the current pulse and emits neutral Yb atoms, as seen in FiglRa. As they pass the centre

59
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Figure 3.1: The loading statistics is obtained by registerg the number of ions directly after
loading the previously empty trap. The shown data (blue bajsconsist of 501 repetitions, taken
within three days with an average number of ions loaded of2 The calculated Poissonian
distribution is plotted for comparison with error bars indcating the variation expected from
shot-noise.

of the trap, a fraction of these atoms are ionized in a two-gpeprocess with the two lasers at
398 nm and 370 nm. After the oven has cooled down, the ion codglilaser frequency is ramped
slowly up to a detuning of 0:5 at our normal operating laser intensity (I=ls5x  2:5). At
this point the trapped ions are cold and can be detected by theorescence rate and with the
CCD-camera. The number of ions is quickly identi ed by usinghe algorithm described in
section 2.3.2 and it follows a Poissonian distribution, sk in Fig.3.1. The average loading
e ciency, given by the mean of the distribution, depends on aaumber of factors. It is most
sensitive to the power of the laser at 370 nm, which lets us adade that this is currently
the most limiting factor. Also, the axial con nement of the i trap can have a signi cant
e ect. Probably due to static charges, the trapping region an shrink and hence the capture
of the initially hot ions becomes ine cient. Therefore, rasing the axial con nement typically
increases the loading e ciency. Changing the end temperate of the oven by altering the
current also directly a ects the mean number of ions loadedhdependently of the other factors.
The optimal loading e ciency to prepare a single ion is foundor an average between 2 and
3 initial ions, as this already reduces the chance of not lo@ad any ion to some acceptable
value, while at the same time avoids to load too many ions.

Following the detection of the number of ions loaded, the ctwol system decides to partially
unload the trap if more than one ion remains. To this end, thexaal con nement is lowered to
a critical value, such that a trap loss becomes probable. Tlven nement is ramped back to its
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normal value and the number of ions is measured again. The pemure is repeated iteratively
until only a single ion remains. A typical sequence of trap &ling and three consecutive partial
unloads is illustrated in Fig.3.2. The number of possible erations of the partial unloading
is limited to about six, by the available time within the expeimental cycle and the image
acquisition time needed to detect the ions.

Figure 3.2: The uorescence count rate at 370 nm is recordedirthg a trap load and partial
unload sequence. The photons are binned in intervals of 108 hength. The sequence starts
by detecting an empty trap. During the oven ring att 5s, the frequency of the UV light is
red detuned and its intensity is increased to ionize more eiently, seen by the increased stray
light. Then the intensity is reset to lower power and the detning is ramped to  =2. Once
the ions are cold and brightly uorescing, the number of ionss detected. A partial unload
follows, during which the uorescence reduces signi cantlas the ions move out of the centre
of the trap. The ion number detection and partial unloads areepeated until there is only one
ion left. In the presented example the initial number of ionss four, then reduces with each
partial unload by one, to end with a single ion at = 17 s.

Unfortunately, the optimal choice for the critical value of he axial con nement to partially
unload the trap is not a constant. Due to the accumulation oftatic charges that value drifts
with time. Therefore, the critical value needs to be adjuste dynamically. Each partial
unload sequence provides some information of that criticablue. The procedure can either
be successful, not e ective, which means the con nement hamt been lowered enough, or
over-e ective, which means the con nement has been lowerédo much and all ions have been
lost. Ideally the procedure operates on the boundary betweesuccessful and not e ective,
as loosing all ions results in the one experimental cycle hgilost for the data acquisition of
the main experiment, while being not e ective just means thiathe partial unload has to be
repeated a few times more. The feedback loop on the criticadrcnement value increases or
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lowers its value depending on the e ectiveness of the laseitation: After a success the value
is slightly increased. This ensures to move towards the bodery between being successful
and ine ective. After an ine ective iteration the value is lowered by a slightly bigger amount.
And in the rare case of an over-e ective iteration, the valuesi increased by a large amount.
The simplicity of this method allows to manually overwrite he low con nement value without
disturbing the automatic feedback. The e ectiveness of thenethod has proved high over
extended measurement times and it works reliably. A sampls presented in Fig.3.3. It is
based on the same dataset used for Fig.3.1. In 372 events, entitan a single ion has been
loaded initially. In 88% of these events, the partial unloadg procedure has been successful
in preparing the single ion. In 9% all ions have been lost and B% more than one ion has
been left after six iterations. Including the probability d loading a single ion directly from
the start, the overall e ciency of reloading and preparing &actly one ion is 84%.

Figure 3.3: Depicted is the occurrence of possible outconfesm a trap reload procedure. In
14% no ion is available, half because no ion has been loaded &mlf because it has been
accidentally unloaded. In 2% of the cases more than one iorags$ trapped after a series of
ine cient unloading sequences. In the other 84%, a single nois successfully prepared, 65%
of which after applying at least one partial unload proced&. The data shown correspond to
those of Fig. 3.1.
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3.2 Micromotion Compensation

The level to which excess micromotion can be reduced plays auaal role in experiments
with trapped ions and cold neutral atoms. This is because emy from the RF-driving eld
mixes via the micromotion with the energies of ion and neuttaatoms through collisions,
which will be described in more detail in chapter 4 and 5. Thefore, compensating the excess
micromotion is the way to reach lower collision energies, prove the localization of the ion
within the ultracold gas, and to progress towards experimé&nobserving quantum e ects.

3.2.1 Excess Micromotion Contributions

In the linear RF-Paul trap the intrinsic micromotion is given by

p_ I'secix(t)
¥omint = 2! p%) rsec:;y(t) g cos( tt); (3.1)
0

which forms the pseudopotential necessary to trap the ion. Alitionally, excess micromotion
can be de ned in a generic way,

20 1 0 1 3

Cx Sx
Smes =+ 21,9 ¢, K cos( 1)+ Bs, Ksin )8 ; (3.2)
C; S;

including terms for all three spatial dimensions, and for beg in or out of phase with the
main driving eld. In the experiment consequently, the six prameters have to be measured
and appropriate corrections need to be applied to the system order to minimize the six
parameters. Usually, the strongest contribution to excessianomotion, and also the easiest to
compensate, is represented by the parametegs and ¢,. They correspond to a displacement
of the minimum of the ion trapping potential relative to the entre of the RF-quadrupole eld.
The displacement can be caused by static electric o set efdand is accordingly compensated
by adjusting the controllable o set elds Eycov and Eqcon. The contributions s, ands, relate to
small phase shifts between the RF-voltages on diagonallypgsing electrodes [91]. Lets assume
a phase shift 1, then the voltage between the electrodes is proportionabt cos( tt).
At the position of the ion, this leads to a homogeneous elewrRF- eld, which is =2 out of
phase from the trap driving eld. Compensating this type of ncromotion should be done by
individually adjusting the phases of the RF-voltages for eh electrode. (In our apparatus,
the electronics to do so is ready, however, with the low measd s, and s, there has been
Nno necessity to use it so far.) The excess micromotion cottutions along the trap symmetry
axis, ¢, and s,, can be a result of RF pickup on the end-cap electrodes or a sequence from
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a geometrical asymmetry in the alignment
of the ion trap electrodes. Compensation
T might be achieved by feeding an additional
RF-voltage to the end-caps.

3.2.2 Photon Correlation Model

In our system, we use a photon correlation
technique [92, 91] to measure the six param-
eters of the excess micromotion. It builds
“““‘“**\ on the simple idea that the photon scat-
’ T tering rate of the ion is modulated through
the Doppler shift. Hence, if the velocity of
the ion varies as in Egn. (3.2), the scattered
light intensity is expected to be modulated at
: the frequency 1. For perfect micromotion
%\ compensation this modulation is expected
to vanish. The Doppler shift is only e ec-
tive if the micromotion velocity comprises a
component along the laser exciting the ion

%M (Mmmee Kiaser 6 0). Therefore, in order to
" 1 probe all the six micromotion parameters, at
least three di erent laser beams are required,
which do not lie in a single plane. Ideally,
each beam can then be used to measure the
micromotion along one main axis. However,
due to experimental constraints on optical ac-
cess, this is only approximately realized for
the vertical beam, while two beams in the
horizontal plane measure both some di erent
linear combinations of micromotion along the
remaining two main axes.

Figure 3.4: (a) The evolution of the excited
state P (red) is shown for the rst ve periods
of the driving RF, for a,y, = 1nm. (b) The
amplitude (blue) and (c) relative phase (green)
of the converged modulation o are plotted
againsta,y, . The laser settings aré=I o5 = 2:0
and = 05.

A quantitative approximation of the pho-
ton scattering rate, dependent on the mo-
mentary velocity of the ion, can be obtained
from solving rate equations for a two-level
system. The probability Pj; to nd the ion
in its excited state can be modelled with the
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di erential equation

d ( =2)

dt ® e eft ()2 +( =2)?

(1 2Pe) (3.3)

with
eff (1) = ('me;e Riaser) COS( T1) ; (3.4)

where is the natural linewidth of the cooling transition, the Rabi frequency and the
detuning of the cooling laser frequency from the ion's resamce. This model neglects coherence
between the excited and the ground state of the ion. It is usdtkere as an approximation to
see how the micromotion connects to the photon correlatiomnd is strictly valid only for

1. A numerical integration of Eqgn. (3.3) provides informatio on the light modulation
at the frequency 1, see Fig.3.4a. After atime a few * long, the numerical solution forPj
converges to a constant mean plus a modulation of a certain phtude and with a relative
phase to the driving eld. They can be evaluated using a sinat method as the calculation of
correlations described by Egn. (2.5). Fig.3.4b and ¢ showwdahe amplitude and the phase
of the correlation change, when the amplitude of the microntion is increased. Close to the
compensated caseld,mj - 10nm), the phase can be approximated by a constant and the
amplitude as being proportional toa,, . In this linear regime, the slope of the correlation
amplitude and the constant phase both depend on laser detmg and intensity, shown in
Fig. 3.5. Stable laser parameters thus facilitate the deterination of micromotion.

3.2.3 Averaging E ects

Averaging e ects play an important role when deducing the exass micromotion parameters
from the experimentally measured photon correlation. EQqi(3.4) models only the simpli ed
case where there is no secular motion involvea{. = O, in Eqn.(3.1)). However, the real
tsec UCtuates corresponding to a nite temperature of the ion ona timescale given by the
inverse ion trapping frequency. If the photon correlationsimeasured on a sample much longer
than this timescale, then correlations originating from tle intrinsic micromotion average to
zero and do not a ect the measurement. This statement is true the linear approximation
of the RF eld and for homogeneous illumination of the area thion is in. For an asymmetric
light intensity pro le over the region the ion is distributed in, non-zero correlations can be
expected even with an optimally compensated trap. In the egoiment, the Gaussian laser
beam pro les should therefore be carefully centred on thernoto prevent systematic errors
in micromotion determination. Note that the averaging mechaism is a special virtue of the
photon correlation measurement. Other techniques, such agcromotion sideband detection
can be limited by the thermal noise.

The e ect of electric o0 set elds, which uctuate on a timescale shorter than the correlation
measurement length, will also be concealed by the averagimgchanism. We have considered
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Figure 3.5: Numerically calculated slope (purple) of the coelation signal and its phase (green)

relative to the driving RF. On the left side the dependence olaser detuning is shown for an

intensity of 1=l st = 2:0, on the right side the dependence on laser intensity for atdaing of
= 05.

the possibility of electric o set elds changing with the mans frequency of 50 Hz. Such well
de ned, single frequency modulations of electric elds wdd leave a correlation signal at
sideband frequencies + 50Hz. However, no such sidebands have been observed.

3.2.4 Systematic Corrections

The setup described by Fig. 2.2 together with the function (8) is used to retrieve the phase
and amplitude of the photon correlation from the scatteredight. Before attributing this
correlation to the ion uorescence light, two points need tde considered to prevent systematic
errors. Firstly, technical noise can introduce additionalfalse correlations. Secondly, ion
uorescence light is typically seen on top of a background t& which reduces the measured
relative amplitude of the correlation.

Evaluating Eqgn. (2.5) on uncorrelated stray light yields a on-zero correlationc.qax and
Cs.dark - It Stems from electronic RF pickup on the signal between thghoton counter and the
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time to digital converter. This correlation is constant fora certain ion drive setting and it is

independent of the photon counting rate. It is measured durg each experimental cycle on
stray light, while the ion is kept dark by turning o the repump light. The phase of the dark

correlation is constant as long as all the electronics keegibhg phase-locked, which usually
is the case for periods extending over weeks. The dark coatédn acts as an o set on any

measured correlation, meaning that for no micromotion onexpects to measure the same
correlation on ion uorescence light. In data evaluation tfs is accounted for by subtracting

the dark correlation from any measured result of Eqn. (2.5).

Background photon counts result mainly from laser light s¢tered from the vacuum cham-
ber windows and the ion trap. Background ratesy,« therefore di er for the three laser beams
and are measured on each beam separately. As the laser intBesiare actively stabilized (with
a proportional-integral-derivative (PID) control loop feedback system), 4ok do not change
over time. Correlation amplitudes on signals consisting difoth uorescence and background
light are reduced by the ratio of the full photon counting raé ¢, and the rate of photons
originating from ion uorescence. Multiplication by this ratio rescales correlations to the value
expected from pure uorescence light.

Combined, the two corrections for dark correlation and bagkound light are considered in

Cc;real = ¢(Cc Cc;dark) ; (35)
full dark

for the cosine part of the correlation, and the analogous ajgs for the sine partcs.ea -

3.2.5 Correlation Measurement

To determine the best compensated values of the electric efs elds Egov and Egeon, We
repeatedly measure the correlation (Eqn. (2.5)) within 8 sof various o set elds. The eld
values are chosen randomly in a small region around the optnposition to stay within
the linear regime of Fig. 3.4b. When measuring with the vexal laser beam, we change the
horizontal electric o set eld Eqycon, and vice versa, due to the alignment of the RF-quadrupole
eld. A sample of such obtained correlation values, correet using Eqn. (3.5), are plotted in
Fig.3.6. The correlation coe cients in the complex plane .real ; Cs:rear) @re scattered mainly
along one phase direction. However, a line tted through thespoints does not exactly cross the
o(ﬁigin as could naively be expected. This is also re ected the absolute value of the correlation
( Gea t G ) Which is minimal for the optimal o set eld, but non-zero. The phase
of the correlation can be calculated for each measurement.(= arctan(Cs.reai =G:rear)) and
asymptotically approximates a constant value for larger cset elds. This asymptotic phase
corresponds to the numerically calculated correlation plsa plus a technical o set. It can be
determined from the measured data. Rotating the correlatiocoe cients in the complex plane
with the asymptotic phase separates the correlation into aoemponent ¢, which maximally
depends on the o set eld, and its orthogonal complement,, , which is independent of the
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Figure 3.6: Measured uorescence correlation with the dring RF for various o set eld
settingsEq4con - Every data point corresponds to the correlation evaluatedn a data sample of
8s length. In (a) the correlation is plotted in the complex @ne. (b) shows the amplitude and
(c) the phase of each measured correlation vs the e ective et eld, which is the di erence

betweenEg,n and its optimally compensated value. (d) shows,; (blue), the component of
correlation along the asymptotic phase ( =4), and its orthogonal complement,, (red).

o set eld. These two components are directly linked to the ncromotion parameters in phase
(Cot), Or out or phase €orh) With the driving RF respectively. The optimal value for the
electric o set eld is found for ¢ = 0, while ¢,y characterizes the RF-phase shift between
opposing electrode voltages.

3.2.6 Continuous Compensation Method

For long experimental runs, usually extending over severdhays, we want the micromotion
to be controlled at all time. Within such time-scales, extaral o set elds drift signi cantly.

Therefore, the correlation measurement and the compensati with Ey.ov and Egcon Need to
be conducted continuously. We do this in the following autoimed way. Photon counter data
is taken for random electric o set elds within a small regim around the optimal value during
the MOT loading phase within each experimental cycle. The gsiptotic phase is determined
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with a weighted oating average with exponential decay. Edt measured correlation point
is therefore weighted with its amplitude, because points ifig. 3.6a further away from the
origin contain more information on the asymptotic phase tha points close to the origin. The
correlation coe cients Cereqr aNnd Csreq are stored in two cyclic lists with their error initially set
by photon shot noise. These errors are thereafter increasieg a certain percentage whenever
a new entry is added to the list. This accounts for the fact thadata from far in the past
can only be mapped to the present situation with increased gartainty. Then a new list with
Cot IS calculated from the two cyclic lists and the current asymptic phase. And nally, a
weighted linear tis used onc,; VS Egcon t0 Nd the optimally compensated value forE geon
Fig.3.7a showsc,,: and o VS Egcon Of micromotion measured over a period of four days.
The optimally compensated value foE 4.,y drifted by 4 V/m, which is displayed in Fig. 3.7b.
A single measurement of 8s length yields a compensation a@ay of about Q3 V/m, when
used in an a posteriori analysis. These data can be used to leede the accuracy of our
continuous compensation method described above, which is the order of Q1 V/m.

Il
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Figure 3.7: (a) displays the same data as in Fig.3.6d but pletd against the real Egcon .

Due to drifts during the four days of data acquisition thec, (blue) are not on a single line
anymore. oy (red) remains qualitatively unchanged. The drifts are showin (b), where the
optimal value for Eq4con is calculated from a single measurement (black) or by the awmnized
optimization procedure (red).

3.2.7 Additional Forces A ecting Micromotion

The micromotion compensation is mainly performed to prodecoptimal conditions during
interactions between the ion and the neutral atoms. The ccetation is however measured
in a di erent environment than the interaction with the neutral atoms. Magnetic coils run
with di erent currents, optical dipole traps for the neutral atoms might be switched on and
there is no cooling laser light for the ion. All these changest introduce additional forces
on the ion, they displace the ion and make corrections to thempensation elds necessary.
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Optical dipole forces from any laser are all very small, casponding to electric elds of less
than 0:001V/m, and can be neglected. The spontaneous force of the g laser however
corresponds to a eld of @ V/m and needs to be considered when approaching that level
of compensation. Additional electric elds from voltage grdients across two closely located
magnetic coils are more di cult to quantify. Reasonable nurbers are a voltage drop of 1V
over a coil separation of 5cm, yielding a eld of 20 V/m. Howevethe stainless steel vacuum
chamber and the electrodes of the ion trap should strongly igffd this eld from the ion.

3.3 lon Trap Frequency Measurement

Two di erent methods have been used to characterize the trafpequencies in our setup. The
rst method uses the positions of ions in a Coulomb crystal. df two trapped ions, for example,
the separationd; is linked to the longitudinal trapping frequency! , with %:di{ = m;! 2ds=2.
In the case of many ions aligned in a zig-zag shaped Coulomistal, information on the radial
trapping frequency is contained in the displacement of ionaway from the trap symmetry
axis. The biggest error source in this way of determining tpping frequencies lies in the
calibration of the imaging magni cation, which links real bn separations such asls to the
ion positions seen on the CCD image. The second method to ma&strapping frequencies
uses resonant excitation of the three oscillation modes. {fives more accurate results and
will be explained later in this section. The combination of he two methods is used to fully
characterize the harmonic trapping potential. While the rsonant excitation gives accurate
values of the trapping frequencies, the image of Coulomb sigls provides information of the
orientation of the trapping axis. Also, the best calibrationof the imaging magni cation is
achieved by combining the measured separatiafy with the spectroscopically determined ,.

The motion of the ion can be excited by applying a modulated ettric eld [61]. When
the modulation frequency coincides with an ion trapping figuency, the energy of the ion is
resonantly enhanced and due to Doppler shift, and the ion mioyg out of the laser beam and
the eld of view of the PMT, the uorescence signal will decrase. The problem with this
method is that the ion is easily lost as its energy exceeds ttrap depth. This is because the
only damping force, the laser cooling, becomes ine ectives #éhe energy of the ion increases.

Instead, we are using the spontaneous light force to excithe ion [61]. To this end, the
light is modulated by quickly switching it on and o with an AOM triggered by a DDS'. The
switching frequency is typically swept over a frequency rge where all the trapping frequencies
are expected within. The advantage of using the spontaneolight force to resonantly excite
the ion's motion is that the excitation force decreases witthe uorescence as the energy of
the ion increases. This automatically limits the energy aron can acquire and trap losses due
to the ion trap frequency measurement have not been observed

A typical uorescence signal recorded while the cooling Ing is modulated is shown in

1This method has been implemented together with Lothar Ratstbacher [88].
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Fig. 3.8. The modulation frequency is swept from 35kHz to 19%#kk. Three clear dips can
be seen at the trapping frequencies. The dips at 135kHz and &% correspond to radial
excitations, the third dip appears at! , =2 50kHz. It is signi cantly broader than the other
two and the width changes if the excitation frequency is scaed downwards instead. This
behaviour is well described by a Du ng-oscillator [93]. Therequired trap anharmonicity is
very likely to occur along the trap symmetry axis, as the DCliectric eld created by voltages
applied to the end-caps is shielded by the RF-electrodes abdcause the excited ion trajectory
extends over more than 100m. The broadening has to be taken into account carefully when
evaluating! ; from the uorescence data. Additional care has to be taken tocaount for the
asymmetric broadening, as the anharmonicity is not constanWe have observed it changing
when other electric o set elds drift.

We model our trap geometry with a po-
tential consisting of three terms. The weak-

est trapping axis is assumed to be xed to e '-_
the trap symmetry axis. The rst term . AR S
considered is the pseudopotential generated - ]
by the RF-quadrupole and is of the form - ]
Ure = D!2(x%+ y?). The second term ]

describes the longitudinal con nement in- ]
duced by the end-cap voltages, but includ- |
ing an asymmetry in the radial decon ne-
ment, Upc = B (1222 12x* !2y?), with

12 12 12=0to fulll Upc = 0. The

third contribution describes a DC-o set on
the quadrupole eld (dcoQ with the same
orientation as the RF-eld, which can be
tuned by applying additional DC-voltages to
the RF-electrodes. Its potential is of the form quency coincides with a trapping frequency.
Udooo = Ggeomo Q(dcoQ dcoQ) (2xy). The The shown data is an average of ve realiza-
0 set dcoQ, and the asymmetry inUpc are a tions, each one acquired within 8 s.

result of static charges on electrode surfaces

Figure 3.8: lon uorescence signal while the
laser is modulated with a sweeping frequency.
A dip appears whenever the modulation fre-

or ceramics and they drift in time. cgeom:q iS the geometric e ciency of the quadrupole eld.

A series of measurements of the three trapping frequencies f/arious dcoQ determines
the full harmonic trap geometry. To this end, the data shownn Fig.3.9 are tted with
the frequencies resulting from the model above. The tting arameters are! ,, !, !y,
dcoQ and Cyeom:qo- At the point of minimal splitting between the radial trapping frequen-
cies,dcoQ= dcoQ,, the lower trapping frequency is associated to the horizaaitaxis. This is
found by looking at a Coulomb crystal in that trap con guration. The camera images along
the vertical axis and the zig-zag shape is most pronounced détoQ = dcoQ,. If the lower
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radial trapping frequency were in the vertical direction, he zig-zag shape would be aligned

along the line of sight and not be visible on the camera. The tapresented in Fig.3.9

yield ! , = 2 157kHz and! , = 2 49kHz, which both depend on the RF-power and the
end-cap voltages. O set elds from localized
static charges at the time of the measurement

1 1 are taken into account with! , =2 25kHz
. M and dcoQ = 282kV/m 2. The tting result

- ”/////\ for the geometric prefactorcyeomo = 0:64%
1 e ’ 1 is a constant. Together with! p it can be
- | used to calculateVy, = 230V, the actual

| 1 RF-voltage amplitude between the trap elec-
trodes.

3.4 lon Temperature Mea-

- : _surement
Figure 3.9: lon trap frequencies for various

dcoQ The two radial frequencies (blue andTp determine the motional energy of an ion
red) and the axial frequency (green) are tted \ye measure the change of its uorescence rate
with a three component potential model (black gye to the Doppler shift. The higher the ion's
lines). average velocity, the lower is the expected u-
orescence. The motional energy of the ion will be a ected by¢ scattered photons and typi-
cally reach Doppler temperature within 1 ms. For an initially hot ion the observed increase
of uorescence rate re ects the dynamics of Doppler coolingrhis increase in uorescence, and
how to attribute an ion temperature to it, is described in [9% The technique has originally
been employed to determine heating rates of ion traps [96]. eMise it to measure the mean
ion energy after the ion has interacted with the ultracold aims. The method and the data
evaluation procedure are described in the following.

The measurement of the uorescence is typically taken dirdg after the release of the
neutral atoms from their trap, to be insensitive to the intrnsic ion trap heating. The intensity
of the uorescence laser at 370 nm is always regulated with d®controller. However, after
quickly switching the light on it takes about 15 ms for it to sabilize. Therefore, the uorescence
laser is switched on 20 ms before the repumper at 935nm. Theuelper is enabled quickly
with the means of an AOM, using the same trigger signal to ndyi the TDC about the start
of the measurement. The registered uorescence photons agsequently binned with a5s
spacing. The sensitivity of the measurement can be incredsky setting the detuning of the
uorescence laser closer to the resonance. As this will remd2oppler cooling less e cient,

2This number for Cgeom;q Should be compared with 082 from the nite element electric eld calculation [94].
The discrepancy might be caused by di erences in the trap dinensions between the nite element model and
the real trap setup.
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allowing the ion to remain longer at an increased energy, tregnal of decreased uorescence
can be detected for a longer time. However, the sensitivity tthe accurate setting of the laser
detuning increases as well. The automatic adjustment of th@etuning, described in section
2.3.3, is therefore crucial for consistent data acquisitio In our setup, the ideal value for the
detuning, maximizing the measurements sensitivity whiledeping the systematic error low, is
found at 4.

The theoretical model [95] describing the uorescence, @ts the motion of the ion in a
one dimensional harmonic oscillator and neglects microman. Stochastic heating by photon
recoil is also ignored, as it only becomes relevant near theating limit where the change to
the observed uorescence rate is insigni cant. A rst assurption relating to the experimental
parameters is that the excited state population is always a$e to its equilibrium value

|:(2|sat) )
T+ 1=lgq+(2( L kovp)=) 27

Piei (V2) = (3.6)
This is well justi ed if v, changes slowly compared to the excited state decay rate . lour
setup this condition is ful lled as the trapping frequencis are at least two orders of magnitude
below . The spontaneous forceF,(v;) = ~k, Pjei(V;) leads to the cooling ratev,F,, which
is averaged over one oscillation cycle. Here, to justify theverage, a small change in the
energy of the ion during one oscillation period is requiredThere is one order of magnitude
between the timescale for Doppler cooling and the trap odailion period in our experiments.
Given a set of laser detuning, saturation parameter and indl ion energy, the evolution of this
energy in time is calculated by numerically integrating thecooling rate. The evolution of the
uorescence rate follows directly. As only few photons are tieted within the relevant time
of 1ms in a single measurement, it needs to be repeated many tsneefore the averaged
uorescence rate yields conclusive information on the inél energy. This averaged uorescence
rate is predicted by assuming a thermal distribution of inital energies. Although we know
from simulations (see chapter 5), that the distribution of ®n energies after interacting with
the cold neutral atoms can be non-thermal, the thermal assuption still gives a valid link
between the averaged uorescence rate and the mean ion energ

The repeatedly measured and averaged uorescence rate iged by the model with a
least square method, shown in Fig.3.10a. To this end, expedt uorescence rate curves are
previously calculated for a number of di erent mean ion engies. The three curves with the
smallest sum of squared di erences to the measured data ateeh selected and a polynomial
of second order is used to interpolate the sum of squared diences over the energy range of
the selection. The best t for the mean energy of the data is tond at the minimum of the
interpolating polynomial. This tting procedure uses the @ergy as the only free parameter
and requires prior knowledge of the photon counting e cieng pyt Of the detection system,
or a normalization of the uorescence rate on its convergedhie.

The uctuation on the measured uorescence rate is limited ¥ photon shot noise. A
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Figure 3.10: (a) depicts a typical sample of averaged uoresnce count rate during Doppler
cooling. The red line is a t using the model from [95]. The sunof squared di erences for
six assumed initial mean energies are plotted in (b). The tee lowest values (red circles) are
interpolated with a polynomial of second order (blue line)ad its minimum (green marker) is
considered the best estimate for the initial mean energy dfi¢ ion. (c) shows the probability
distribution to measure some initial energy for three di eent experimental con gurations.
The probability distribution is generated using a bootstraping method. The resulting energy
from the red measurement is compatible with zero. The greenamkers depict the t result
and the error calculated from linearly propagating the phain shot noise. This error is much
smaller than the width of the probability distribution because it neglects the e ect of the
small number of measurements over which the uorescence eat averaged. This number is
40 in the presented data. Other measurements with averagioger more than 200 repetitions
show better agreement between the linear error estimate aride width of the probability
distribution.

formula describing how to propagate this noise onto the ttd mean energyE is given in [95]

_ 2 _ X @n 2_ 2.

1= (E)" = & (3.7)
with n; being the predicted number of photons counted and; the shot noise in the bin at
time i. The formula is well justi ed if a variation on any n; within a range of ; creates a
linear response ore. This condition is not strictly ful lled, especially for small E close to the
detection limit. Additional errors are caused by small samplsizes of the thermal average and
are not included in (3.7). For measurements with averageseavless than 100 realizations
an underestimation of the error is therefore expected. By ing a bootstrapping method [97]
both the e ects of insu cient sample size and nonlinear erro response can be investigated,

shown in Fig. 3.10c.

The initial simpli cations of the model, the treatment in only one dimension and neglecting
the micromotion, lead to an additional overestimation ofe. Modeling the system in three
dimensions involves many more experimental parameters whineed to be accurately known.
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The orientation of the three main trap axis relative to the coling laser beam and the exact
trapping frequencies are relevant. As the single laser essalfy cools the ion merely along one
dimension, the cooling e ciency is limited by the rate of motonal energy transfer from the

other two dimensions. This transfer rate can be small, for #tance for two near degenerate
radial trap frequencies, resulting in a lower measured uescence rate for an extended time.
Hence the one dimensional model overestimates the mean egetg conclusion, the absolute

value of the tted energy has to be interpreted with care. Howeer, to detect relative energy

di erences, the method provides reliable results.

3.5 Calibration of Electric O set Fields

The simplest approach to estimate the electric elds whichra generated by the electrodes
is to just take the ratio of applied voltage di erence and eletrode distance. This is how
we de ned the technical parameters for the three DC-0 set &ls, Eyon for the horizontal,
Eqcov for the vertical and E 4o for the longitudinal trap axis. The DC-o set quadrupole eld,
using the same geometric con guration as the RF-trapping I, is attributed to the technical
parameterdcoQin a similar way, as half the voltage di erence between elactde pairs divided
by the square of the distance from the electrodes to the tragntre. The real physical values
of these electric elds all di er from the above technical deition by some constant factor,
de ned by the trap electrodes' geometry. In principal all thre geometric factors can be obtained
from nite element eld simulations. By this method the geonetric attenuation for E4.on and
Edcov IS expected to be (¥l [94]. This number is mainly used in the calculation of theeal
amplitude of excess micromotion for any setting dEgy.oq and Egcov. HOwever, the error in
calculating the physical elds is rather large and systemat, relating mainly to simpli cations
made in the simulation model and to inaccuracies in the maradturing process of the real ion
trap. The remaining two elds are calibrated by measuring tke e ect they have on a trapped
ion. The calibration of dcoQis done by measuring trap frequencies, explained in secti8rB.
The physical value ofEy is measured by observing a single ion's displacement witheth
CCD-camera. The magni cation of the camera, or the correspding size of one pixel can be
determined by the distance of ions in a Coulomb crystal, if #nlongitudinal trap frequency is
known. The resulting geometric attenuation of the technidaeld Ege is :01245(27). The
error here is dominated by the measurement of the ion displEment to an accuracy of @
pixels and can be improved, if required, by repeating the mesarement many times. The
geometric factor is rather small due to the strong shieldingf the longitudinal eld by the
radial electrodes.

Other than Eycon and Egcov, Which are tuned to minimize excess micromotiorE .o Can
be set to a range of di erent values, changing the position dhe ion but without a ecting
its micromotion or con nement. Still, a stable position of te ion is required to reproducibly
overlap it with the neutral atoms during prolonged measuresnts. Static charges, which
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slowly accumulate on insulating parts of the setup therefermake electric eld compensation
a necessity, also on th&€ 4, value. We de ne the best compensated value d4.,. as the
eld where the position of the ion is unchanged when symmetally lowering the longitudinal
con nement. The automatic alignment sequence requires foposition measurements of the
single ion obtained from four CCD images. During their acgsition, two dierent EgcoL
settings and two di erent settings for the longitudinal connement are applied in the four
possible combinations. For the same value &g , the change in the con nement leads to a
displacement of the ion. This displacement is a linear funoin of E4 . The two measured
displacements for the di erent values oE ., are connected with a line and the compensated
value of E4o. is found where this line intersects with the displacement eql to zero. There
are other methods to adjustEy., such as optimizing the position of the ion on the camera,
however the above described solution proved to be the mosabte procedure.

3.6 Measuring Properties of the Neutral Cloud

As a very general statement, information retrieval in a singl experimental cycle can be much
more e cient from the neutral atoms than from a single ion, sinply due to the larger number
of atoms. As an example, the measurement of the mean energy afian requires a large
number of repetitions of the same experiment, and the sametisie when measuring an ion
loss probability as only one bit of information, loss or no ks, can be retrieved per repetition.
In contrast, the neutral atoms can provide information on tle cloud temperature, its position,
density, and structure in a single experimental repetitionin our setup, all this information is
acquired through the standard technique of absorption imamg. Here follows a short expla-
nation of the imaging technique and a description of how we t@n physical measures from
the images.

Absorption imaging is essentially a measurement of column mgty. Resonant or near
resonant light is sent in a collimated beam onto the atoms wth scatter the light and create a
shadow in the beam. The shadow is then imaged with a telescop&o a CCD-camera. Each
pixel of the camera measures the attenuatiog(x;y) of the imaging light for a speci c point
in the atom cloud. The attenuation is given by

Z 1
a(x;y) = exp (') ) (x;y;z)dz (3.8)

with (X;y;z) being the atom density and (! ) the optical absorption cross-section for the
laser frequency! . The integral is referred to as the column density and (! ) times the
column density as the optical density.

The attenuation g(x;y) is typically determined with the help of two additional images, one
taken completely in the dark to account for technical o setsand another one with the same
amount of light as the actual measurement, but without atomgo account for non-uniform
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illumination. The ratio between the measured light intengy in the image with atoms and the
bright image without atoms corresponds t@(x; y). The column density can then be calculated
by inverting Eqn. (3.8) with the knowledge of (! ). For a two-level system (! |) is given by

~I L =2

; 3.9
| sat 1+|:|sat+(2 :)2 ( )

(‘)=

and can be tuned by changing the light intensityl or the detuning . Due to the CCD-
camera's intensity resolution, photon shot-noise, and adtbnal technical noise, the accuracy
of the measurement ofg(x;y) is limited. The best signal to noise on the column density
is achieved for optical densities around one. For measuritige high densities of a typical
ultracold cloud of ’Rb a large detuning needs to be chosen.

Uncertainties and uctuations on the value of the laser detuimg introduce systematic
errors in the determination of the atom column density. To nniimize these errors, an accurate
calibration of the laser parameters is required. The laseefjuency can be tuned with an AOM,
driven by the signal of a DDS which ensures high reproducitiyl. For the calibration, a series
of images of identical atomic clouds is taken at di erent la&x detunings, and a Lorentzian t
to the optical density retrieves the laser parameterk=l s; and .

In situ imaging of the neutral atom cloud is useful for alignmant purposes, as the position
of the cloud is easily detected (see also next section and RdL2b). However, due to the
imaging resolution being limited by di raction, only littl e information about the structure of
the density distribution can be obtained. In most experimeis we image the atoms after a bal-
listic expansion of a few milliseconds. These time-of- iglimages are most useful to determine
the cloud's initial energy, because the position of an atonttar ballistic expansion depends
on its initial momentum. In a thermal ensemble the momentumsi normally distributed, so
the measured column density in time-of- ight image can be ted with a Gaussian, with its
width relating to the temperature of the trapped gas. The nurber of atoms is obtained by
integrating the density over the full image or from the amptude of the tted Gaussian.

For the investigation of the atom-ion interaction in our sytem, the neutral atom number
and temperature measurements have proved of value. When doiting measurements with a
thermal neutral cloud, the typically observed standard dewations are on the order of 15% on
the number of atoms and 6% on the temperature respectively. h€se numbers can however
vary signi cantly and depend on the chosen experimental pameters.

When imaging a partially condensed cloud in time-of- ight,the condensate fraction can
be distinguished from the thermal part by its slower and angtropic expansion. Applying a
bi-modal t, consisting of a Gaussian representing the thenal, and a Thomas-Fermi pro le for
the condensate part, yields the additional measure of the mibensate fraction or the number
of condensed atoms respectively. Fig.3.11 shows the measucolumn densities for three
di erent condensate fractions.

To characterize the magnetic or the optical dipole trap forhe neutral atoms, the mea-
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Figure 3.11: The formation of some of our rst Bose-Einstei€ondensates on April 15th 2008.
From left to right, as evaporation time is prolonged, the themal contribution diminishes and
the sharp condensate peak becomes more accentuated. Notedlmmgation of the condensate
which is perpendicular to the elongation of the thermal part After longer time of ight
the thermal part tends to assume a spherically symmetric sha whereas the BEC fraction's
elongation gets more pronounced.

surement of trap frequencies makes use of the detected piositof the cloud in time-of- ight.
The gas is set in motion by rst displacing it from the trap cernre with a magnetic o set
eld, to then rapidly turn o the eld, setting the atoms into an oscillatory motion. After
a preset time the trapping con nement is switched o to startthe ballistic expansion. The
oscillation period, and hence the trapping frequency, is tdined from a harmonic t to the
cloud's position for di erent times of oscillation. Two meaurements of such type are displayed
in Fig. 3.12a.

3.7 Independence of Neutral and lon Con nement Po-
tentials

One of the motivations to combine trapped ions with ultracal neutral atomic gases is that they
are subject to di erent external forces, allowing to contrbthe two independently. Basically,
the ions are trapped by electric elds and the neutral atomsymagnetic elds or dipole laser
traps. This section discusses the limitations of that indegndence.

Considering the e ects of the magnetic elds on the ion, theatio between the cyclotron
frequencyQB=m and the ion trapping frequency! is the relevant scalag = 2—!3. For typical
trapping frequencies of several tens of kHz and magnetic adaf a few Gauss the scalg; is
below 10 3. For example, a static magnetic eld will perturb the trajedory of the trapped
ion by means of the Lorentz force. If the ion initially osciites along a single radial axis, then
after one oscillation period this axis is rotated by an anglapproximately expressed byg. A

di erent e ect relates to switching magnetic elds on or o. The induced electric eld, given
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Figure 3.12: (a) Oscillations of the neutral atom cloud in th identical magnetic trap, but once
with electric RF-quadrupole eld enabled (red) and once dabled (blue). The decon nement
reduces the trap frequency from 29Hz to 245Hz (b) The centre x. of the magnetically
trapped neutral cloud is displaced by a magnetic o set eld dven by a current | gispiace. The
displacement is larger when the RF-quadrupole eld is enaddl due to its decon ning e ect.
There is no additional displacement when the neutral atomge centred on the RF-quadrupole

eld (1 gisplace = 0).

by the Maxwell-Faraday equationr E = %?, can change the energy of the ion. In the
case where the ion orbits on a circular trajectory around thdirection of the magnetic eld
B, turning o the magnetic eld leads to a relative change in the ion's energy ofrg. The
energy is increased or decreased depending on the direcwdthe orbit. As the circular orbit

is the extreme case, where induction gives the strongest etethe relative change in energy
is limited by rg ( E=E  rg). In our experiments these magnetic e ects on the ion can be
neglected becauseg is small.

Through the Zeeman e ect, the magnetic trap creates the sanpotential on al’#Yb*; J =
1=2; my; = 1=2 ion as on a®’Rb; F = 2; mg = 2 atom. Due to the much stronger electric
con nement of the ion, this can again be neglected. The trappg potential for the ion experi-
ences a relative change of less than X0 Very similarly, the optical dipole trap for the neutral
atoms a ects the ion as well, but only adds a negligible amotitio the electric ion trapping
potential.

The neutral atoms, on the other hand, experience the eleatrields in a signi cant way and
a few e ects have been quanti ed. The DC-polarizability of’Rb, given by the coe cient [85]

o = h 0:0794(16) Hz/(V/cm?), leads to an induced dipole when the atom is subjected to an
electric eld E. The dipole interacts with the eld itself, creating the induced dipole potential
Ug = TOjEjZ. The 8’Rb atom is attracted to electric eld maxima. Note that this is the
same e ect responsible for the attractive interaction beteen the ion and the neutral atom
(cf. section 4.1). Here, the interaction with the ion trappig eld is considered. The linear
RF-quadrupole eld has its minima along the symmetry axis athe ion trap, leading to a radial
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decon nement for the neutral atoms. The magnitude of this deon nement is calculated by
averagingjEj? over one RF period and yields
_ 0Cgeom@”Vo® 2 Mrb, 5 2.

Ugec = ET-T re= T! G < (3.10)
The decon nement lowers the trapping frequency of the neutit atoms in the magnetic or
the optical dipole trap by ! 4., in quadrature. For typical operating parameters of our ion
trap, ! 4ec is ON the order of 2 15Hz. Fig.3.12a shows a measurement of the trap frequency
in the magnetic trap and how it reduces when the RF- eld of theon trap is enabled. The
decon nement is independent of the alignment between the Ré&lectric eld and the neutral
trap. The minimum of the combined potential however is shiéd away from the centre of the
neutral trap depending on the alignment. This shift can be nasured by displacing the centre
of the magnetic trap with an additional magnetic eld. Enabing the RF-electric eld leads to
an additional displacement if the trap centres are not aliged, shown in Fig. 3.12b. Although
this measurement is not very precise, it can be helpful as ast step of alignment or to map
the electric eld without a trapped ion.

The decon nement also leads to an increased expansion of theutral atom cloud in time
of ight which should be considered for an accurate determation of the atoms' temperature.
In the absorption image, the width of the cloud is expected tbe increased by 5% in the
radial direction.

3.8 Alignment of the Neutral Atoms with the Single lon

The independent control over the ion trap and the neutral atm trap introduces the tunable
parameter of the relative position between the two systemsThe virtue of the additional
control comes at the cost that it needs to be calibrated, mearg the two systems need to be
aligned.

The initial alignment is easily achieved by orienting the aims relative to the ion trap
electrodes, which can be seen on the CCD-images. Then onetsta search for an atom
loss signal caused by the ion, which can subsequently be nmaied by adjusting the neutral
trap position. Another plan has been to align the optical dipke trap laser to the ion rst,
and a dipole trap laser has therefore been built at a wavelethgdentical to the Y b' repump
transition at 935 nm. However, due to scarce laser power andhet means of alignment, the
dipole laser has now been replaced by a commercial system avavelength of 1064 nm.

The alignment on the atom loss signal works for atoms trapped both the magnetic or
the optical dipole trap. This is because there are always tislons between the ion and neutral
atoms with energy transfers higher than the neutral trap dep. The atom loss rate can be
assumed to be proportional to the local neutral atom densitgt the position of the ion. More
about the collision e ect will be discussed in the next two chpters.



3.8. ALIGNMENT OF THE NEUTRAL ATOMS WITH THE SINGLE ION 81

Coarse alignment is achieved with a several micro-Kelvin wa neutral cloud in the mag-
netic trap. To re ne the alignment, the atoms can rst be cooéd, then loaded into the optical
dipole trap and the most precise alignment is achieved by nm&aing the losses on a BEC,
because the spatial extend of the density distribution is #nsmallest. The magnetic trap cen-
tre is shifted by applying magnetic o set elds (used also fothe measurement in Fig. 3.12b).
The eld values are controlled from the computer and are veryeproducible. The position
of the optical trap can be aligned by two di erent means. Firg the lens focusing the dipole
laser to the atoms is mounted on a translation stage with pdgining accuracy of 1 m.
It has to be adjusted manually and su ers from hysteresis eds, impeding the alignment
process. The second and more recently implemented meansépasition the optical trap are
piezo-actuated mirrors, which are computer controlled andre operated in a way to minimize
hysteresis e ects. It is planned for the near future to fullyautomize the alignment process by
using these piezo mirrors in combination with software febdck from the measured number
of neutral atoms.

Instead of repositioning the neutral atoms, one could alsdift the centre of the ion trap
by applying an electric o set eld, which works well with E4,. along the longitudinal axis
of the ion trap. In the radial direction, the rapid increase bexcess micromotion additionally
a ects the system and is undesired for most of the measurenten However, due to the high
reproducibility of changing the radial o set elds, they can be used to check the alignment
which potentially su ers from hysteresis e ects. Also, thischeck of alignment can be repeated
before and after an alignment sensitive measurement. Twockualignment checks are displayed
in Fig.3.13. They show a relative drift between the optical ippole trap and the ion trap of

8 m within 4 days in the vertical direction, while the observeddrift in the horizontal
direction is smaller than 2 m.

Drifts will ultimately limit the achievable alignment accuracy. Taking the data from
Fig.3.13a as a reference, this achievable accuracy can beiweel. We assume the neutral
density distribution to be constant and known. The most infamation about the relative po-
sition is obtained by measuring the atom number at the dispt@ment of the steepest slope,
which yields approximately a relative change of 10% over asttance of @ m. The relative
standard deviation on the measured signal is about 20%. Tlgsses a sensitivity of 1 m:p Np,
with N, being the number of measurements on that axis of displacenhei€onducting four
measurements on each axis within six hours would compens#iethe expected drift of 05 m.
This should leave enough measurement time in between for thein experiment. Increasing
the number of alignment measurements improves the accuraowply slightly, in the extreme
case of doing only alignment measurements continuously, alignment accuracy approaching
0:2 m could be expected. More e ectively, the accuracy could beproved by using a neutral
density distribution with a steeger slope. It is expected tat the sensitivity could be improved
by a factor of four to 025 m= N, which could push the achievable alignment accuracy to
below Q2 m with only four measurements within six hours.
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Figure 3.13: The alignment is checked by measuring the neatratom number a ected by
a single ion. The position of the ion is displaced with electr o set elds along either the
horizontal (E4con) Or the vertical direction (Egcov). The measurement is repeated four days
later to detect drifts of the alignment. The displacement inspace is €& m per V/m o set
eld. Each shown data-point is an average of about 10 repeitiins. The red lines are Gaussian
ts, which are used to determine the centre of the neutral clad.



Chapter 4
Experiments

In this chapter the experimental results from the measuremés of the trapped Yb ion, in-
teracting with the ultracold, neutral Rb atoms will be discissed. The rst section briey
introduces a model for the interaction potential. A more detiled theoretical description of
the interaction process will be given in chapter 5. The nexwo sections describe the exper-
iments of a single ion immersed in a Bose-Einstein condensafThese experiments have also
been reported in [27]. The remaining three sections discube experiments we reported about
in [28], which investigate the role of micromotion and inekic collisions.

The following people have additionally been involved in pparing the measurements and
during the data acquisition process: Stefan Palzer in the msurements with the Bose-Einstein
condensate, Lothar Ratschbacher in the measurements intrgating the inelastic processes and
Carlo Sias in all the experiments.

4.1 Interaction Potential and Collision Cross-Section

The interaction energy between an ion and a neutral atom is dunated by the induced dipole
e ect, analogous to the one described in section 3.7. The efléc Coulomb eld of the ion's
charge (Ej = Q=4 (R?)) induces a dipole moment (jEj in the neutral atom. Q is the charge
of the ion, R the distance between the ion and the neutral atom, and, the polarizability of
the neutral atom. The induced dipole moment interacts with he Coulomb eld itself. The
resulting interaction potential is given by

Cq

V(R) = W;

(4.1)

with C, = ¢Q?=(4 )2. This potential is long-ranged with a characteristic lendt scale of
r = C,=2. In our system of®’Rb and 7#Yb* itis r =307 nm and the s-wave scattering
regime E . 2;—22) is only at submicro-Kelvin temperatures [45, 51].

A classically de ned cross-section, rst introduced by Lagevin in 1905 [47], predicts an
energy independent collision rate. It considers only scating from an assumed hard-core

83
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Figure 4.1: Classical trajectories in th&C, potential [48]. The Langevin cross-section accounts
for all trajectories with an impact parameter smaller thank, = (2 C,=E.)*™* (red), while
forward scattering (blue) is neglected.

repulsion term, with resulting large de ection angles, wlth are important for the mobility of
an ion in a neutral gas, see Fig.4.1. Cooling of an ion in a cah@utral gas, as an example,
should therefore be described by the Langevin cross section= 2C,=E,, with E. being
the collision energy. The full classical cross-section,cinding forward scattering, diverges to
in nity. The well de ned classical cross-section | only includes the close encounter collisions.
Nevertheless, in most previous experiments at low collisi@mergies the Langevin cross-section
describes all the observed e ects well.

In quantum mechanics, the full cross-section is well de ned~or the case of many partial
waves contributing, it is approximated by [52, 45]

2 C2 1=3

4 E. 2 (4.2)

(Ec) = 1+ 16 2 c

The main formal di erence to the Langevin cross-section ig¢s di erent energy dependence.
Also, it is larger than the Langevin cross-section, as it inetles the scattering events with small
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de ection angles (forward scattering). Their contributin increases towards higher collision

energiesE.. Similar as in the classical description, in the quantum piare the contribution of

close-encounter type collisions, where the colliding pa&tes are re ected not by the centrifugal

barrier but by the hard-core of the scattering potential, m&ches the Langevin cross-section
L.

The derivation of both these models for the collision crosection will be treated in more
detail in chapter 5. In the here following description of ouexperiments, we will encounter
e ects requiring either one, or the other cross-section met] depending on the relevance of
forward scattering processes.

4.2 Sympathetic Cooling

The rst observed signal indicating interactions betweentie single ion and the condensate
was a loss of neutral atoms. This signal is easily distinghisd from background losses, by
looking at the di erence in number of atoms in the condensateither with or without an ion

in the trap. Loosing atoms from the trap means, they must acdre enough energy to escape.
As the neutral atoms acquire this energy through collisionsith the ion, cooling of the ion is
expected. The experiment, in which we observed this sympaitic cooling, will be described
in the following.

We prepare a Bose-Einstein-condensate of about 3500&b atoms in the optical dipole
trap of the 935 nm laser, with trapping frequencies of 2f51;144 135gHz and a trap depth
of 1 K. The atoms are in theF = 2; mg = 2 hyper ne state and a small magnetic bias
eld of 1 G is kept on to prevent spin dephasing. A singlé’#Yb ion is previously loaded, and
displaced by 140 m along the ion trap symmetry axis from the centre of the combed trap.

It is displaced during the time from when the neutral atoms der into the ion trap region
to the start of the interaction time. This is necessary to enge the ion is not precooled by
the cold neutral atoms. A thermal fraction of the neutral atans extends quite far along the
horizontal beam of the optical dipole trap, and the ion is theefore also displaced in the radial
direction by 15 m.

To enable the interactions, the ion is moved quickly into theondensate. After a de ned
time of interaction, the optical trap is disabled and the netral atoms are released into free
fall. Then, the Doppler cooling light for the ion is enabled iad the uorescence recorded,
to determine the mean energy of the ion as described in seatiB.4. The measurement is
repeated for more than 200 times for four di erent interacon times each. To get a reference
value of the ion mean energy without interaction with the codensate, a fth set of data is
taken, where the ion is moved into the trap centre just afteriie neutral atoms have left. The
obtained data are displayed in Fig. 4.2.

We observe a signi cant decrease of the ion mean energy with60 ms of interaction.
During the rst 15 ms of interaction, where most of the ion enggy is removed, only little atom
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Figure 4.2: (a) displays the ion temperature after di erentinteraction times with the BEC.
Each temperature is obtained from a least-chi-square t (1@ circles) to uorescence data
sampled over 200 realizations of the experiment each. A bstrapping analysis provides the
distribution of temperature t results, expected from a sample of the available size, shown in
(b) for the interaction times 60 ms (blue) and 15 ms (purple)and no interaction (red). In (a),
the median value of the bootstrapping analysis is plotted (be rhombi) and the percentiles
P16 and P84 are used for the error bars, corresponding to aifmsa con dence interval.

losses are observed (cf. Fig.4.3), meaning only few cotliss are required to cool the ion.
However, the time-scale of several 10 ms is signi cantly loagthan expected for an estimated
close-encounter collision rate. We attribute this to the satl initial overlap between a 3K hot
ion's trajectory and the much smaller condensate. Initia§{ only one Langevin type collision is
expected within every 2 ms. This explanation is supported bihe observation of the low loss
of neutral atoms during the cooling process, which will be sttussed in the following section.

The tted ion temperature after 60 ms of interaction is compé#ble to zero temperature with
a likelihood of 25%. This number can be obtained by testing & tting routine with randomly
generated uorescence counts for an ion with an assumed emeof zero, and with comparable
uorescence counting statistics as in the experimental dat Then, in 25% of the random
cases, the tting result is higher than the 044 K which we obtained in our measurement.

One technical limitation of this type of temperature measwement is related to the fact
that the energy of the ion can only be determined once the ios separated from the neutral
atoms. The time delay between the end of the interaction timand the start of the uorescence
measurement of the ion energy, is on the order of 1 s. In thisrmel, the ion energy can increase,
meaning that the measured temperatures in Fig. 4.2 might beidgher than the actual value
while the ion is immersed in the condensate.
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4.3 Atom Loss from the BEC

To understand the interaction processes between the ion atite neutral atoms, the collision
cross-section provides a rst important piece of informatin. For a general atom ion interac-
tion, the cross-section is known from theory [52, 45] and itepends on the collision energy.
Thus measuring the cross-section provides information altothe collision energy. Atom loss
from the BEC and the way how the number of atoms evolves with aneasing interaction time
allow some insight in the dynamics of the interacting system

The experimental sequence here is identical to the one daked in the previous section 4.2.
Fig. 4.3 shows the measured number of condensed atoms, omoenfthe same set of data as
used in Fig.4.2, and a second set of data obtained from a measuent where the ion is
precooled before immersing it into the BEC. This precooling achieved by displacing the ion
less far from the cold neutral cloud during the last step of eporative cooling. The ion then
is already cold as it enters the BEC, which is con rmed by measing the ion mean energy
with the uorescence method. This leads to a di erent atom les dynamics, shown in Fig. 4.3.

Figure 4.3: Collision induced atom loss from the condensatdn (a), the initially hot ion
undergoes only few collisions since the ion trajectory ext#gs over a region much larger than
the condensate. After 15ms, when the ion gets cold enough frtrajectory to better overlap
with the neutral atom density distribution, more collisiors occur, which is signaled by an
increase of neutral atom loss. In (b), the initial ion energys already low, resulting in a
high scattering rate from the beginning of the interactionitme. The data are tted with the
depletion model (blue) and the overlap model (red).

To link the obtained loss signals with a calculated cross«t@n, a model for the dynamics
of the combined system is required. In this respect, the dataith the precooled ion are
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preferred, as the dynamics is simpler. This is because fortaabtained with the initially hot
ion, a model must include dynamics of both the ion energy andié¢ condensate, while in the
case of the precooled ion, the evolution of its energy can beghected.

In the experiments with a condensate in the optical dipole &p we can attribute the loss
rate to the collision rate. This approximation makes sensdjecause the transfered energy
in most of the collisions is expected to be large compared tbe neutral trap depth. As a
consequence, those collisions lead to a neutral atom loss. dimnally, secondary collisions
between the fast neutral atom on its way leaving the condenga and a remaining cold atom
only occur with a probability of less than @3, for the speci c condensate parameters of this
experiment.

From the data shown in Fig. 4.3b we nd an initial loss rate of 250kHz. In the following,
di erent models will be discussed to attribute this loss rag¢ with a collision rate of the form

= ngec (E¢)V: (4.3)

For the cross-section, theE, '~ energy dependent result from [45] (Eqn. (4.2)) will be used.
The density ngec of the Bose-Einstein condensate can be calculated in the Thas-Fermi
approximation [98]. The remaining free parameters in Eqn4(3) are the velocityv together
with the collision energyE..

From here, the most direct approach would be to use the therrheelocity of the ion for v
and the temperature of the ion to calculatée.. With the observed collision rate this approach
results in an ion temperature of 45nK. This result is inconsient with the applied model in
more than one point. First, that temperature is too low to cage any further loss of atoms
from the condensate. Secondly, if the ion was that cold, it gsntially would not move through
the condensate anymore, meaning that the velocity of the ias not a good choice to be used
asv in Eqn. (4.3). A di erent model is required therefore.

If one assumes the ion to be rather well localized to some stmabjion inside the condensate,
and the collision rate to be high enough, local depletion ohé condensate density is the
consequence. In that case, the relevant velocity in Eqn. ).is given by the ow of condensate
atoms into the region occupied by the ion. The velocity is appximated by the speed of sound
and the occupied volume is a convolution of the thermal widtlof the ion's trajectory with
the energy dependent cross-section, Eqgn. (4.2). The expatttcollision rate for di erent ion
temperatures, for this depletion model, is shown in Fig.4./h blue. Combined with the
measured atom loss rate, this model yields a mean ion enerdykp 2 mK. The prerequisite
in the depletion model is that the time required for the condesate to re Il the density hole
iIs much longer than the time for the ion to deplete that region For very low ion energies
this condition is well ful lled. At 2mK however, the timescdes are only a factor of 3 apart
(80 s for depletion and 240s for re lling), and at 8 mK the two timescales are identical.
This means that already at 2 mK, depletion is not complete anthe model overestimates the
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collision rate, as not every atom moving into the ion region ¥ collide immediately.
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Figure 4.4: Shown are the expected collision rates from thepmletion model (blue), valid for

low ion energies, and the reduced overlap model (red), valior high ion energies. The points
where the experimentally observed loss rate intersects withe two models are marked with
green circles. In the energy regime where the models looseitlvalidity, the lines are dashed.
In between, in the energy regime where only weak depletionggpected, the two black dashed
lines mark two di erent guesses of possible collision rate$he real collision rate is expected
to lie between them.

Another model has to be used if the energy of the ion is high ergiy such that the
typical ion trajectory extends over a larger region than theondensate density. In that case,
the thermal velocity of the ion has to be used in Eqn. (4.3) fov. Additionally, the overlap
between the condensate density and the ion trajectory engeas an attenuating factor into the
collision rate. This overlap model does not include any degilon e ects. It is therefore valid
if the thermal width of the ion is much larger than the conderste. For our experiment, the
two length scales are identical for an ion energy & 200 mK. With this model, our observed
loss rate could be explained with an overlap of 9% and an ionexgy ofkg 190 mK. Again, at
this energy the overlap model is only approximate and becausf onsetting depletion e ects,
the model overestimates the collision rate.

Overall, there is a qualitative agreement between expectawllision rates from Eqgn. (4.2)
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with our observed atom loss rate and the ion temperature maa®d (cf. section 4.2). However,
neither the pure depletion, nor the overlap model are fullyedf consistent in the parameter
range of our measurement, as both elements contribute to tledserved rate. Concluding from
this, the real temperature of the ion is expected to be largghan 2 mK but smaller than
190 mK.

So far the two models have only been discussed to describemtdl but constant collision
rate. If one considers the dynamics of the system, i.e. howetmumber of atoms remaining in
the condensate evolves, a mathematically di erent behawvio is found between the two models.
For weak overlap an exponential decay of atom numbers is exped. Conversely, in the
depletion model the loss rate scales WithngzC (p ngec from the speed of sound) or, in terms
of condensate atom number, likeN 3. Thus, the di erential equatiozn N(t) = N(t)*°=

describes the loss dynamics, and it is solved by(t) = N§=5 %t: ” . Despite the di erent
dynamics, the data in Fig.4.3 do not allow a discrimination btween the depletion and the
overlap model. Both ts are shown and the reduced chi-squarg only insigni cantly lower for
the exponential decay.

4.4 E ect of Excess Micromotion

In the previous section, the neutral atom loss rate indicagea mean ion energy which is clearly
higher than the temperature of the neutral atoms. This requés a continuous source of energy
coupled to the energy of the ion. One well known source of contous energy intake is ion trap
heating. However, the measured ion trap heating rate of 100 mK/s can account for only 10%
of the observed neutral atom loss rate at best. Another sourcé energy must be responsible
therefore. In the following it will be assumed that excess mriomotion is responsible for the
continuous energy transfer from the RF-driving eld onto tre collision partners.

To motivate this process, lets rst consider the classicakajectory of an initially cold ion,
with some excess micromotion. Here, cold means that the seowelocity is zero. If this ion
collides with an ultracold neutral atom, the relative collsion velocity is given by the excess
micromotion. In the simpli ed case of equal masses of the icend the atom, and for full
backward scattering, the colliding partners will just excange their momentum and the ion
will be at rest after the collision. Depending on the phase tiie RF-driving eld in the instant
of the collision [74, 99, 100], the ion being at rest has the arm@ng of a secular velocity of the
same magnitude as the micromotion velocity. Thus, the ion'secular energy and the atom's
energy are both increased by the collision. Fig.4.5 showsréle possible ion trajectories for
the initially cold ion, colliding with a neutral atom in the presence of excess micromotion.
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This simpli ed picture is meant for illus-
tration only, as it neglects many important
system parameters, such as di erent masses

of the ion and the neutral atom, the di eren-
tial cross-section, and the initial secular en-
ergy of the ion. A detailed discussion of all
these parameters will be given in chapter 5
by using a Monte-Carlo simulation. Here,
we just state that excess micromotion pre-
vents the ion from thermalizing with the ul-
tracold neutral atoms. Also, one can guess
that the ion's secular velocity after many col-
lisions might be directly related to the ve- T - T - T - T
locity amplitude of the excess micromotion.

Thus, we expect a quadratic dependence of

the ion mean energy on an externally appliedrigyre 4.5: Trajectory in one dimension of an
electric o set eld. Our measurement of the

initially cold ion with excess micromotion. The
unperturbed trajectory (black) contains a con-
stant contribution (dashed line) from the sec-
Similar to the experiment when we rst ular motion plus the excess micromotion. The
measured sympathetic cooling in section 4.2{wo red lines are example trajectories if the ion
we determine the ion's mean energy bycollides in the moment when its micromotion
observing the uorescence rate during theVvelocity is at its maximum. The blue line de-
Doppler cooling of the ion as described in secPicts another possible trajectory for a smaller
tion 3.4, after the ion has interacted with the but non-zero micromotion velocity at the time
ultracold atoms for a time long enough for its Of the collision. The departure of the secular
energy distribution to reach a steady state. Position (red and blue dashed lines) from the
With an energy resolution ofkg 500 mK unperturbed case indicate the collision induced
our measurement aims at producing mean iorenergy transfer from the RF-driving eld to the
energies in the range up tkg 10K to collision partners.
achieve a reasonable signal to noise ratio. At
such energies, the ion trajectory extends over 50 m, and the spatial overlap with a much
smaller condensate would be extensively small. Instead, wee an ultracold thermal cloud
of neutral atoms con ned in the magnetic trap with trapping fequencies of 2f 28; 28, 8g Hz.
This yields a typical width of the thermal cloud of 60 m at 300nK. With 2 1P neutral
atoms, the central density of 13 10'*m 32 is two orders of magnitude lower than in the previ-
ous condensate. To account for the resulting lower collisiaate, we increase the interaction
time to 8s. During the interaction, an electric o set eld in the range of 30V/m is applied to
increase the excess micromotion. As a side e ect, the ion traentre is displaced by 15 m,

ion mean energy for dierent electric o set
elds is explained in the following.
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which we compensate for by simultaneously displacing the ign@etic trap centre through appli-
cation of magnetic o set elds. After the interaction time, when the neutral atoms have been
released from their trap, the electric o set eld is changedback to the best compensated value,
to achieve identical conditions for the ion energy detectiowith the uorescence method.

Figure 4.6: Measured mean ion energy for di erent settingsf the excess micromotion after
8s of interaction. Each data point is obtained from a leasthi-square t to uorescence data
averaged over 40 realizations of the experiment each. The indicated erras calculated
from propagating the photon shot-noise and neglects the satimg error from the energy
distribution. The data are tted with a polynomial of second order.

The measured ion energies are shown in Fig.4.6. For each walof the electric o set
eld the measurement is repeated 40 times. As this number is too small to accurately
represent the ion's energy distribution, the error is undestimated by a factor 3 (cf.
Fig.3.10). The mean ion energy is tted with the expected qudratic dependence on the
electric o set eld with the function a,(Egcon  Edcor:0)? + b. The resulting t parameters
are a; = kg 5:52(15) mK/(V/m) 2 Edcor:0 = 0:9(2) VIm, and p = kg 0:27(29) K. &, should be
compared with the ratio between the excess micromotion emgrE nm.e = %vﬁnm;e, Vmm:e beiNg
the amplitude of the excess micromotion velocity, and the sgre of the applied electric o set
eld Eqon. They are compatible considering a geometric attenuationfo 0:9 between the
technical parameterEqy.n and the physical electric o set eld. The non-zeroEyen.0 indicates
uncompensated drifts orEyn during the measurement, or systematic di erences betweehe
period of micromotion compensation and the time of atom-iomteraction. The value of less
than 1V/m is however small. The energy o setly is compatible with zero within the error.
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It is expected slightly above zero, as there is excess micmtion along the ion trap symmetry
axis of  3:5V/m and micromotion with orthogonal phase, cf. section 3.2Also, a small ion
energy increase is expected within the time between the enfitbe interaction period and the
begin of the energy measurement, as already mentioned intsat 4.2. Moreover, the error
distribution of the ion energy detection method is asymmeit for the very low energies, which
technically also contributes to an increase db.

Overall, this measurement con rms the expected quadraticependence of the mean ion
energy on the excess micromotion. A series of three expenmse each of the type as shown
in Fig. 4.6, has been conducted and validate the reprodudiby of the result.

Assuming the quadratic dependence of the mean ion energy ore tixcess micromotion to
extrapolate into the energy regime below our detection resion, we can now calculate the
ion energy for the previous measurements from the known egsemicromotion parameters. In
the best compensated case the micromotion is dominated byetltontribution along the trap
symmetry axis. The extrapolation results in an ion energy of0 mK, compatible with the
observed neutral atom loss from the condensate (cf. Fig. %.4

4.5 Energy Dependent Elastic Scattering

As has been demonstrated in the previous section, tuning th&aess micromotion allows us to
control the mean ion energy and thus the mean collision engrgetween the ion and neutral
atoms. This in return, allows a clear distinction between té Langevin and the quantum
scattering model, since they depend di erently on energy. Wbing the same measurement as
described in the previous section, we monitor the atom lossidtemperature increase of the
thermal cloud. We plot these values against the mean ion eggrin Fig.4.7, where the ion
energy is now calculated with the interpolation of the t shevn in Fig. 4.6.

Both the neutral atom loss signal and the temperature incresa show a clear energy depen-
dence. Therefore, the observed e ects can only be explaineth the quantum model for the
cross-section, but not with the Langevin model. Also, the obsved atom loss rate is more than
one order of magnitude larger than the expected Langevin tision rate, while amounting to
about 60% of the expected full quantum scattering rate. Thetleer 40% of collisions explain
the observed temperature increase of the neutral atom clou&ince many of those collisions
involve a de ection with very small de ection angle, the transferred energy from the ion to
the atom can be very small. If this energy is smaller than the agnetic trap depth, which is
approximately 8 K, then the atom remains trapped and the transferred energyhermalizes
within the neutral cloud.

The obtained data can be modelled with good accuracy using aokte-Carlo simulation'.
The simulation will be described in detail in chapter 5, and @omparison with more experi-

'Here, the used simulation parameters to t the data are To.0 = 289nK, Ngo=1:79 1, ! ;=2 23Hz,
;=2 mandEwa = kg 7:1 K
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Figure 4.7: Observed neutral atom loss (a) and temperaturadrease (b) of a thermaf’Rb
cloud after 8s of interaction with an'’4Yb™ ion. Each data point is the di erence between
averages of 40 repetitions of a set of measurements with and one withounaon present.
The shown error bars indicate the standard error of the meari.he green line is a t using the
Monte-Carlo simulation which is described in chapter 5. Theoise seen on the simulation data
stems from the randomness of the collision process, the ambaf displayed noise corresponds
to the expected variation of a single measurement.

mental data of the same type as in Fig.4.7 will be made in seati 5.3.4.

In conclusion, the presented measurement observes e ectsdribed by the quantum scat-
tering model, and yields collision rates which are clearlydyond of what the classical Langevin
cross-section can account for. To our knowledge, no expeeimh has seen such a clear e ect
of the E ™ energy dependence in the ion-neutral collision cross-sentbefore. Our mea-
surement has been made possible by the high sensitivity ofetlultracold atoms to very small
energy transfers.

4.6 Inelastic Collisions

In all the previously described measurements, it has beenretully checked that exactly one
Yb ion is present before and after the interaction, with the dection methods described in
section 2.3.2. Experimental iterations where the ion has e lost during the interaction have
been discarded in the data analysis. Here, we now look at exgdhat fraction of experimental
iterations, where the ion is lost during the interaction.

Inthe rst series of measurement, we interpret the absencéan ion uorescence signal after
the interaction time as an ion loss. This can be caused by drent types of inelastic collisions.
Elastic scattering should have a negligible contributiond ion loss in our system. With the
jon-atom mass ratio of 2, and an estimated ion trap depth of PneV we expect an ion loss
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probability of less than 10 2 per elastic collision, even for the highest used excess roitiotion
setting. The calculation of such loss probabilities will bexplained in section 5.2.3. A small
background loss rate of the ion, measured without any intecion with neutral atoms, of
about one loss in 1000s, needs to be subtracted from the olserion loss rate during the
interaction. It remains the inelastic collision rate, whib lead to a loss of the uorescence
signal.

Figure 4.8: Observed ion loss probability for two di erent $otopes,'’*Yb on the left and
172yp on the right [28]. The ion loss is detected by a missing uoseence signal after 8s of
interaction with a thermal cloud of 8’Rb. The background loss probability of the ion, present
even without interaction with the neutral atoms, has alreagl been subtracted from the data.
The average loss probability is indicated with a line.

In the following, loss probabilities will be calculated wit the maximum likelihood estimator
P, = (N;+1)=(N, + N¢ +2), with N, (Ny) the aiumber of measurements where the ion is lost

(NI+§,NK':§))EE“NK|++1,LK+3) , Which is the square root

(kept). The error on P, is estimated by P, =
of the variance of the beta distribution.

First we investigate the energy dependence of the inelastollision rate. The same set of
measurements as in the previous two sections is used. We glod ion loss probability against
the tted ion mean energy in Fig.4.8. We observe no signi canenergy dependence of the
inelastic collision rate. It is thus compatible with a Langein type cross-section, proportional
to the inverse of the collision velocity. Comparing the meased inelastic rate with the full
Langevin cross-section, we nd a suppression factor of F0 This number indicates the prob-
ability for an inelastic process to happen within a close-eonunter type collision. We have
measured the inelastic collision rate for two di erent isatpes of the ion}’?Yb and 1’4Yb, and
we nd the same rate coe cient within the error.

To test the density dependence of the ion loss process we dpaithe ion's position within
the neutral cloud. Therefore, the magnetic trap for the neutl atoms is displaced by means
of a magnetic o set eld. In this way, the excess micromotions unchanged and the ion is
kept at the lowest possible energy where the extent of the isrtrajectory is the smallest. The
observed ion loss rate re ects the local neutral density, &hown in Fig. 4.9. The neutral density
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distribution can be calculated from the measured neutral atn number and temperature,

together with the magnetic trapping frequency. The obser¢eion loss rate depends only
linearly on the density, which indicates that the inelasticprocesses are caused by binary
collisions. No hint for three-body e ects is seen. The foundate constant for ion loss is

2:7(6)10 °m 3.

Figure 4.9: Density dependence of the ion loss probabilit®g]. The neutral cloud is displaced
such that the ion is immersed at a point of decreased densitiy (a) the ion loss rate is plotted
against the displacement. The rescaled local density is st in red. In (b) the loss rate is
shown vs the neutral atom density. A proportional model ts he data well.

In addition to detecting the ion loss rate, we can distinguls if the internal energy trans-
formed into kinetic energy, in the inelastic process, is lger or smaller than the ion trap depth
of 250 meV. If it is smaller, the charged reaction product sl still be trapped and cooled by
elastic collisions with the neutral atoms. Further, the mas of a trapped reaction product can
be determined by a trap frequency measurement if a secondjdit ion with known mass is
trapped at the same time [61, 63]. The Coulomb crystal of tw@ns forms a system of coupled
harmonic oscillators with mass dependent Eigen-frequeasi Although the repelling Coulomb
force is highly non-linear in the range required as osciliah amplitude to detect a decrease
in uorescence, the common mode can be seen, as the modulatan the inter-particle dis-
tance is not too large. To identify the inelastic reaction prducts with this method of mass
spectrometry, we initially prepare the ion trap with two 1’4Yb ions. After the interaction, we
select the events where one bright ion remains, but displaté&om the centre of the ion trap,
indicating the presence of another dark ion (cf. Fig. 2.6). ffen the trap frequency measure-
ment, as described in section 3.3, is performed and the reaane frequency reveals the mass
of the dark ion. Two uorescence signals of this type are shown Fig. 4.10a, one with a dark
Yb ion, and one with a Rb ion.

The only reaction product detected yields the mass of a Rb ipmdicating a charge ex-
change process. The ionization energy of Rb diers by 2eV frothe ionization energy of
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Figure 4.10: Detection of inelastic reaction products [28]a) shows two uorescence signals
from the mass spectrometry. One bright Yb ion is trapped nexiat a dark ion of unknown mass.
The common mode frequency is measured by exciting the moddhuvinodulated uorescence
laser intensity. The common mode excitation frequency reaiks the mass of the unknown ion.
(b) summarizes the observed outcomes (blue) from 486 exmeental runs with initially two
trapped Yb ions interacting with the neutral Rb atoms for 8 s. e result should be compared
to the reference measurement (red) of 543 experimental rumgth initially two trapped Yb
ions but without any interaction with neutral Rb.

Yb. The charge exchange process which neutralizes the Yb andiies the Rb is exothermic.
If the 2eV of internal energy are transformed into kinetic eergy of the reaction products,
the Rb ion, which obtains 23 of the energy, cannot be trapped and is lost. The detection
of a trapped Rb ion thus additionally indicates the charge ehange process being radiative,
meaning a photon is emitted which takes up the released engr@y comparing the observed
inelastic rates for which the Rb ion remains trapped againgieing lost, we can estimate the
branching ratio of radiative to non-radiative charge exchage. The measured probabilities for
the di erent outcomes of the experiment are shown in Fig.40b. The non-radiative charge
exchange process appears to be two times more likely than tfagliative process.

Note that these experiments have all been conducted withouhw light present during the
interaction time. Care needs to be taken to shield near resamt stray-light, to avoid photo-
ionization of Rb atoms. As an indicator, the dataset from the masurement of Fig.4.10b is
Itered for events starting with a single Yb ion and ending with an additional Rb ion. No
such event has been detected, ruling out the background pess of photo-ionization.

Against our expectations, the mass spectrometry has not deted a single event of a
YbRb* molecule. Either the rate for its creation is much smaller thn for a charge exchange
process, or any existing molecule is rapidly destroyed in a®ndary process. One possible
decay channel for such a molecule is the reaction Rb + YbR Rb, + Yb ™, in which case
the Yb ion would act as a catalyst to form Rb.
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Chapter 5

Kinetics of a Single Trapped lon in an
Ultracold Bu er Gas

This chapter reports about the results obtained from a Mont€arlo simulation of the single
ion colliding elastically with an ultracold bu er gas. It follows closely the content of [10%]
which has been written as a part of this thesis.

Beyond the experimental understanding of energy dependesttattering and its relation to
excess micromotion, as described in the previous chaptenetsimulation also explores param-
eters which are not easily tunable in the experiment. For it@nce, the in uence of the ratio
between the mass of the iom; and the mass of the neutral atorm,, will be investigated
in detail. For very heavy neutrals, runaway heating of the o is expected [74], whereas very
light neutrals enable e cient bu er gas cooling. In the massratio regime between the two
extremes increased ion trap loss has been observed [102)].108e e ect has been explained
by non-thermal energy distributions of the ion obtained from Monte Carlo simulations [104].
Such numerical simulations are a well established tool to rdel a trapped ion interacting with
a bu er gas [105, 106, 107]. They can account for energy depent scattering rates, complex
electric eld geometries, and other experimental parametg, which are di cult to treat ana-
lytically. In previous calculations, bu er gases at ambientemperatures have been assumed,
and the cooling of the ion has been limited to the bu er gas teperature. However, in our
experiments with the ultracold neutral gas a new energy seafelated to excess micromotion
has become dominant, as has been observed in section 4.4.

The chapter is organized as follows: In section 5.1 the basgnulation procedure and
the underlying physical model are described. The classicehngevin interaction model is
applied in section 5.2 to derive the ion's energy statisticdepending on the mass ratio, trap
geometry, and scattering rate. In section 5.3 e ects on theautral atom cloud are explained as
a result of the energy dependent di erential cross-sectiaand the non-uniform neutral density
distribution. The numerical results are in good agreementith the experiments of chapter 4.

LPermission to reproduce has been granted by IOP Publishing td.
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5.1 Simulation Model

The time evolution of a trapped single ion colliding with ultacold atoms is modelled using a
simulation consisting of an analytical and a numerical partIn the time between collisions,
trajectories are analytically described using the pseudmstential approximation, while elastic
collisions are taken into account using Monte Carlo technigs. Reactive collisions, such as
charge exchange, are not considered by the model.

5.1.1 lon Trajectory

We consider a single ion con ned by the RF-quadrupole poteial of a linear Paul trap

X2 y?
= Vo ——= Sin t) : 5.1
RF 0 2RT2 ( T ) ( )
Here, \, is the RF-voltage amplitude applied with frequency t to electrodes at a distance
Rt away from the trap symmetry axis. In addition, we consider atatic quadrupole potential

con ning the ion along the trap symmetry axis with trapping frequency! ,,

static — ﬁ ; Z

1
2 é(x2 +y?) (5.2)
Qis the ion's charge. Mathieu equations describe the classli motion of an ion in t?)e combined
potential (see for example [75, 76]), using the parametees= 2 '—gzr and q = §!—$ with
T
= Pt z#—. Fora<g®=2 1 the Floquet solution to rst order in q yields

2m;
h q i
Fonx = Ax sin(! xt+"'y) 1+ ésin( Tt) (5.3a)
h i
Fony = Ay Sin(lyt+ ") 1 gsin( o (5.3b)

which is usually referred to the pseudo-potential approxiation. It consists of a rapidly
oscnlatgfg micromotion term and the secular motion, whichs harmonic with frequencies

vy = 12 11 2and amplitudesA,, = % ZE” . A full secular trajectory . including

p
the harmonic motion along the trap symmetry aX|s is descriloeby three energie€; and three

phases j,j 2fx;y;zg, with
1 ' 2E
_ i o Coy

Fseci = — —— SIN(ljt+"j): 5.4

sec;j ! i m. ( j J) ( )
This formula, describing a three-dimensional harmonic aflator, will be used throughout the
following calculations to approximate the ion's position.The total secular energyex + Ey + E,
will be referred to as the ion energy.

The motion of the ion is a ected by collisions with the neutrhd atoms. We assume them
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to be instantaneous, which implies that every collision isessitive to the momentary relative
velocity, including the micromotior?. Therefore, we consider a number of e ects causing
contributions to the micromotion. Firstly, the intrinsic micromotion described in Eqn. (5.3) is
proportional to the distance of the ion from the centre of th&RF-quadrupole eld. Secondly,
static o set electric elds displace the minimum of the ion tapping potential by a distance
( x; y)fromthe symmetry axis of Eqn. (5.1). Thirdly, RF pickup on exd-cap electrodes can
lead to micromotion along the trap symmetry axis. These conbutions are summed in the
expression
Fsecx(t) + X
Yom = 21p@ Taeey() Y KoOS( 71 (5.5)
C;

wherec, parameterizes the micromotion along the trap symmetry axis

The ion velocity considered for collisions is
Mon = Vsec T Vim ; (5.6)

With Wgee = %fsec. This &, is similar to the time derivative of Eqn. (5.3) but includes d the
excess micromotion terms.

5.1.2 Collision Dynamics

The simulation uses classical trajectories for the motionf éhe ion. Therefore, its validity is
restricted to ion energies well above the energy quanta otséar motion ~! . The temperature
of the ultracold bu er gas is assumed to be well below this ergy scale, and in the collision the
neutral atom's initial energy is neglected. Due to conseritan of energy and momentum, the
elastic scattering process is de ned by the scattering aregd (; ). The ion's velocity changes
according to

Mont =(1  )¥Moni + R Mon;i ; (5.7)

with ¥oni (Mon:s ) being the initial ( nal) velocity given by Eqn. (5.6) at the time of the collision,
= 3% and R is the rotation matrix determined by and , with respect to the direction

Of Mon;i . From wecr and +sec a new set of ; and E; can be determined, which describes the
ion's trajectory after the collision.

To illustrate its impact on the motion of the ion, Egn. (5.7) @an be rewritten in terms of

2This assumption is valid for collision energies above- 1.

3Not included in this expression are possible additional micomotion terms that are =2 out of phase,
therefore proportional to sin( tt), which can arise, for example, from RF-phase mismatches oopposing
electrodes. They are added tov,, for simulations where speci ¢ experimental data is to be repesented and
the speci ¢ micromotion parameters are known.
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the secular velocity, yielding
Msecit = (1 ) ¥eci ¥ RMeci ¥ (R 1) ¥ym - (5.8)

This expression shows how,,,, couples to the secular velocity in every collision. Note that
¥nm 1S, Dby de nition of Eqgn. (5.5), the same before and after theatlision since it only depends
on the position+se. and time t of the instantaneous collision.

5.1.3 Scattering Rate

The probability dP. for the ion to collide with a neutral atom within a short time interval dt
de nes the scattering rate

dP.
dt

(t)= = n(x%) (Ec) Vion (1) : (5.9)

It is proportional to the neutral atom density n(x) at the ion's position. The cross-section

(E¢) is usually a function of the collision energye., which, neglecting the energy of the

neutral atom, is given byEc = B vZ .

The ion's position changes on a timescale bf ! while the velocity of the ionvi,, changes on

a timescale of ;*. In general, (t) will therefore be time dependent in a non-trivial way. The
sampling method used to e ciently choose the time of collisin is explained in Appendix A.

A technical description of the main simulation loop is givern Appendix B.

5.1.4 Inelastic Collisions

Inelastic processes like charge exchange, spin exchangenolecule formation have been pre-
dicted to occur in the hybrid system [52, 45, 53, 24, 54]. In p&riments [55, 27, 28, 30],
charge exchange, which is typically signaled by the loss dfetion, has been observed at rates
many orders of magnitude lower than the elastic collision t@, in the non-resonant case. Spin
exchange collisions can occur with rates comparable to @lascattering [24], and energy from
internal states can be transferred to the external degree$ fsreedom. In a spin-stretched
con guration, however, spin exchange is suppressed.

In our simulation, we can include inelastic e ects by introdcing additional, competing
rates, de ned as in Eqgn. (5.9), but with inelastic cross-séons ;(E.) instead. The e ect
of any inelastic event on the hybrid system depends primayilon the question whether the
original ion still exists after the process. If this is not tle case, the simulation can be stopped
at the rst occurrence. If the ion continues to exist, the amant of energy released or absorbed
by the internal states of the colliding particles needs to beonsidered in a modi ed version of
Eqgn. (5.7). In either case, our simulation is able to predidhe rate at which inelastic events
occur, given the inelastic cross-section(E;). On the other hand, the simulation can be used,
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if a rate is measured experimentally, to determine;(E.).

In the following sections we consider elastic processesyrassuming inelastic processes
either to happen very rarely, in line with the experiments [2, 28, 30], or to involve only small
amounts of internal energy, which do not signi cantly a ectthe system.

5.2 Langevin Scattering

The ion-neutral interaction is dominated by the attractive polarization interaction, which is
of the form

_ G
V(R) = >RA (5.10)
with C; = ¢Q?=(4 ()? being proportional to the neutral particle polarizability . R is

the internuclear separation. Classically one can de ne aitical impact parameter b, =
(2C4=E.)** [48]. Collisions with impact parameterb > b lead to small de ections. Im-
pact parametersb < b result in inward-spiralling trajectories, which lead to anost uniformly
distributed scattering angles into all directions as in hat-sphere scattering. For the motion
of an ion in a neutral gas only large angle scattering is codsred relevant as small de ec-
tions do not signi cantly change the ion's trajectory. The esulting cross-section| = b?is

proportional to the inverse collision velocity, and leadsat a scattering rate independent of the
collision energy [47].

5.2.1 Energy Scale

Our aim is to determine the energy scale of the ion on its clasal trajectory after many
collisions such that the initial conditions for E; can be neglected. Neither the Langevin
scattering at its energy-independent rate, nor the ultradd neutral bu er gas, which we assume
at T = 0, introduce such a scale. As a consequence the only energglsadn the system is
de ned by the excess micromotion, see Eqn.(5.5). This is iroutrast to the case of a bu er
gas with non-negligible temperature, where the energy sedk rather set by the temperature
of the neutral gas [104].

To associate the excess-micromotion with an energy scale deene

Eqnm = %vﬁme (5.11)

with vmme being the full velocity amplitude of the micromotion for an on in the centre
of the ion trapping potential. vyme depends on the displacement (x; y) caused by the
uncompensated o set electric eld. Note that when the o set &ctric eld is compensated
using a photon correlation measurement [92, 91], photon gshwise usually limits the lowest
achievableE .

Since Eqme IS the only energy scale in the colliding system it is su ciento express
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all energies in units ofE ,m.e. This gives general results for any amplitude of uncomperisd
micromotion. It also implies that any statistical measure bion energy has to scale withe ;.
and therefore with the square of the excess micromotion antpde, as has been experimentally
observed in section 4.4.

5.2.2 Energy Spectrum

In order to treat scattering in the presence of micromotiomiits most general form we choose
all trap frequencies ( xy,; 7) to have irrational ratios. We assume a very low homogeneous
neutral atom density such that the scattering rate is much snaller than the trap frequencies.
This ensures that two consecutive collisions happen at uncelated positions.

We obtain the energy spectrum from the simulation by binninghe secular energy after each
collision on a logarithmic scale. This measures a logarithenenergy probability distribution
dP(E)=dlog(E). Fig.5.1 shows such energy spectra for three di erent masstios of the atom
and the ion. For heavier neutral atoms the mean energy of then increases and a tail in the
spectrum towards higher energies becomes dominant. Evendgual masses (= 0:5) the tall
towards high energies is evident when compared to the therindistribution with the same
mean energy. For any mass ratio, the obtained spectrum disttly diers from a thermal
distribution, also because very low energie€( Enm) are extremely rare. This supports
the validity of the classical treatment of trajectories andnstantaneous collisionsE > ~ 7).

A power law, dP(E)=dlog(E) / E nicely ts the tail in the spectrum towards high
energies fom, >m; or > 0:5[104]. As isincreased further, towards even heavier neutrals,
the negative exponent approaches 0, at which point the spectrum does not convergethw
time anymore and runaway heating starts to dominate the evotion of the ion's energy. The
critical mass ratio parameter i can be found by extrapolating the exponent ( ) towards

( oit) =0. The quantity 4 is not a universal number but is a function of the trap geomeyr
It depends on the ratio:—j or, expressed in the ion trap parametera and g, on % = (2!!—2")2.
The dependency is explained by the fact that axial con nemeneads to radial decon nement
and thereby to an increase of the ratio between average miaorotion and secular energy. For
three di erent cases the extrapolation to i is shown in Fig.5.2. Our data are compatible
with the critical mass ratio previously found for a specic tap geometry [104]. For very
elongated traps (;, !p) we nd ;i = 0:685, corresponding to a mass ratiQ}—? =2:17 .

5.2.3 Average Energy and Lifetime of the lon

To evaluate the e ectiveness of bu er gas cooling for di eret mass ratios we calculate the
average of the energy spectrum of the ion. As a physical measuthe arithmetic mean comes
close to the de nition of a temperature, albeit the clearly on-thermal distribution. We show
the arithmetic mean in Fig. 5.3 for the case“; = 50. Although the arithmetic mean diverges
for 1, the energy spectrum can still be normalized for< 0. In this range the median
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Figure 5.1: Energy spectra of the ion for three di erent massatios. 1¢® energies are sampled
into logarithmically spaced bins with an energy resolutiof 100 bins per decade. We choose
x = yandc, =0 and trap parametersq = 50. In the case where the ion mass is twice
the neutral mass (black) the ion's mean energy iIS®E ., in the case for equal masses (red)

5Emnm. The red dashed line corresponds to a thermal energy distation with 5 E,,,,. The

spectrum for a lighter ion, == = 1:7 (blue), contains a signi cant contribution of very high
energies, typically leading to quick ion loss due to nite tap depth.

continues to be a well de ned statistical measure for the ergy of the ion

In experiments, a large probability density at high energgleads to a rapid ion loss due to
a nite trap depth E [104, 103]. We have numerically evaluated the required tragepth Eq
to limit the ion loss probability per collision to P,,ss (Fig. 5.3). For large we can approximate
the required trap depth byEy = Enm (P|oss)1= . The results show that mass ratios with light
neutrals are preferred for e cient bu er gas cooling. Howeve even for the heavy neutral

scenario stable trapping and bu er gas cooling are possitfter carefully chosen trap geometry,
trap depth and micromotion compensation.

5.2.4 Higher Collision Rates

For all the results discussed so far the collision rate hasdreassumed very low, and as long as
the condition

I is ful lled the results remain unchanged. As the collision i@ approaches
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Figure 5.2: The exponents obtained from tting power laws to the high energy tails of the
lon energy spectra are plotted against the mass ratio coeent . This is done for three
di erent trap geometries, for a spherical trap €& = 6, black rectangles), for an elongated trap

(% = 50, red circles) and for the extreme case with negligible & con nement (% = 1070,
blue triangles). The data is tted with second order polynomnals to extrapolate to . for
which the exponent becomes 0.

or even exceeds the trap frequency,.,, the probability to have consecutive collisions at
correlated positions increases. Under this condition we ase a reduced median energy and
an increased power law tail.

5.3 Quantum Scattering

Up to this point the classical Langevin model has been used txpore the ion's energy
spectrum and its dependence on mass ratio, trap geometry amdllision rates. Here we
make use of a quantum mechanical description of the interaah process. The solution to
the quantum mechanical scattering problem can be found by panding the wavefunction into
partial waves. In the regime where many partial waves conbute, the total elastic cross section
scales likeE; '™ [52]. The resulting energy dependent scattering rate and gular dependence
lead to additional e ects as compared to the Langevin modelThese are necessary to explain
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Figure 5.3: For dierent the ion's arithmetic mean energy (black rectangles) and meuoh
energy (red circles) are shown in units d&,,,. The arithmetic mean is expected to diverge for
> 0:554. An example for the required trap depth foPss < 10 ° is given (blue triangles)
and compared toEy = Emnm (Pk,ss)1= (dotted line) using obtained from power law ts to

the tails of the energy spectra. All data are fon%2 = 50.

the back-action on the neutral cloud, as observed in secti@n5.

We model the interaction potential by the long range polarition interaction of Eqn. (5.10)
plus repulsion at short distances. The full di erential cr@s-section is calculated using [108]
X 2

(21 +1) € ' sin(|)Pi(cos ) : (5.12)
1=0

a
d

1
e
The angular momentum of a partial wave is-l and ~k = P 2 E . is the collision momentum.
The scattering phase | can be obtained by solving the radial Schredinger equatiowhich
involves the centrifugal potential "22'(Fl+21) . The resulting centrifugal barrigr increases in height
. - - _p=
with angular momentum ( (=1)%). Partial waves with | < 1, = 1=~ 2 = 2C,E. have a
collision energy larger than the height of the centrifugaldrrier, probe the deep potential well
and are re ected from the hard core. The exact form of the potgial, relevant to determine

1, is typically not known. Therefore phase shifts, for | < |, are assumed to be uniformly
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distributed within [0;2 ) [45]. In this approximation each partial wave contributeswith | =
i—'z to the total cross-section. Summing; up to |y reproduces the Langevin cross-section.

The full cross-section includes additional contributiorfsfrom partial waves with | > | .
As the centrifugal barrier is higher than the collision energ these partial waves are scat-
tered from the centrifugal barrier, if tunnelling e ects are neglected. The phase shifts can be
semiclassically approximated by [45, 52]

Z 1
V(R
SO A T (5.13)

~2 _
Ro k2 (%127
R2

with Ry = ™12,

5.3.1 Modeling the Di erential Cross-Section

The probability distribution for the de ection angle
Z 2

d = d—sin d (5.14)

I(;Ec):d_ . d

is numerically calculated using Eqn. (5.12), Eqn. (5.13) ahrandomly distributed | for | <1 .
We sum Eqn. (5.12) forl up to 20000 and average over 100 di erent random sets qf The
di erential cross-section calculated in this way dependsmnothe reduced mass , the collision
energyE, = ";—"2 and C, only. For the case of a&’#Yb* ion colliding with a 8’Rb atom, four
probability distributions of the form Eqn. (5.14) are shownin Fig.5.4. The main feature of
I (;E.)is aforward scattering peak, which gets more pronounced e energy increases [54].
The integral of the di erential cross-section reproducede expectede. 1= energy dependence,
and its magnitude is in agreement with [45].

To implement the di erential cross-section in the Monte Calo simulation a parameteri-
zation of the normalizedl ( ; E ;) is used to create a function that returns a random for a
given collision energy. The distributionl ( ; E ) is modelled in four intervals using two power
laws ( P), a attop and a at background. The parameters peak height,background o set
and interval limits are energy dependent and are well approwated by power laws ( EF°).
These power laws are obtained from ts to di erential crossections for more than 30 di erent
energiesE. in the range betweerkg 1 Kand kg 100K. The -generating function uses
these parameter functions and inverse transform samplin§ig. 5.4b compares sampled output
of the -generating function with the normalized di erential cros-sections.

“4In contrast to the quantum mechanical model, in a classical @scription the integral of these contributions
diverges.
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Figure 5.4: (a) The probability distributions | ( ; E ;) for the scattering angle in elastic col-

lisions betweent’*Yb™ and 8Rb are numerically calculated. The unknown scattering phas

for close encountersi(< | ) are chosen randomly. The four curves are for dierent col-
lision energiesE.. The forward scattering peak at small is more pronounced for higher
energies. Its shape is emphasized in (b) where the scattgriangle is displayed logarith-

mically. The normalizedl ( ; E ;) (smooth lines) for the four di erent energies are compared
with logarithmically binned output from the random -generating function (step like lines).

The approximation is optimized to reproduce the height and @sition of the forward scattering

peak.

5.3.2 lon Energy Spectrum for Energy Dependent Scattering Rate

We have simulated the kinetics of the ion in an ultracold bu e gas using the parametrized
di erential cross-section to investigate how this a ects he ion energy spectrum. Di erent

from the Langevin case, the collision rate depends on the fastaneous ion energy. Therefore
e cient simulation relies on the collision time sampling decribed in Appendix A. The ion

energies are binned and weighted by the time the ion remainstae speci c energy.

We have performed speci ¢ simulations for our ion trap with e frequencied ..., =2
f151,1534290kHz, =2 425MHz, excess micromotion parametersx = y =2 mand
neutral densityn = 10 m 3 for the system!’4Yb™ - 8’Rb, reproducing conditions comparable
to the experiments described in section 4.4. We nd good agmment with the previous results
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from the Langevin model and conclude that the Langevin modét su cient to describe the
ion's energy statistics. Formally, however, the system deenot necessarily scale only with
the micromotion energyE,,,, anymore, as the di erential cross-section introduces itswn
energy scale. In the next section we will demonstrate that éhfull di erential cross-section is
necessary to predict e ects on the cold neutral atoms.

5.3.3 Neutral cloud evolution

Ultracold neutral atomic clouds have atom numbers ranging um 10°. Compared to a room
temperature bu er gas, this limited number of atoms and the god isolation from the envi-
ronment allow the observation of collision e ects on the ndrtal gas. The main observables
are the number of neutral atomaN, and their temperature T,. In experiments, these values
can be obtained from time-of- ight imaging and are suitablgo verify the simulation model.

The back-action of the ion onto the neutral gas is a result ofhe energy transfer per
collision. For general two-body elastic collisions it is gen by

Ei=4(1 )Ecsind(=2); (5.15)

depending on the scattering angle. For very small de ections 1, resulting from the
forward scattering peak in the di erential cross-sectionpnly very little energy is transferred
to the neutral atom. The distribution of transferred energes E;, shown in Fig.5.5, can be
understood as a convolution of the collision energy distuiion and the energy dependent
di erential cross-section.

Fig.5.5 also shows distributions folE. and E; obtained using the Langevin model for
comparison. The Langevin collision rate is obviously smal, explained by the di erent energy
dependence of the cross-sections, / Ec 2 vs | E<*. The semiclassical distribution
of E. is also slightly shifted towards higher energies with respieto the Langevin E., since
collisions are more likely to happen at higher energies. Thensferred energies di er only
little between to two models forE; & kg  0:03 K. This re ects the statement that the ion's
mobility is well described by Langevin type collisions. Hower, the signi cant peak at low
E; of the semiclassical distribution causes most of the e ects1 the cold neutral gas.

So far all the results were obtained assuming a uniform detysdistribution of neutral
atoms. This will now be replaced by a spatial distribution foa thermal gas in a harmonic
trap with temperature T, and atom numberN,. Considering a nite trap depth Ey., for
the neutral atoms, every collision withE; > E 4., will lead to an atom loss, whereas every
E: < E .4 Will increase the temperatureT,. The simpli ed model used in the simulation
assumes immediate thermal equilibration of the neutral gaghen a collision with E; < E 4.5

simply increased; by 3kEtNa. The loss of an atom folE; > E 4., Will decreaseN, by 1 but also
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Figure 5.5: Distributions of collision energye. (dotted line) and transferred energyE, (solid
line). The data are obtained by binning 18 collisions on a logarithmic energy scale, comparing
Langevin scattering (red) with the full semiclassical di eential cross-section (blue). The
vertical axis indicates the scattering rate in kHz per decadef energy at which collisions with
the speci c energies occur. The inset is a magni cation of thregion relevant for Langevin
scattering. The settings for this simulation run aren = 10 m 2 for the uniform neutral atom
density and x =y =2 m. Note the similarity between the two models for large and the
signi cant di erence for small transferred energie;.

a ect the temperature depending on the atom's energy. The metemperature is calculated

— Na;i 3kB Ta;i % kB Ta;i Epot(f‘)

Ta (Nar~ 1)3ke (5.16)

using the total energy of the neutral cloud, and the potentlaand average kinetic energy of
the lost atom known from the positiont of the collision. This can lead to evaporative cooling
or heating e ects depending on the position of the ion in the eutral gas.

For ion trajectories larger than the size of the bu er gas theon can only collide in the
centre of the trap where its motional energy is mostly relateto the secular motion rather
than the micromotion. This suppresses the power law tail ohe ion energy distribution and
reduces the ion's average energy. Hence, using tight trapsdon ne the neutral atoms might
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help to overcome the constraints on ion trap depth, trap geostry and mass ratio.

5.3.4 Comparison to Experimental Data

Figure 5.6: Comparison between experimental measuremeiftdack circles) and the simu-
lation predictions for neutral atom loss (a) and the neutratemperature increase (b). The
semiclassical model (blue) ts the data well. The Langevin odel (red) systematically under-
estimates the collision e ects on the neutral atoms. The combution of evaporative heating
(Egn. (5.16)) in the semiclassical model is indicated withhie blue dashed line. The experi-
mental data is from a measurement as described in section 4.5

Here we compare the simulation predictions for the e ects onenitral atoms with experi-
mental data from Yb* Rb as described in section 4.5. The measured quantities ateetloss
of neutral atoms and temperature increase of a cold thermdbad, after 8 s of interaction and
for di erent excess-micromotion energie&m.. Fig.5.6 displays the data together with the
simulation results.

Initial conditions for the neutral 8’Rb cloud in the simulation are given byT,, = 250 nK
and N, = 2:25 1(P. Neutral trap frequencies of 2 f 28,28, 8gHz result in an initial central
density of n(0) = 1:9 10'*m 3. The neutral trap depth isEwa = ks 8 K.

A single 2Yb™ ion is trapped with parameters given in section 5.3.2. The e#&ss mi-
cromotion parameters x and y are varied between 0 and 15m, and additionally there is
micromotion along the trap symmetry axis withc, =2 m. The excess-micromotion energy
scale,Emme =ks thus ranges from 90 mK to 7K.

The simulation with the semiclassical cross-section pretls both the shape and the mag-
nitude of the experimental results well. In contrast, the Lagevin scattering is not suited to
model these measurements because the ultracold atoms arghly sensitive to small energy
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transfer E;. They correspond to collisions with small de ection anglesvhich are neglected
by the Langevin model, cf. Fig.5.5.
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Conclusion

In the course of this work we have been successful in combmia single trapped ion with a
Bose-Einstein condensate for the rst time. The ion is trappd by electric elds while the
atoms are con ned by magnetic elds or in an optical dipole tap. The resulting independent
control over the two partite systems has been demonstratedelative positioning and motion
is achieved by displacing one or the other trap centre. The @xage collision energy can be
tuned by adding excess micromotion.

In our system of a YU ion being immersed in a Bose-Einstein condensate®Rb elastic
collisions are the dominating interaction process. Theydd to sympathetic cooling of the
ion by the ultracold neutral gas. After collisions, the neutal atoms can either be lost from
their trap or, when having acquired only a small amount of kietic energy, contribute to a
temperature increase of the neutral cloud. These two e ectsan both be measured and they
carry the mark of the di erential cross-section. Due to the eremely low temperature of
the neutral gas, we are highly sensitive to very small enerdyansfers appearing in forward
scattering events which are typically not observed in otheon-neutral collision experiments.
Inelastic processes have been measured to occur at ratescidiaof 10 lower than the elastic
ones. We have identi ed radiative and non- radiative chargexchange.

Physical models allow us to reach a better understanding dié relevant processes from the
experimentally made observations. Monte-Carlo methods emwell suited to model the inter-
action between a trapped ion and a neutral gas. By using suchethods, we now understand
the role of the ion-atom mass ratio, the excess micromotioand the di erential cross-section
in great detail. Finding the numerical simulation results m good agreement with the experi-
mental observations allows us to con dently make predictizs about possible e ects, such as
cooling of the neutral gas by collisions with the ion.

In contrast to usual ion trapping experiments, where the regtition rate can be on the order
of 100 cycles per second, with the Bose-Einstein condensat@ repetition rate is reduced
to about one cycle per minute. Working with a single ion thus akes the acquisition of
statistically signi cant data demanding. Only a high degre of automization of continuous
calibration and data acquisition processes allows a consegt measurement procedure. In
our system this involves the automatic reload of single iongontinuous electric o set eld
compensation and laser frequency adjustment by spectropgaon the single ion.

The available controls in our hybrid system are both a virtueand a challenge. On one
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side they can allow for example the local probing or manipuian of a quantum gas. On the
other side, they are challenging to be controlled, on a tecimal level, to achieve the necessary
precision in the positioning or energy resolution. Futureechnical improvements are likely to
expand the range of available collision energies to even @walues. This, in return, should
allow to investigate coherent interaction processes betere atoms and ions.



Appendix A

Collision Time Sampling

1A scattering rate sets the probability for a collision to take place within a time interval d.
In our case

()= n(x) (Ec)Vin(t) (A.1)

with n being the neutral atom density, the cross-section andi,, the velocity of the ion as
de ned in Eqn. (5.6). Usually the density is a function on theon's position, the cross-section
depends on the collision energy ang,, oscillates rapidly in time, leading to a (t) with non-
trivial time dependence. In the following we explain the métod used to randomly generate
collision timest with the exact distribution de ned by ( t).

In general, the process of an event (collision) taking plaeé@th a rate ( t) can be modelled
using a di erential equation for the probability Q(t) that the event has not yet happened after
the time t,

dQ() = (1) Q(t)dt: (A.2)

The probability distribution for an event to take place afte the time t is de ned by P(t) =
dQ=dt. In the simple case with constant () = o the solution is

P,()= oexp( ot) (A.3)
and a random time can be obtained using inverse transform sphmg,
t= 1= o log(r) (A.4)

with r being a uniformly distributed random number in the interval(0; 1]. For time dependent
( t) the analytic solution for the probability distribution fu nction is
Z t
P()= ( t)exp . (ty)dty : (A.5)

LPermission to reproduce this Appendix from [101] has been a@nted by IOP Publishing Ltd.
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Non-trivial time dependence of (t) usually requires a numerical approach to samplefrom
Eqgn. (A.5). One straight-forward method would be to discretie time into small steps, calculate
( t) and its contribution to P (t) for every step, thereby numerically integrating the funabn
P (t) up to a randomly chosen trigger value, at which point the eve takes place.

However, another method is employed here, which proves to beich faster and does not
su er from discretization errors. It works for (t) that have an upper bound ,, = sup(( t)),
or where such a condition can be enforced by introducing a aut In the speci c case of the
trapped ion, all factors in Eqn. (A.1) are easily limited by casidering the energie€; de ning
the trajectory and the excess micromotion parameters and ing the peak neutral density.
This upper bound can be adjusted after each collision evenaving a ected E; or n(x).

The algorithm works by advancing the system by a time according to Eqn. (A.4) with
0= m-. Then the rescaled rate

M=(0=m (A.6)

Is calculated for the resulting state of the system after théme t and an event takes place
if (t) >r, with r being another uniformly distributed random number in the iterval [O; 1).
If the event does not take place ((t) r) the algorithm iteratively loops back to advance
the system by an additionalt, again according to Eqn. (A.4). The method is exact in that
it reproduces the probability distribution function Egn. (A.5). A proof follows below. The
e ciency of the method is the ratio of the average of () and ., = h(t)i= , = h (t)i.
This means that in order to generateN events it can be expected that ¢) needs to be
evaluatedN=times.

Proof: We start from writing an expression for the probability distibution function Ps(t)
obtained with the suggested method. Since the nal can be the result of any number of
iterations, Ps(t) is a sum of all these possibilitiesP(t) = Ps. + Pso + Ps3 + :::, wherePg;
Is the probability that t results as the time of event after iterations. The rst few terms are
given below.

Psi= ()P (1) (A.7)
Z t
Ps2 = (1) P ()P (t t) 1 (tl) dt, (A.8)
0
Z tZ t1
Pss = (1) " P,.(t)P (ta tx))P (t t)) 1 (t1) 1 (tp) dtxdt; (A9)

Note that the products of P  (as de ned in Eqn. (A.3)) in the integrals always combine to
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¢ YPp (t). ThereforeP _(t) is taken out of the sum as a common prefactor,

Zt
Ps()= (P () 1+ n 1 (t1) dty
° thtl
+ m? 1 (ty) 1 (tp) dtdty+ ::: : (A.10)
0O O

Now the upper boundaries of all the partial integrals can be sequal to t, since they only

Z.Z, Z. ,
- 1 (ty) 1 (tp) 01 (tn) dt,:::dt,dty
= = 1 (ty) 1 (tp) ::: 1 (t,) dty:::dtydty
nt o o 0 7
t
R N AN TN
nt
Combining this with Egn. (A.10) gives
s on Zt n
P()= P, — 1 (t) dy
- . 0
n=0 7 t
= MOP,(exp m 1 (ty) dty ; (A12)
0
and it follows with Eqgn. (A.3) and Eqn. (A.6)
Z t
0
Z t

= ( t)exp (tydt; : (A.13)
0

This is identical to Eqn. (A.5) which proves that the method r@roduces the exact probability
distribution.
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Appendix B

Structure of the Simulation Loop

1The following is a short description of how the main simulatin loop has been implemented.

1) setup system configuration: 'y, 1 and excess micromotion, , neutral
trap frequencies, Ta, Na, n(%), I, ...

2) select initial state (Ejs' j)i2f xyzg
3) calculate maximal collision rate m, considering  Nmax(Ta; Na) and E;
4) increment time t by Eqgn.(A.4)

5) calculate ion position and velocity,
using Eqgn. (5.4), (5.5), (5.6), (E;;"j:t)! (fion;™¥on)

6) calculate (t) with Egn. (A.6),
proceed to 7) with probability (1),
else go back to 4)

7) choose collision parameters ( , ) according to

Q.lQ.

8) update neutral atom parameters T,, Nj,
using Eqgn. (5.15), (5.16) and E.4

9) apply scattering Eqn. (5.7) to %,

10) calculate new trajectory parameters,
using Eqn. (5.4), (5.5), (5.6), (fion;¥on:t) ! (Eji" )

11) loop back to 3)

The setup of the system con guration inl) contains mainly parameters which do not
change during the collisions, such as trap frequencies orethtom-ion mass ratio. Exceptions

LPermission to reproduce this Appendix from [101] has been a@nted by IOP Publishing Ltd.
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are the neutral atom numberN, and temperature T,, which act as initial conditions. The
initial state for the ion energy in2) is mostly unimportant, as the simulation will iterate over
many collisions and the information of the initial state is dst after a few collisions. When
looking at steady state statistics of the ion energy, the vaés after the rst few collisions can
simply be ignored, thus e ectively letting the system evolg for a short time before measuring
its properties. The points3) to 7) implement the collision time sampling algorithm described
in AppendixA. The maximally possible collision rate ,, is calculated from the peak density
Nmax (Ta; Na) of the neutral atoms and from the maximum value of (E.) vien (t). The latter
is limited by the highest possible ion velocity, which dep&s on the secular energy¥; and
the excess micromotion. The calculation of(t) in 6) uses thev,, and t,, obtained in 5)
to determine (t) with Egn. (5.9). If a collision takes place at the chosen timt, 7) gives the
scattering angles according to the di erential cross-sdon. 8) simulates the back-action on
the neutral atoms. 9) modi es the velocity of the ion. In 10) the new trajectory parameters
E; and' j are determined, to represent the motion of the ion up to the ne collision.

Information on any system parameter can be retrieved at uséle ned points within the
simulation loop. The ion energy is typically registered afér 10), the collision and transferred
energiesE. and E; after 8). Random sampling is used i) and 6), to determine the time
of collision, and in7), for the scattering angles.



Appendix C

Material Properties

Table C.1: Metal properties, for metals used in ion trap sepu

Copper Stainless Vespel
[109] Steel 304 [110] SP1 [111]
Density [g/cm?] 8.96 7.9 1.43
Speci ¢ Heat [J/kg/K] 384.6 500 -
Thermal Conductivity [W/m/K] 401 15 0.287
Thermal Expansion Coecient [K ]| 165 10°® |16 10 © 50 10 °®
Electrical Resistiviy [ m] 1678 10 °| 0:73 10 © 102 108

Table C.2: Selected ceramics properties [112]

Shapal-M Soft| MACOR Boron Nitride
Grade AX05
Dielectric Strength [kV/mm] 40 40 40
Resistivity [ cm] 102 10t > 10t
Loss tangent 0.001 @1 MHz 0.007 @8.6 GHz 0.001 @8.8 GHz
. 7.1 5.68 4.0
Density [g/cm?] 2.9 2.52 1.85
Speci ¢ Heat [J/kg/K] 790 790 350
Thermal Conductivity [W/m/K] | 90 1.7 78
Thermal Expansion Coe cient |4:410°K ! |9410°K ! 1:010°K 1
Max Use Temperature 2200K 1300K 1150K
Porosity - - 12.57%
Vickers Hardness [kg/mm] 390 230 15-24
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