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Zusammenfassung

In dieser Arbeit habe ich mich mit Kollisionen zwischen lasergekshlten, gefan-
genen lonen (Ba oder Rb") und ultrakalten neutralen Atomen (Rb) beschaftigt.
Dafur war es notwendig einen neuartigen experimentellen Aufbau zu entwickeln
welcher ein Bose-Einstein Kondensations (BEC) Experiment mit einer Paulfalle
far einzelne lonen kombiniert. Die ultrakalten Atome werden dabei in eer
magnetischen Falle innerhalb des BEC Experiments hergestellt und mit Hilfe
eines bewegten optischen Gitters vertikal uber eine Strecke von 30 cm zur lonen
falle transportiert.

Die Wechselwirkung zwischen Atomen und lonen kann durch ein f/Polar-
isationspotential beschrieben werden. Sie ist im Allgemeinen langreichvgsr
und starker als die Wechselwirkung zwischen zwei neutralen Atomen. In unseren
ersten Experimenten konnten wir sowohl elastische als auch inelastische Atom
lonen Kollisionen beobachten. Die elastischen St e wurden uber die Messung
von Atomverlusten nachgewiesen. Mit Hilfe dieser Atomverlust-Messung konnten
wir eine typische Kollisionsenergie von ca. 10 mK und einen elastischen Wechsel-
wirkungsquerschnitt von ungefahr 104 m? abschatzen. In unserem Experiment
ist die inelastische Streuung ist im Vergleich zu elastischen Kollisionen urmen
Faktor 10* bis 1& unterdnackt. Dennoch konnten wir nachweisen, dass der dom-
inante inelastische Prozess die Ladungstransferreaktion Rb + Ba Rb" + Ba
ist. Zudem haben wir gezeigt, dass ein einzelnes lon verwendet werden kann,
um die Dichteverteilung einer ultrakalten Atomwolke zu bestimmen, wagine
megliche Anwendung unseres Aufbaus darstellt.






Abstract

In this thesis | have investigated the collisions between laser-cooled trapped
ions (Ba" or Rb*) and ultracold neutral atoms (Rb). For this purpose it was
necessary to develop a novel hybrid apparatus, where a Bose-Einstein condensa-
tion (BEC) apparatus is combined with a Paul trap for single ions. The utacold
atom cloud is produced in a magnetic trap within the BEC apparatus anthen
transported vertically over a distance of 30 cm using a 1d moving opticttice.

The interaction between the atoms and the ions can be described by a“/r
polarization potential. Generally, the atom-ion interaction is stroager and long-
range compared to the interaction between two neutral atoms. In our exparents
we were able to observe elastic as well as inelastic atom-ion collisionsast
scattering was detected by measuring the loss of atoms in the presence of an io
From this atom loss measurement we could estimate a typical collision engrg
of about 10 mK and an elastic scattering cross section on the order of #n?.
Inelastic processes are suppressed by a factof 1®10° in our experiment. Nev-
ertheless, we were able to show that the dominant inelastic collision cireel is
the charge transfer reaction Rb + BA! Rb" + Ba. As a possible application
of our apparatus, we have demonstrated that a single ion can be used t@ipe
the density pro le of an ultracold atom cloud.
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Chapter 1

Introduction

In recent years, both the elds of cold trapped ions and of neutral, ultreold
atomic gases have experienced an astonishing development. Full contrcd baen
gained over the respective systems down to the quantum level. Single iona ca
be selectively addressed and their quantum states can be coherently manipetht
and read out [1]. The collective behavior of neutral atomic quantumages can
be mastered by controlling the particle-particle interactions, temperatre, and
physical environment. The observation of Bose-Einstein condensation (BEC),
solitons, vortices, and the Mott-insulator quantum phase transition i@ prominent
examples for this achievement [2].

It was at the end of 2006, when we started our e orts of combining cold
trapped ions with ultracold neutral atoms in Innsbruck. Our vision vas to merge
a Bose-Einstein condensation (BEC) apparatus with a linear Paul trap, where
single ions or a string of a few ions can be stored and cooled to the Doppler
limit. At that time a few theoretical proposals on cold and ultracold &om-ion
collisions had recently been made. And example is the work done by Robin
Coe and co-workers [3{5]. Parallel to our group, also Winthrop Srth and the
groups of Vladan Vuletic and Michael Kehl started their experimental e ots.
Their work is closely related to ours, since they all work with a combinatioof
trapped atoms and ions [6{10]. Besides these measurements in the mK regime,
various experiments with collision energies on the order & 1K or beyond
have been performed in the past. Already back in 1991, reactions of N@ith
He, Ar and N, down to energies okg 0:3K have been studied by Hawley et.
al. [11]. Later on, Dieter Gerlich an co-workers have reported about exjreents
with ions trapped in multi-pole traps and cold He bu er gases [12,13]. &kently,
Stefan Willitsch, Timothy Softley and co-workers have investigated reactvcol-
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lisions between laser-cooled trapped Caons and velocity-selected polar CkF
molecules [14]. Also, experiments with cold charged molecules have been per-
formed in the groups of Michael Drewsen and Stephan Schiller. In their setups
optical techniques were used to reduce the energy of the molecular ions 165.

The ultimate goal of our experiment is to study the interaction betweerons
and atoms in the limit of small collision energies. For this purpose weve built
up a novel hybrid apparatus, where ultracold Rb atoms can be broughtto the
center of a linear Paul trap, which is typically loaded with a small and ell de-
ned number of Ba®* or Rb" ions. The central idea of our hybrid experiment
is the spatial separation of the BEC apparatus, where the ultracold ates (or a
BEC) are produced, from the ion-trapping region, where the atom-ion calon
experiments are performed. Thereby, we avoid mutual disturbance betweereth
radiofrequency (RF) Paul trap and the RF used for forced evaporative coogin
of the atomic sample. Moreover, by keeping all the elements (coils, opticam-
ponents) needed for atom cooling away from the ion trapping region, waig
valuable optical access to the \science section"”, that can be used to trap, ma-
nipulate, and detect the atoms and ions. However, due to the large distze
of 30cm between the BEC apparatus and the ion trap, a powerful and religb
transport technique is required to transfer the ultracold atoms fromheir place
of production to the science section. For this purpose, we employ a movitg
dimensional (1-d) optical lattice. The details of our experimental setup Wibe
published in [17].

With our apparatus we were able to observe the interaction between a siag
trapped Ba" ion and an ultracold optically-trapped cloud of Rb atoms (T=100nK
or Bose-Einstein-condensed) [18]. By measuring the loss of atoms in the presence
of the ion we nd the cross section for elastic scattering to be large, as expadt
from theory [3], with values on the order of 10 m?. In contrast, charge transfer
reactions, which are the dominant inelastic collision channel, are stigly sup-
pressed with cross sections on the order of 2dm? or below. In our type of
setup the collision energy is determined by the excess micromotion of the.ion
The rst attempts of compensating excess micromotion, which | will present in
this thesis, have lead to minimal collision energies on the order of 10 mK.

For comparison in the Vuletic experiment a magneto-optical trap (MOT) for
Yb is combined with a surface-electrode Paul trap for Yb [6,7]. In their setup
the collision energy was too large to enter the regime of ultracold aiwion col-
lisions, for which a quantum mechanical description is required. Howevehet
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observations of the Vulett group have shown that atoms and ions paprinci-
pally be trapped at the same location. On the other hand, the idea tiie Kehl

experiment is very similar to ours. A single trapped YD ion is immersed into
an ultracold cloud of Rb atoms [8{10]. The measured cross sections and tiod-
lision energy are on the same order of magnitude as in our system. Thins
surprising since the inner structure of the ion is only relevant in theltracold but

not in the mK regime.

In the future we plan to study the formation of molecular ions (such aRb;
or (BaRb)") [19], polaron-type physics [20{23], charge hopping in the wétcold
domain [4] and the formation of a mesoscopic molecular ion [5]. Foethatter type
of experiment it will be necessary to enter the regime of ultracold elastic ateion
collisions [3], which we might be able to reach by improving the cqgensation of
excess micromotion.

In the following chapter | will present the theoretical groundwork to uner-
stand the atom-ion collision dynamics in the various collision energggimes.
Subsequently in chapter 3 the focus is put onto the experimental setup. lhap-
ter 4 and 5 the preparation of the single Baion and the creation of the Rb BEC
are described. The main scienti ¢ results of this theses are presented in chapter
6, showing all the measurements on the atom-ion interaction. Finallynaoutlook
on possible future experiments is given in chapter 7.
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Chapter 2
Theory of atom-ion collisions

In this chapter | will outline the theoretical groundwork for understanding the
dynamics of atom-ion collisions. | will start with a derivation of the &m-ion
interaction potential. Using this potential I will then derive the classtal atom-ion
collision theory (Langevin theory) and calculate classical estimates foretcolli-
sion cross sections. In a further step | will present a semiclassical description of
the atom-ion scattering and compare it with the classical results. The maindas

in this theory chapter is put on these two approaches (the classical atite semi-
classical), since they are su cient to explain the experimental data presented i
this thesis. However, the aim for the future is to enter the ultracold regisy where
the collision energies are low enough that a full quantum mechanicakatment
becomes necessary. Therefore | will also touch the theory of ultracold atom-ion
collisions at the end of this chapter.

It is important to realize that the theories described in the following carnly
be used to treat two-body collisions, such as

: Rb+Ba* elastic
% Rb" +Ba+ radiative charge transfer
Rb+Ba™ ! Rb" +Ba nonradiative charge transfer (2.1)
% (RbBa)* + molecule formation
" Rb+ Ba’ spin-exchange

where the tilde denotes a di erent spin-state of the ion or the atoms, respec-
tively. In the homo-nuclear case we can have
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8
SRb+Rb* elastic

Rb+Rb™ ! +
* Rb+ Rb  spin-exchange

(2.2)

The assumption of binary collisions is justied by our experiments, where
we have only observed elastic and charge transfer collisions, but no otlgoe
of collisions. Nevertheless, at high atomic densities we obviously also expect
three-body processes, such as

8
. <Rb+(RbBa)* molecule formation
Rb+Rb+Ba™ ! (2.3)
- Ba+Rb; molecule formation
Rb+Rb+Rb* ! Rb+Rb; molecule formation (2.4)

to take place. However, the proper description of the dynamics of many-iho
processes is beyond the scope of this thesis.

2.1 The 1/r * interaction potential

In the inhomogeneous eld of an ion, a neutral atom is polarized and taacted
towards the ion. To derive the corresponding interaction potentialve consider
an atom with an electric dipole momentp. The potential energy of the atom in
the presence of the electric eld of the iork is then given by

V= %pE: (2.5)

Since the dipole moment of the atom is induced by the electric eld of ¢hion
we can write
p= E (2.6)

where =4 e is the dc polarizability of the atom. By plugging (2.6) into
(2.5) and using the well-known expression for the electric eld of an ion, vget

Cq

V(r) = o4

(2.7)

with
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2
Cu= f—o (2.8)
wherer is the distance between the atom and the ion and the charge of
the ion. For essentially any neutral atom the value foe can be found in [24].
In our case of Rbe = 4:7 10 ?*m? or in atomic units e = 318a3, where
ap=5:29 10 'm is the Bohr radius. By equating the centrifugal energy with
the potential (2.7)

2
- o o (2.9)
we nd the characteristic radiusr to be
r—
r = %; (2.10)

Here = MionMatom =(Mion + Matom ) is the reduced mass. For the case 6 Rb,
138Ba*) we getr = 295nm and for ¢’Rb, 8Rb*) we nd r = 266nm. The
corresponding characteristic energie=(2r 2) are kg 50nK (8’Rb, 13%Ba*)
andkg 80nK (®’Rb, 8’Rb"), respectively. For collision energies much smaller
than this characteristic energy, only the partial wave withl = 0 (the so-called
\s-wave") contributes to the scattering (see below). In this regime the scattarg
cross section becomes energy-independent with a value on the orderof 4. The
characteristic radiusr , which sets the length scale of the=t* potential, is much
larger than the the van der Waals radiuRqw , Which typically determines the
range of the atom-atom interaction potential. A typical value isRygw = 5nm
for 8Rb [25]. The comparison off with Ryqw clearly shows the long-range
characteristics of the atom-ion interaction potential (2.7), compad with the
1/r® van der Waals potential between two neutral atoms.

2.2 Classical atom-ion collision theory

By simply applying the laws of classical mechanics, it is possible to calci@doth
a classical estimate for the total elastic scattering cross sectiofasic (E) as well
as the energy dependence of the inelastic collision cross sectigflasic / E 2.

19



-
.
-
"
"
5
.
.
v
.
5
-
-

Figure 2.1: Collision between two patrticles: In the equivalent one-body-frlem
a particle with mass and starting velocity v, is de ected by an angle , due
to the presence of the radially-symmetric potential given by equatior2(7). If
we adopt the common de nitions, the scattering angle is negative for our case
of an attractive potential. At any instant of time the position of the particle is
well-de ned by the distance from the center and the polar angle . At the point
of minimum distancery, the polar angle is' (ro) = = =2 =2,

2.2.1 Scattering at the 1=r* potential - appearance of the
critical impact parameter b

We start the calculation of the cross sections by considering the two-bogyoblem
in the presence of the atom-ion interaction potential given by equatiof2.7).
By making a transformation to the center-of-mass (COM) coordinates (COM
position R and relative coordinatet), we reduce our two-body problem to the
equivalent one-body problem. The relevant parameters are illustrated Fig. 2.1.
In cylindrical coordinates+ = r cos'e , + r sin‘e y + zg the total energy E of our
guasi-particle with mass can be written as

Cy

E=— r2+r>2 =

2 ~ - 2r4

Before the collision, the relative velocity between the two particles & and
the distancer ' 1 . The total energy then reads

(2.11)

E= EVSZ (2.12)
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In a similar fashion we also nd an equation for the angular momenturit =
Le, of our virtual particle.

L=r2_= vgb; (2.13)

where the left hand side is the general expression and the right hand side th
angular momentum again before the collision. The so-called impact parater b
is introduced in Fig. 2.1.

By equating (2.11) with (2.12) and substituting' _using (2.13) we obtain an
expression for _

S

r= v 1 S+ (2.14)
We can now calculate the minimal distance to the centar,, since we know
that r(r = rg) =0. We get

Cs

—! 2.1
V2 (2.15)

2 —
o=

N
ENJSY

In order for ry to be a real quantity, the impact parameterb needs to be larger
than the critical impact parameter b, given by
bc ~ 4C4 1=4 ~ 2C4 1=4.
V2 -~ E '
Note that the critical impact parameter only depends on the collision engy
E and on the polarizability of the atom.

(2.16)

2.2.2 Collisions with b < k. - Langevin collisions

For impact parameters smaller than the critical impact parameterl{ < b,) the
virtual particle is not simply de ected at the potential, as depicted inFig. 2.1. In
fact, it follows an inward-spiraling orbit, where it nally ends up at the center of
the potential. The cross section for this type of collision is called Langevcross
section and is given by

r—
2C
Langevin — bg = ?4: (2.17)

The Langevin cross section, initially derived by Langevin in 1905 [26hcludes
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all collisions where the atom-ion separation eventually reaches zero. Assogni
that reactive collisions (such as charge exchange or spin-changinglisions) are

always Langevin-type collisions, we can relate angevin 10 the inelastic collision

cross sections

inelastic — pinelastic Langevin; (2-18)

wherepineiastc =1 Pelastic 1S the probability for an inelastic collision to take
place, once the atom and the ion have come close to each other. It can be tenit
as a sum of the probabilities for all relevant processes

Pinelastic = Pch.ex. T Pspin-ex. T (2.19)

In general these probabilities depend on the inner structure of the pactes
and can obviously not be predicted with the simple Langevin theory. Attis point
a quantum-mechanical description of the scattering process becomes necessary.

2.2.3 Collisions with b > k. - Glancing collisions

For collisions with impact parametersh > by, the atom-ion separation stays nite
and the two particles are de ected of each other with well de ned angles. In the
COM frame the scattering angle is given by = 2 where

Z 1 g
= = 2.2
ol (2.20)

(see Fig. 2.1). The minimal separatiom, is given by equation (2.15), whereas

o

v b
r = g (2.21)

2 i
r 1 2+4r

il

o
(23

_,
N

By introducing the dimensionless impact paramete® = b=k, the solution of
the integral (2.20) can be written as

0_ — 0 — q__
=9 2 ® % 1 K % % ¢& 1 1 (2.22)
where
z _, L
K(m) = p————dx (2.23)
0 1 msin’x

22



scatteringlangle!q!(rad)

1 15 2 2.5 3
impact!parameter!in!units!of!bC

Figure 2.2: The scattering angle versus the dimensionless impact paraméier
b=Rk. For ® > 2:4 the scattering angle is smaller than 1(red dashed lines), which
shows that the particles are only de ected signi cantly wher® 1.

is the complete elliptic integral of the rst kind.

The expression (2.22) is plotted in Fig. 2.2. One clearly sees that the scaitey
angle is very small unles®is close to 1. To show that the main contribution
to the (total) cross section comes from scattering events with a small de ection
angle, we derive the di erential scattering cross section

d _ b

— sn d (2.24)

d

glancing
The result is also plotted in Fig. 2.3. For small scattering angles the di ential
cross section becomes many orders of magnitude larger th@nin fact, for ! 0,
(d :ng glancing ! 1 . Thus, the integral which gives us the total cross section
= g—d has to be truncated for small . In the following section we will
discuss possible lower bounds for and will discover the total elastic collision

Cross section.

2.2.4 Elastic scattering cross section

As we have learned in the previous sections, a classical treatment of the atmn
scattering leads to two di erent types of collisions, the Langevin-type clisions
and the glancing collisions. The latter ones are always elastic collis# since re-
active collisions can only take place when the atom-ion separation vahes. Fur-
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Figure 2.3: The di erential cross sectionq =d ) giancing IS Minimal for a scattering
angle of =146 and diverges for ! O.

thermore for a hetero-nuclear system such as (Rb, Bpalso the Langevin-type
collisions are predominantly elasti@ieiasic  Pehex. 1 (See also the discussion
in the previous section). Thus, we can write the elastic cross section as

elastic Langevin + glancing (2-25)
where Langevin IS given by equation (2.17) and
Z min d
glancing = 2 d_ sind: (226)
glancing

The integral is truncated at a nite ., Since the integrand diverges for
I 0.

Heisenberg limit

If we want to take into account all collisions which can in principle béetected,
we have to truncate the integral at the Heisenberg limit

pmin

SiN min =
P

(2.27)
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Figure 2.4: For a hetero-nuclear system the cross section for elastic scattering
is given by ejastic Langevin T glancing. FOr collision energie€E down to about

10 ° K mainly the glancing collisions contribute to ¢.sic. Moreover, we recognize
the dependence q.sic / E 172 over the entire range, where the classical model
is valid.

where p = pﬁ. For a particle with a position uncertainty of b( in),
the minimal uncertainty of the momentum is given by pmin ' ~=l min).- BY
plugging this expression for pmin into (2.27) we can (numerically) calculate iy, .
The resulting cross section is plotted in Fig.2.4. For the energy range whehe
classical theory is assumed to be appropriat& (& kg 30 K) we nd the elastic
scattering cross section gjasic to be mainly determined by gjancing. Moreover, we
can read o from Fig. 2.4, that the total elastic collision cross section scales

easic / E Y. In the semiclassical theory described later, we will recover this

energy-dependence.
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Trap depth limit min, loss

Experimentally, elastic atom-ion collisions are observed via the lossabms
from their trap. This atom loss can be written as

No= N jossVo; (2.28)

where n is the atomic density andvy = P 2E= = P 2Eion=Mion. In our

system oss Langevin T glancing, loss 1S @lmost identical with ¢jasiic, €xcept that
the integral

min, loss d )
glancing, loss = 2 d_ sind: (2.29)

glancing

is truncated at min, 10ss- The reason for this new limit s 10ss IS that an
atom is only lost from the trap, when the energy transferred to the atonk yans
is larger than the trap depth Uy, . Here, it is important to note that the mean
free path of the atom is much larger than the size of the atom cloud. Thefore,
the probability for the atom colliding with another atom after beingscattered at
the ion and before leaving the trap, is negligible. The transferred ener@ans
can be calculated as a function of the scattering angle

Etans = E

(L cos): (2.30)

atom

Thus, the integral needs to be truncated at

COS min, loss = 1 %Uﬁzﬂ (2.31)
In Fig. 2.5 the resulting oss is plotted for three di erent trap depths Uy .
For large Uyap We nd oss to be smaller than epasic, Since a signi cant fraction
of the collisions take place under a small scattering angle and thus dot directly
lead to an atom loss. However, for small trap depthgy,,  1:::3 K as used in
the experiments described in this work, the majority of the collisiong&ds to the
atom being lost from the trap. In this limit the heating of the atomic sample can
be neglected and |oss clastic -
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Figure 2.5: The cross section forogs Langevin T glancing, loss- 1he integral for

glancing, loss IS truncated at i, 10ss, SO that only collisions with an energy transfer
Etans > Uyap are contributing. Additionally  ¢jasic is plotted for comparison.
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2.3 Quantum mechanical atom-ion collision the-
ory

An important approach to describe the scattering between particles with gun-
tum theory is the method of partial wave expansion. This method is pacularly
suitable for the case of low collision energies. As can be looked up in any stan
dard quantum mechanics textbook (e.g. [27]), the scattering cross seatican be
written as

(21 +1)sin? | (2.32)

X 4 R
1=0 1=0
where | is the contribution of the I-th partial wave to the total scattering
cross section. The wave vectdk® = 2 E= ~? is set by the collision energyE. In
general, the scattering phase shifts depend on the exact form of the interaction
potential and thus also contain all the information about the iner structure of

the collision partners.

2.3.1 Semiclassical approximation

The following derivation of the semiclassical expression for the elastic scatter-
ing cross section is based on the work of Robin Cée and Alex Dalgarno].[3
For large angular-momentum quantum number$ 1, the phase shifts can be
approximated by [3]
z
V()

l;semi — ") " pﬁdr (233)

where rq is the classical turning point (see Fig.2.1). By plugging in the
polarization potential V (r) = C,=2r*, we get

2
l;semi = %' (2.34)
As can be seen by a comparison with the full qguantum mechanical treatment
[3], equation (2.34) isvalid as long @S.semi  SIN semi 1. Ifwe require |.semi <
=4, we get a minimum angular momentum,,, for which the semiclassical

expression is valid

2c,e P
lnin = — : (2.35)
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For | < | nin the scattering phase shifts | can only be derived via a full
guantum mechanical calculation, taking into account the inner structre of the
atom and the ion, respectively. However, in our case, where we take a sum over
many partial waves, it is possible to use the mean valug= =4, corresponding

to sin? | =1=2foralll lu,. The resulting cross section contributions are
%i" 2 in 2
=le @rn= gl (2.36)
1=0 1=0
and
)4‘ 4 Z 1 2 2 2
T ke 2 Foomidl = Flfznin b sl = P2 i 16 (2.37)

- I mi
1= Tmin min

If we take the sum of the equations (2.36) and (2.37) and make useeguation
(2.35), we get the semiclassical formula for the elastic scattering cross section

1=3 2

2
elastic(E) = ~—24 1+ 1_6 E = (2.38)

Due to the averaging over many partial waves this expression only deisn
on the polarizability of the Rb atom and on the collision energy, jusas in the
classical case. In fact, within the energy range where the semiclassical approxi-
mation is assumed to be validE & kg 30 K), the semiclassical values match
the classical ones (see Fig. 2.6).

2.3.2 Full quantum mechanical treatment

In the ultracold regime, where only a few partial waves contribute to thecat-
tering, quantum mechanical calculations are necessary to determine thedavant
phase shifts |. One possible method to describe ultracold atom-ion collisions are
numerical coupled-channel calculations [3,28]. This treatment relies ¢me sin-
glet and triplet potential curves calculated byab initio methods. Unfortunately,
these potential curves are usually not accurate enough to determine the tsca
tering lengths. An alternative approach is to apply the multichanel quantum
defect theory (MQDT) to the atom-ion scattering problem [19]. In this case, itd
not necessary to know the potential curves precisely. It is su cient to know the
singlet and the triplet scattering lengthsas and a; and the long-range behavior
of the potential. Since the experiments are not yet able to give estines for
these ultralow-energy scattering parameters, typical values on the orderrofare
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Figure 2.6: Comparison of the semiclassical cross section (equation (2.38h

the classical one, which is obtained by truncating the integral forgancing at the

Heisenberg limit (see above). The two results are almost identical, both shogi
a E 7 dependence on the collision energy.

assumed forag and a;.

Zbigniew ldziaszek and co-workers have performed MQDT calculations for the
40Ca* - 22Na system [19] and also for out*®Ba* - 8’Rb setup [29]. The results
for our system are depicted in Fig.2.7. We recognize three di erent regimes: For
energies larger than 10° atomic units (corresponding to 30 K) the MQDT
calculation can be well approximated by the semiclassical formula. For shea
energies, however, q.sic deviates from the simpleE “*-dependence and cru-
cially depends onas and a&. Finally, for collision energies in the nK range,

elastc becomes energy-independent, indicating the start of the s-wave scatter-
ing regime. As expected, the right order of magnitude can be estimated with

elasic  4r 2 1 10 ”m?. In addition t0 gasic, also the elastic collision
rate  easic = V elasic 1S Shown in Fig.2.7. Herev = = 2E= is the relative
velocity between the ion and the atom.

Similar as the case of the atom-atom interaction [25], the strengthf ahe
atom-ion interaction is expected to be tunable with magnetic elds. The MQD
predicts the occurance of magnetic Feshbach resonances at relatively lowd<l
[19,29]. According to this calculation the scattering resonances shoulcystob-
servable well above the s-wave regime. In particular, by measuring chargx-
change rates, resonant behavior might be visible up to collision enegjiof tens
of K [29].
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Figure 2.7: Thermal average of the elastic scattering cross sectiarpfer plot)
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the semiclassical approximation (dashed line).
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Chapter 3
Experimental setup

In this chapter | would like to present all the important details abat our exper-
imental apparatus. | will start with a description of our vacuum system. Then
will explain how we generate the magnetic elds and the optical laser ds, re-
spectively, required for the manipulation of the cold atoms and ions. Entually,
| will describe how we control the experimental procedures.

3.1 The vacuum system

A novel vacuum setup was designed to study the interaction between ultracold
atoms and cold trapped ions. The central idea of our hybrid apparatus the spa-
tial separation of the BEC apparatus, where the ultracold atoms (or a BECare
produced, from the ion-trapping region, where the atom-ion collision pgriments
are performed. This way we keep all the elements needed for atom cooling (such
as coils or optical components) away from the ion trapping region arghin valu-
able optical access to the \science section”, that is required to trap, manifate,
and detect the atoms and ions. Moreover, with a macroscopic separation ofc8o
we are able to avoid the mutual disturbance between the radiofrequen¢iRF)
Paul trap and the RF used for forced evaporative cooling of the atomic rsgle.
Alternatively, it is also possible to perform the rf evaporation rightnext to the
Paul trap, which allows for a simpler design of the vacuum apparatus. Hewer,
one major drawback of such a solution is the resonant heating of thengdue to
the rf radiation needed for the evaporative cooling of the atoms [80].

The three main building blocks of our vacuum system are the MOT chamher
the BEC chamber and the science chamber (Fig.3.1). The latter one is placed
about 30 cm above the lower plane of the setup, in which the MOT and tH@EC
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Figure 3.1: Overview of the vacuum system: The MOT chamber, the BEC cham-
ber and the science chamber (red) are connected via two di erential pumping
stages (purple). Each chamber is evacuated by its own pumping section (green
and can be separated from the rest by closing the gate valves.
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chamber are located. To bring the ultracold atoms from their place @roduction
(BEC chamber) to the ion trap (science chamber), a reliable transport seme
is required. We have chosen a 1-d moving optical lattice transport fohis task.
Further details on this moving standing wave transport and an exphation why
the science chamber is not placed near the BEC chamber but above it, areegiv
in section 5.2.2.

The three vacuum vessels (MOT, BEC, science) are connected with each other
via two di erential pumping stages. Furthermore, a series of vacuum gauges,
pumps and valves is used to evacuate the system and to determine the pressure.
In fact, UHV conditions with pressures around or below 13! mbar have initially
been established in all three chambers. In order to achieve such low pressures it
was necessary to bake out the setup at temperatures between 18@nd 250C.
Moreover, a He leak test was performed using an electron-multiplied residual-
gas-analyzer (RGA100 from Stanford Research Systems).

3.1.1 Lower level: Cold atom section

The lower level of the apparatus is entirely used for the production of ¢hBEC.
In the MOT chamber the atoms are loaded from the surrounding backguad
gas Pmor 10 ®mbar) into a magneto-optical trap. Subsequently the atoms are
moved through a di erential pumping tube into the BEC chamber, where tke
pressureprec 10 'mbar is low enough to keep the atoms trapped for more
than 107 seconds.

MOT chamber

The MOT chamber is a home-made stainless steel (AISI 316L) vacuum vessel,
which features ten optical viewports. Most of the ports (six) are required fdahe
MOT beams, whereas the rest of them are needed to connect the Rb oven, to
pump out the chamber and to move the atoms out of the MOT chamber teards
the BEC chamber. In order to keep the chamber under ultrahigh vacuum (UHV)
conditions an ion getter pump (Varian StarCell 751/s) is used and thengssure
is determined with an Bayard Alpert type UHV pressure gauge (UHV-24p from
Varian).

The Rb oven consists of a stainless steel tube, which is welded to a small
hole of a blank ange. Since Rb is very reactive when exposed to air, a special
procedure for putting it into our system is followed. An ampule lled withbulk
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Figure 3.2: Vacuum system to produce a ultracold cloud of Rb atoms. The MOT
section (left) and the BEC section (right) are separated by a di erential pumpig
stage (middle/pink). The pressure in the MOT section is fully determined byte
Rb vapor entering from the Rb oven (blue) and is more than a factor of DQarger
than the pressure in the BEC section.

Rb and He as an inert gas (Sigma-Aldrich Part-No 276332-1G) is put intie
tube. Then after evacuating the system the ampule is cracked by pinchingeh
thin-walled stainless steel tube. The helium is pumped out and the pressure in
the oven is determined by the vapor pressure of Rb, which is 40 " mbar at
room temperature. The pressure close to the ion pump is measured with the
UHV gauge to be about 1 10 ®mbar. Since the MOT chamber is in between
the oven and the pumping section we estimate the pressupg.: to be a few
times 10 ® mbar. Such a high Rb vapor pressure is necessary in order to be able
to load the MOT from the background gas. If necessary, the value fpg, can
be adjusted by heating the oven or by changing the setting of the valveshich
connects the oven with the MOT chamber.

Di erential pumping stage

In order to keep the pressure in the BEC chambeag,.. two orders of magnitude
lower than pnot We separate the two chambers with a di erential pumping tube.
We determine the required lengthL and diameterD of the tube by making the
following estimate. The rate at which the BEC chamber is evacuated can be
written as Spec Poec, Where Spec = 751/s is the pumping speed of the ion pump.
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In equilibrium, the pump rate has to be equal to the ux of molecules daring
through the di erential pumping tube

Sbec Poec = C(pmot pbec); (31)
where the conductance of the tube is given by

D3
C ar—  a= 121/s cm?: (3.2)
Here we have neglected any leak rates as well as desorption from the chamber

walls, which is a valid assumption for a baked-out and leak-free UHV system.
From equation (3.1) we conclude, that for sustaining a large pressureagrent
we have to minimize the conductance and thus the diameter of the tubé& he
lower limit of how small we can make the diameter of the tube is giverylhe
size of the atom cloud, which we want to transport through the tube. i8ce the
extension of the cloud is on the order of a few millimeters, we chod3e= 8 mm.
With equations (3.1) and (3.2) we then nd a tube length ofL = 115mm to be
su cient to maintain the required vacua.

BEC chamber

Our BEC chamber features a non-standard geometry, which ful lls the followg
list of demands.

We require space for mounting a QUadrupole-lo e-Con guration (QUIC)
trap outside the chamber. For this purpose two quadrupole coils thi an
inner diameter of 39 mm and an outer diameter of 88 mm need to be placed
as close as 15mm from the center of the chamber. In addition we have to
place the lo e colil at a distance of 11.2 mm from the center.

We want to have full optical access along the vertical direction (Qquadpole
axis), in order to be able to implement the optical transport of the liracold
atoms. In this context \full optical access" means, that we have optical
access to the center of the chamber as well as to the atoms, when they
are loaded into the minimum of the QUIC trapping potential. The later
position is located on the lo e axis, typically about 5mm away from the
center of the chamber towards the lo e coill.

We require full optical access along the direction perpendicular to the ver
tical and the lo e axis, needed for imaging of the ultracold atoms.
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Optical access along the magnetic transport axis is desired, since we want
to have the possibility to image the atom cloud at any intermediatgosi-
tion of the magnetic transport. This feature is not mandatory for aunning
experiment, though, it can be crucial when the magnetic transport is not
working properly. Moreover, we require this optical access to send spinpo-
larizing light through the BEC chamber and the di erential pumping tube

to the MOT chamber. With this laser beam we spinpolarize the atoms af-
ter molasses cooling and before loading them into the magnetic quadalg
trap.

We also want to have optical access to the center of the chamber along an
additional third axis in the horizontal plane. This axis was desiged to
have the possibility to implement a \blue-detuned plug beam"” [31]. With
such a plug beam Majorana spin ip losses can be suppressed, which en-
ables evaporative cooling and the creation of Bose-Einstein condensates in
a magnetic quadrupole trap. We actually never added a plug beam torou
setup, since the operation of our QUIC trap turned out to be successful
and reliable.

One large port to e ciently evacuate the BEC chamber.

To meet all the requirements listed above, we have designed the BEC chamber
as shown in Fig. 3.3. The chamber features DN4OCF anges on both ends of the
imaging axis, which are large enough not to distort the absorptiobeam and
to allow for a good imaging quality. Along the vertical axis DN16CF anges
are used, so that the QUIC quadrupole coils can be mounted as desired. In
order to utilize the large pumping speeds of the ion pump and the TiSuypump,
respectively, we use a DN100CF ange to connect the pumping section to the
BEC chamber.

Having the BEC chamber connected along three di erent directions in space
(to the MOT chamber, the science chamber and the pumping section), leads t
shear forces on the chamber. When using a glass cell these shear forces can lead
to a leak or even a crack of the recipient. Thus we have decided to use a stainless
steel chamber, even though a glass cell would have provided much betteriogit
access.

The pressure in the BEC chamber is kept below 18" mbar, which is su cient
to achieve lifetimes of the atom cloud of more than 2 min. To reach theXeUHV
conditions in the BEC chamber a combination of a titanium sublimatin (TiSub)
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Figure 3.3: Top: BEC chamber together with the coils for the QUIC trap (blue
housing). The coils are mounted outside the vacuum system and as close as
possible to the center of the BEC chamber. The atoms enter the chamber along
the magnetic transport axis and leave it again along the verticalxés. Bottom:
Photo of the BEC chamber together with the (water-cooled) upper quadrupel
coil (copper housing) and the gate valve, with which the BEC chamber andhé
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Figure 3.4: The two DN200CF anges (blue) are mounted on top and on the
bottom of the science chamber (golden). The pumping section (red) and the
channeltron detector (green) are connected via DN63CF ports. Our eight opél
axes are indicated with green arrows.

pump (TSP lament type from Varian) and an ion getter pump (Varian StarCell
751/s) is used to e ciently pump out a variety of di erent gases. The TiSub
pump works particularly well for adsorbable gases such as Bnd water, whereas
the ion pump is optimized for pumping non-adsorbable gases such as Hexc8iwe
baked out our system thoroughly, most of the adsorbable gases are regtirom
our system. To sustain X-UHV conditions in our chamber it is thus su cient to
only operate the ion pump.

3.1.2 Upper level: lon trapping and science section

The science chamber (Fig. 3.4) is the heart of our vacuum setup and is designed
for maximum optical access with 8 optical axes. The optical access is needed for
cooling and imaging of the ions as well as for trapping, manipuiag and imaging

of the atoms. The octagon-shaped science chamber is made out of stainless steel
(AISI 316L) and evacuated with a combination of an ion getter pump and a
Titanium sublimation pump. During experiments, when the Ba oven is turad

0, the pressure in the science chamber drops to typically 110 **mbar. The
pumping section is connected to one end of the ion trap axis and a chariret
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Figure 3.5: The imaging objective and the entire ion trap are directlynounted
onto the \science ange". The ange is then put on top of our science chamber

ion detector (CEM-4823G from Burle) to the other end. The channeltron can be
used to identify ions via time-of- ight (TOF) mass spectrometry.

All parts of the ion trap as well as the objective required to image thens
and the atoms are mounted onto the so-called \science ange" (see Fig. 3.9his
CF200 ange also features various electrical feedthroughs, which are needed to
apply the required voltages to the Paul trap electrodes and to run cwents of up
to 12 A through our Ba oven. The ange is put on top of the science chamher

3.2 Generation of magnetic elds

Magnetic elds are an essential tool in our experiments. They are needed to trap
and to transport the neutral atoms. Moreover, it has been shown theoretidgl
that in the ultracold regime (i.e. for su ciently low kinetic energies) the strength
of the atom-ion interaction can be tuned via magnetic elds [19] (seesd chapter
2).

Self-made coils and four 3kW power supplies (Delta Elektronika SM15-200D
and SM30-100D) are used to generate the magnetic elds. All the coils (except
for the compensation cages, where we have simply used ribbon cable) are wound
with an enameled copper wire (from the company Syn ex), which has a cross
section of 1.2x2.5mrA Subsequently the coils are potted with an epoxy casting
resin (Raku-Pur 21-2176 from the company Rampf Giessharze). This epoxy was
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Table 3.1: Properties of our home-made magnetic eld coils

coll MOT  Push Transport Quadrupole loe Feshbach
inner ? (mm) 70 38 a7 39 6.7 130
outer ? (mm) 107 48 - 67 130 88 16.5-21.4 147
windings 2 15 40 2 17 4 20 16 2 15
distance (mm) 25 57 50 and 57 16.5 11 63
current (A) 5 or 80 90 45 - 80 37 37 -
housing Al Al Al Cu Cu Al

chosen due to its exceptionally high thermal conductivity of 0.8 W/(m K) We
have done the potting under vacuum using a bell jar. This way we havea@ded
blowholes, which would worsen the heat conductivity. The coil forms are vea
cooled and typically made of aluminum (Al), which has a thermal condiivity
of A = 235W/mK. An exception are the housings of our QUIC coils (two
guadrupole coils and the lo e coil), which are made of copper (Cu). Cu imore
expensive than Al, however, it also features a much higher thermal conductwof

cu =400W/mK, as compared with Al. The copper housing allows to dissipate
about 530 W (steady state), corresponding to a maximal operating curreof our
QUIC of 37 A. A complete list of our magnetic eld coils and their propertiess
given in table 3.1.

3.3 Laser systems

In our experiment we predominantly use diode lasers to prepare our colehs
and atoms. The big advantages of diode lasers are the low cost and theyea
handling, as compared with other types of lasers. Therefore they are well sudit
for laser cooling of atoms and ions, where high frequency stability but udlya
only a rather small amount of power is needed. In contrast, a ber-ampli edolid
state laser is employed for high power applications, such as the opticednsport
or the crossed dipole trap.

3.3.1 Rb lasers

We have set up two home-built external cavity diode lasers (\Master" and \R-
pumper") tuned to the 5°S,., ! 5%P,., transition of Rb (Fig. 3.6). By splitting
their outputs we derive ten di erent beams from these two lasers (Fig. 3.7Fach
beam is frequency-shifted using acousto-optical modulators (AOMs) and subse-
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Figure 3.6: The D line of 8Rb: The values for the main transition frequency
and for the hyper ne splittings given here are taken from [32].

quently coupled into a polarization-maintaining single-mode glas$er. This way
we are able to transfer the beams from the laser table to the experimentbta,
where they are used for the cooling, manipulation and detection of the Ribtoms.

Master laser

The Master laser features an anti-re ection (AR) coated laser diode (eagleyard
EYP-RWE-0780-02000) and a holographic grating with 1200lines/mm and a
di raction e ciency of roughly 10 % (EdmundOptics NT43-772). Using an AR
coated laser diode leads to a wide mode-hop-free frequency tuning range and en-
sures stable lasing so that the laser can be kept locked for several days. Toggth
the laser diode and the grating determine the frequency stability of olnhome-
made diode lasers. The resulting spectral linewidth is typically on the der of
100 kHz.

The frequency of the Master is locked to th¢F =2i!j F°= 3i transition
of 8’Rb via modulation transfer spectroscopy. For this purpose we have set up a
doppler-free spectroscopy, where we additionally modulate the pump beaha
frequency on the order of the natural linewidth of the transition (6 MHz). The
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spectroscopy signal is detected with a fast photodiode (bandwidth = 100 MHz)
and then mixed with the modulation signal (see Fig. 3.7). The output dhe mixer
is low-pass ltered and can then be used as an error signal for the stabilizati
of the laser frequency. For more details on the modulation transfer tedoue see
for example [33].

For the spectroscopy setup we need about 5mW of laser power. Another
3mW of the light from the master laser are transferred to the Balaser table,
where the light is used as an absolute frequency reference to which the Basers
are locked. The rest of the master light (about 20 mW) is ampli ed with a&pered
ampli er (BoosTA from the company Toptica). The majority of the 800 mW of
laser power available at the output of the BoosTA is used for the MOT coolg
beams, whereas small fraction (a few mW) is employed for absorption imaging
of the atoms.

Repumper laser

Via the frequency modulation (FM) technique [34] the repumper is lockeatthe
jF =1i!j F°%=1i5F%=2i cross over line. The frequency of the repumping
light is then shifted to the jF = 1i!j F°%= 2i resonance using an AOM. A
total repump power of 6 1.5mW is employed to operate the MOT. The rest of
the light (about 1 mW) is needed for spin-polarizing and during imagu of the
atoms, respectively.

Here | would like to point out that we were initially having troubles with
bad interferences between the stabilization electronics of our home-built laser
and the rf used to drive the Paul trap. However, we were able to solvedbe
problems by avoiding ground-loops when powering our electronics angldetting
rid of circuit elements that directly pick up the 5 MHz radiofrequency (suchsfor
instance the instrumental ampli er INA114 used in our temperature contrdérs).

3.3.2 Ba® lasers

Cooling laser

For the Doppler cooling of the'*®Ba* ion a few mW of laser light at 493 nm
are required (see Fig. 3.9). Since there are no laser diodes availabléhat wave-
length the cooling light is generated via frequency-doubling of a 986 ndiode
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Figure 3.9: Relevant energy levels for Doppler cooling é#Ba’: Two laser
frequencies (493.4nm and 649.7 nm in air) are required to cool'Beo mK tem-
peratures. The linewidths are ¢,o=(2 ) = 15:1 MHz for the 493 nm transition
and epump=(2 ) = 5:3MHz for the 650 nm transition. Therefore the ion decays
into the ground state about 75% of the time and into the metastakl 5D;-, state
about 25% of the time.

laser. Both the diode laser and the frequency-doubling stage are part betcom-
mercially available system \DL SHG" from the company Toptica. To stabilze
the frequency of the 493 nm light, 986 nm laser light is coupled into a &titization
cavity, together with the 780 nm master laser. Since the master laser is aldya
stabilized to an atomic transition (F =2i!j F°=3i in Rb), it serves as a fre-
quency reference. The cavity is scanned continuously and transmission peaks for
both the 986 nm and the 780 nm laser are recorded. The frequency of the 986 n
and thus also of the 493 nm light is then stabilized by keeping the posih of

a 986 nm cavity transmission peak xed with respect to two consecutive 780 nm
peaks. We calculate the relevant time di erences between the peaks and subse-
guently the error signal using home-built digital electronics. The feedbadkop

is closed by adding the error signal to the o set voltage on the piezo-electi
transducer (PZT) of the diode laser. The bandwidth of this locking schems i
limited by the frequency with which the cavity is scanned and is thus onlyrothe
order of 10 to 100 Hz. For this reason we can only correct slow thermal drift
the laser frequency. For ordinary Doppler cooling our stabilization seime is suf-
cient, since the spectral linewidth of the 493 nm light is a few hundred kHzral
thus well below the linewidth of the cooling transition of 15.1 MHz (see seoh
4.2.2.
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Repumping and ionization laser

For the cooling of the Bd ion we additionally need a second cooling laser at
650 nm. Since the branching ratio between the 650 nm transition arikde 493 nm
transition is 1:3, this laser is usually called repumping laser (Fig.®. We derive
the 650 nm light from a home-built external cavity diode laser, which feates
an anti-re ection coated laser diode to guarantee stable lasing at the desil
wavelength. The locking scheme to stabilize the frequency of the repumpethe
same as for the 986nm laser.

The ionization laser is a commercially available external cavity diodkaser
(DL100 from Toptica). It features a blue laser diode to generate up to 12\ of
coherent light at 413 nm. The neutral Bais ionized by the 413 nm radiatn, which
drives a resonant two-photon transition from the ground state to the&ontinuum
via the 3D, state. For more details on the ionization procedure and on the ion
loading | would like to refer to section 4.2.1.

Stabilization cavities

The stabilization cavities are required to keep the frequency of the Bdasers
xed. For each of our four cavities we have drilled a hole through a walow
expansion glass (ULE) block. Due to its extraordinarily low expansiocoe cient
(on the order of 10 %/K) this material is well-suited for keeping the cavity mirrors
in place. The length of the block and thus the length of the cavity i =10cm,
leading to a free spectral range of FSR ==2L =1.5GHz. In order to be able
to vary the length of the cavity (on the micrometer scale) ring-shaped piezo
electrical transducers (PZTs) are mounted in between the ULE block and the
cavity mirrors.

Our ULE block is put into a vacuum tube (size 63CF), which gets sealed with
AR-coated viewports at both ends. This way we avoid changes of the cavity
length due to variations of the surrounding atmospheric pressure. Mzover the
temperature of the vacuum tube is stabilized with mK precision using a haag
wire, which we have wound around the tube. In order to keep in uences of air
ows or fast changes of the surrounding air temperature small we haveifpthe
vacuum tube into a polystyrene housing.

The cavity mirrors have a radius of curvature of 250 mm and are speed
to have a re ectivity of R 99%. From this value we expect the nesse to
beF = R=(1 R) 310 and therefore the cavity linewidth to be FSR/F =
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4.8 MHz. The measured value of the cavity linewidth is slightly lower (5.8 MHz)
which corresponds to a nesse df  260.

3.3.3 High power laser system for atom trapping

For the optical trapping and the transport of the ultracold atomcloud we employ

a far-red detuned (from the atomic resonance) high power laser. The main idda o
our high power laser system is to optically amplify the output of a commeially
available narrow-band laser source. As a source we use a 2W solid state laser
(Mephisto) from the company Innolight. This single-frequency laser has an emis-
sion wavelength of 1064 nm and a spectral linewidth below 1kHz. By changing
the temperature of the crystal the laser frequency can be tuned over a range o
30 GHz (tuning coe cient = -3 GHz/K).

The light from the Mephisto is seeded into an amplifying ber, which is op-
tically pumped from the opposite end of the ber using high-power laser dlies.
Pumping the ber in the absence of the seed beam leads to an irreparable dege
of the amplifying ber. For this reason a safety circuit was implemented, whh
shuts the pumping laser down when either the power of the seeding beam is tw lo
or when the power at the ber output is uctuating too much. All components
of the ber ampli er, including the safety circuit, the entire control electronics
for the pumping laser as well as the housing for the ber and the pumpdar are
home-built.

The output beam of the ampli er has a total power of up to 10 W and is dji
into three beams, with which we generate the 1d optical lattice as well dise
crossed optical dipole trap.

3.4 Experimental control

In our experiment we use an inexpensive and powerful control system mainly
developed by our research colleagues Florian Schreck and Gerhard Hendl [35].
The hardware includes circuit boards for digital and analog outpst (16-bit

DACs). The outputs are required to trigger our cameras and to control #
laser shutters, the currents through our magnetic eld coils and the fregncy
of our lasers. Furthermore we have also implemented direct digital symbizer
(DDS) boards from Analog Devices (AD9854). This way we have full contro
over amplitude, frequency and phase of the radiofrequency signal used tovdri

our AOMs.
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For the communication between the hardware and the control computerew
use a high speed 32-bit parallel digital 1/O interface from National Instrurants
(NI-6533). The data is sent from the interface to the individual boardsia a
general purpose parallel bus. The clock frequency of 2 MHz enables to update
the values at the outputs every 500 ns. We phase-lock our clock to the 59 of
the AC power line, in order to keep the electronic noise at a minimum.

The control software is a self-written LabView program (version 8.5), which
runs on our so-called \control computer". It features a user interface to enter éh
values for our experimental sequences and passes these values on to the NI-6533
board.

In addition a second computer is required to display and to store the piates
taken by our CCD-cameras. This so-called data \acquisition computer" not only
les the camera picture, but also the corresponding values of the controutputs.
These values are sent from the control computer to the data acquisition cootpr
via TCP/IP.
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Chapter 4
Trapping of Barium ions

Over the last view decades the Paul trap and the Penning trap have been used
for a lot of beautiful experiments. Particularly, both traps have rotinely been
employed to store ions on a