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Abstract

In this thesis I will describe the building of a novel apparatus for overlapping and
interacting atoms and ions at ultracold temperatures. Understanding atom-ion col-
lision dynamics is at the heart of the growing field of ultracold atom-ion physics.
It can lead to a new line of experiments in which ions and atoms are used to ex-
plore quantum chemistry and to perform many-body quantum simulations. In our
system, we overlapped a ground-state cooled ®Sr* ion with ultracold 8"Rb atoms
such that both species are at uK temperatures and measured the elastic collisions
dynamics by looking on the ion’s energy distribution after few and many collisions
[1]. Despite the fact that both species start at pK temperatures, we observed the
heating of the ion to mK temperatures at steady-state. The ion’s energy distri-
bution starts as Maxwell-Boltzmann characterized by an exponential tail which
excludes high energies. During collisions, it deviates to a Tsallis distribution with
a long power-law tail and almost diverging mean energy. The drastic change in
the energy distribution is attributed to multiple consecutive random collisions in
which the ion’s energy is increased due to the Paul traps oscillating electric fields.
Our experiment is unique to its field, since we can ground-state cool the ion and
decrease its kinetic energy to the K regime before collisions starts. This way the
first collision is indeed ultracold and we don’t need to rely on sympathetic cooling.
Moreover, the energy scale of the atom-ion interaction is determined by the pulling
of the ion from the center of the trap during a collision, effect which is inherent to
Paul traps and sets the fundamental limit for sympathetic cooling in these traps.

My journey began on Nov. 2010 when I joined the group of Roee Ozeri for
a master’s project aiming to build an ion trap for hybrid atom-ion experiments.
One and a half years later on Jun 2012, already as a PhD student, I first trapped
ions in my trap. Shortly after, during the entire year of 2013, I collaborated
with Osip Schwartz and measured the cooperative line shift in the emission of an
ordered crystal of oscillating and interacting dipoles, also known as the cooperative
Lamb shift, using the ions in my trap [2]. The change in the optical response of
an individual emitter due to its environment, here the other emitters, has vast
research application such as enhanced atom-light coupling which is crucial for
building quantum information networks.

Up to this point, the ion trap experiment ran as a stand-alone apparatus while
another PhD student, Yoni Dallal, built and performed experiments on the atoms
part of the hybrid system which was located on a different optical table. On Jan.
2014 I set to connect both experiments to a single hybrid apparatus. Eight months
later, on Aug. 2014 we first overlapped atoms and ions in our system and a new
journey began to unravel the mysteries of ultracold atom-ion physics.
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CHAPTER 1

Introduction

Hybrid systems, in our case ultracold trapped ions and atoms, can benefit from the
strengths of each of its composing systems. Trapped ions are recognized as the best
single qubits in terms of the ability to perform quantum information protocols with
high fidelity [3, 4]. They are also excellent local probes with outstanding sensitivity
for quantum metrology purposes using “quantum tricks” such as decoherence-free-
subspaces and echo-pulses [5, 6]. Trapped atoms, cooled to quantum degeneracy
[7, 8], are routinely used to simulate condensed matter physics [9, 10] involving
many particles with well controlled and tailored Hamiltonians [11].

Interest in the physics of ultracold atom-ion mixtures [12, 13, 14] has recently
increased as several research groups around the world reached experimental matu-
rity [15, 16, 17, 18, 19, 20, 21, 22, 23, 24]. Hybrid atom-ion systems have diverse
research applications ranging from quantum chemistry to quantum computing.
For example, these systems are suited for emulating solid state physics where the
periodic lattice of the trapped ions creates a band-structure in the atomic spec-
trum [25]. Another interesting proposal is to implement a double-well bosonic
Josephson junction [26]. Here, the ion polarizes the atoms leading to long range
attraction between the wells with the tunneling rate controlled via the ion po-
larization [27]. Spin-state-dependent atom-ion interaction is also the basis of an
atom-ion quantum gate [28] necessary for quantum information applications.

The polarization interaction between atoms and ions which scales as 1/r* ex-
tends to 100’s of nm. This long interaction-scale can form macroscopic objects [29]
while maintaining quantum features such as Feshbach [30] and shape-resonances
[31]. At close range the molecular energy surfaces [32] of the atom-ion system
exhibits vast complexity allowing for quantum control on chemical reactions [33].
Even though the field is promising, the experimental research is still in its nursery
phase. The complexity of the hybrid system both in technological and physical
aspects compels current experimental research with fundamental aspects of the
atom-ion interaction.

All the above proposals relies on the atom and ion systems to be in the ultracold
regime. Here enters the central complication of hybrid atom-ion experiments which
stems from the ion’s Paul trap oscillating electric fields [34]. Long time ago,
Major and Dembhelt realized that a system with heavy atoms and light ions in
a Paul trap is thermally unstable [35]. It took more than 50 years until DeVoe
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14 CHAPTER 1. INTRODUCTION

pointed out that the mechanism behind this behavior originates from non Maxwell-
Boltzmann statistics which results in power-law energy distributions [36]. In more
broader context, Tsallis introduced in 1988 an extension to the Boltzmann-Gibbs
statistical mechanics [37] which produces these power-laws and can potentially
give the theoretical framework for the collision dynamics.

Numerical simulations of atom-ion systems [36, 38, 39|, showed that the non-
equilibrium dynamics emanates from the spatial gradient of the oscillating electric
fields. Collisions far from the trap center can potentially heat the ion significantly
while collisions near the trap center cool the ion down. This results in erratic
trajectories in which the ion’s amplitude can increase tremendously due to multiple
random collisions far from the center of the trap accompanied with sudden decrease
of the amplitude due to collision near the trap center. This dynamics is reminiscent
to sub-recoil laser cooling of atoms [40] and Lévy walks [41] which can also serve
as a theoretical framework for the observed dynamics.

While the above dynamics controls the power-law of the ion’s energy distribu-
tion, we still didn’t address the question of what determines the collisions energy
scale? The main experimental effort these days, is to reduce the energy scale of the
atom-ion interaction to reach ultracold collisions. The energy scale imposed by the
atoms temperature was set to the possible minimum when an ion was overlapped
with a Bose-Einstein condensate (BEC) in the groups of Kohl [15] and Denschlag
[16]. It was soon realized that in this case, the collision energy is determined by
the residual excess-micromotion (EMM) in the system. EMM is a technical issue
in ion Paul traps [42] and it can be minimized well below the quantum mechanical
energy of the ion’s ground-state.

At this point it is interesting to ask what will determine the energy scale of
interaction when both atoms temperature and EMM are minimal? Somewhat
surprisingly, yet another energy scale was proposed to appear in atom-ion systems
[43]. This energy scale is related to the attraction between the ion and the atom
during a collision which pulls the ion from the center of the trap into regions of
finite oscillating electric fields. Since it is determined by the physical parameters
of the system it is regarded as a fundamental limit to the collision energy and it
was not observed experimentally prior to the findings reported in this thesis.

Our experiment was set to answer the following urging questions:

e When reducing all energy scales to minimum, will the system be limited by
the fundamental limit for atom-ion interaction?

e Can we observe the deviation form Maxwell-Boltzmann to power-law energy
distribution?

e Can we perform experiments in the ultracold regime?
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This thesis is arranged as follows: In Ch. 2 I will describe the relevant theory
necessary for understanding collision dynamics in Paul traps. In Ch. 3 I will
describe the building of the ion’s experimental system and the necessary tools
developed to observe the atom-ion dynamics. In Ch. 4 I will describe experimental
aspects of the hybrid system. In Ch. 5 I will present our experimental results.
In Ch. 6 I will discuss other approaches for hybrid atom-ion experiments. I will
also briefly mention new experimental results which are outside the scope of this
thesis. Finally, I will present an outlook on near and future research plans.
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CHAPTER 2

Atom-ion physics

In this chapter I will describe the relevant theory involved in the collision of a
single ion with a single atom in a Paul trap. In Sec. 2.1 I will describe the atom-
ion polarization potential at large inter-molecular distances which scales as 1/r?.
This type of potential leads to both glancing and spiralling (Langevin) collisions.
Glancing collisions are purely elastic and involve only very small momentum trans-
fer. In contrast, Langevin collisions involve large momentum transfer and can also
lead to inelastic processes such as spin exchange or relaxation [44], charge exchange
[33], molecule formation [45] and three-body recombination [46]. In Sec. 2.2 T will
describe some of these in-elastic processes. In Sec. 2.3 I will describe how ions
are trapped in linear Paul traps using oscillating electric fields and the effect of
these oscillating fields on the ion’s motion, namely, micromotion. In Sec. 2.4 I
will describe another technical, however important, aspect of micromotion - excess
micromotion. The minimization of excess micromotion is crucial for reaching ul-
tracold collisions. Micromotion plays an essential rule in the dynamics of atom-ion
elastic collisions which I will discuss in Sec. 2.5 both theoretically and by showing
molecular dynamics simulation results of collisions between atoms and an ion.

2.1 The -1/r! potential

Atoms in their electronic ground-state do not possess a permanent electric dipole
moment. Therefore, they interact with the ion through their induced electric dipole
moment. The ion generates an electric field on the atom position e(r) = mr
which induces an electric dipole moment on the atom p = ae. Here, r is the
position vector connecting between the ion and the atom, e is the ion charge, ¢ is
the vacuum permittivity and « is the atomic polarizability'. The atoms induced
electric dipole moment interacts again with the electric field giving rise to a force,
f=p-Ve=0ae Ve = %aV(sQ), and therefore for an attractive potential which
scales as 1/r%:

A

V<7n) — _/ f-dr = —%QSQ = —%C4/7"4. (2'1)

—0o0

Loy = h - 0.0794(16) Hz/(V/cm)2[47] ~ 5.2 - 10739 C-m2/V.
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18 CHAPTER 2. ATOM-ION PHYSICS

Here, Cy = ﬁQ determines the interaction strength at large atom-ion separa-
tion.
The Schrodinger equation for two bodies interacting through a spherically sym-

metrical potential such as in Eq. 2.1 is given by:

h? h?
<— V% - Vg + \Y% (|I‘1 — I'2|)) ‘1’([‘171'2) = E\If(rl, I'Q). (22)

2m;y 2ms
By performing a transformation to center-of-mass coordinates [48], one can sepa-
rate the wave function, ¥(r;,ry) = e®mW(r), to a trivial free particle center of
mass motion and a one-body wave function which depends only on the two-body

separation, r, and has an effective reduced mass®, u:

(_h_sz +V(r )) U(r) = BU(r). (2.3)

A further simplification can be made since the potential is spherically symmetric.
We expand the wave function using a basis set of the angular momentum eigen-
functions, ¥(r) =32, Zm_ LY (0, )t m( ) . Plugging this into Eq. 2.3 yields a
one-dimensional Schrodinger equation:

(_h_?@_? B2+ 1)

2uor? " ou 12 +V(7‘>) Ut (1) = By n(r)- (2.4)

Here, [ is the angular momentum of the atom-ion wave function. The effective
potential is composed of the original interaction potential and another term which

acts as a centrifugal barrier for high angular momentum wave functions (see Fig.

2

l(lﬂ)r with r* =

2.1). The centrifugal barrier position is given by Tparrier =

%42& The centrifugal barrier height is given by Epaier = %12(1 + 1)’E* with
E* = QW*Q For our system r*=265 nm and E*=80 nK which are typical values
in atom-ion experiments. The small energy barrier at low angular momentum
suggests that the s-wave regime in atom-ion scattering is still far from experimental
reach. The long-ranged interaction scale is much larger than the typical ion extent
in the ground-state which is only few nm.

In classical capture model we consider a collision in the center-of-mass frame
with energy E = %,qu and angular momentum L = pvb where b is the impact
parameter* and v is the relative velocity. Collisions with b > b., where b, is

2C4 1.1-107%6 J.m? for Rb atom.
mimsa
’u T mi+ma’
4The impact parameter is loosely defined as the closet distance between the particles trajec-

tories when there is no potential.
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Figure 2.1: Centrifugal barrier. The effective potential of Eq. 2.3 is plotted for
different angular momentum (1) values. The position and height of the centrifugal
barrier is indicated by the open circles. For the typical collision energies in our
system (200-500 pK) wave functions with angular momentum less than ~ 10A
penetrates the momentum barrier. For quantum micromotion limited ion energy
(~50 pK in our system parameters - Sec. 2.3.1) we would expect this to reduce to
~ 5h.
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the critical impact parameter, will deflect from the centrifugal barrier. These
are glancing (forward-scattering) collisions in which the two bodies deflect each
other by a small angle and never get into close proximity. Alternatively, collisions
with b < b, will penetrate the centrifugal barrier. These are Langevin (spiralling)
collisions in which the two bodies come into close contact and deflect due to short-
range repulsion forces. To calculate the critical impact parameter we recall that
the classic centrifugal energy is given by: L? Comparing to Eq. 2.4 we can use

2ur?”
the result of the quantum centrifugal barrier, Ep..ier, to calculate the height of the
classic centrifugal barrier: E, = 8;3—04 from which we can extract the critical impact

1
parameter b, = (%) 1. The Langevin cross section is given by o1, = 7b? = 4/ %

[49] which results in an energy independent Langevin collision rate:

|C
T = nopv = 274 | —n. (2.5)
1

Here, n is the atoms density. The rate of in-elastic processes (Sec. 2.2) which
results solely from Langevin collisions, is energy independent. In Sec. 2.5 we will
show that also the heating dynamics of atom-ion collisions in a Paul trap is mainly
determined by the Langevin collisions.

2.2 The (RbSr)" molecule

Numerical ab inito calculations are needed to resolve more than the asymptotic
behavior of atom-ion energy surfaces. Such calculations were made for various
atom-ion systems. The results for our (RbSr)™ system can be found in [32] and
are shown in Fig. 2.2. From these potential curves we can understand the different
inelastic mechanism in our atom-ion system.

Spin-exchange: RbT—I—SriF —>Rb¢—|—Sr%F

The entrance channel of our system which corresponds to neutral Rb and ion-
ized Sr* both in the electronic S; 5 ground-state® splits into two channels at close
inter-molecular separation of ~1 nm. These channels correspond to the electrons
arrangement in a singlet configuration for the (2)!X" channel and a triplet config-
uration for the (1)>3" channel. If the atom and ion are prepared in one of these
configurations (e.g., the atoms are prepared in the stretch state |F = 2, mp = 2)
and the ion is prepared in the spin up state |[J = 1/2, my = 1/2)) no spin-exchange

5K =TL/n =2.4-107? [em?3/sec] for Rb atoms.
6The molecular curve calculations don’t include the hyper-fine interaction of the Rb atoms.
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Figure 2.2: Potential energy curves of the (RbSr)* system. System ground
state (1)!2F (also referred to as X'¥*) consist of closed shell ionized Rb* and
neutral St in the 'Sy singlet state. The energy level above the ground state corre-
sponds to ionized Sr* and neutral Rb (our system initial state) in the dissociation
limit. The energy curve splits into first triplet (1)3Y" (also a®$*) and second
singlet (2)'X7" (also A'XT) states with zero total angular momentum (X) (the sin-
glet/triplet configuration corresponds to the spin state of the two free electrons).
The triplet state is attractive due to charge induced dipole long range attraction
(r=*) while the singlet is less attractive due to the strong repulsion from the (1)!3F
ground state. The energy levels above consists of Rb™ and Sr in the triplet P
state. The (2)>%F curve corresponds to the Sr in the Py state while the (1)3IT
curve corresponds to the 3P state (J=1). The (1)>A curve (J=2) was omitted for
clarity. Vertical arrows suggest possible photoassociation and spontaneous decay
paths to the molecular ground state. Figure was taken from [32].
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should occur. However, if the atom and ion are prepared in a superposition of
these states, spin-exchange will occur due to the different phase accumulated by
the different states during a Langevin collision.

Spin-relaxation: RbT—l—Sr%r —>Rb¢—|—Srj

Even if the atom and ion are prepared in a protected spin state, spin relaxation can
still occur due to spin-orbit coupling. In atomic systems this inelastic mechanism
is often suppressed which is crucial for evaporation to condensates in magnetic
traps’. However, in the atom-ion system of Yb* and Rb it was found to dominate
over the spin-exchange [44].

Charge-exchange: Rb+Sr™ —Rb"+4Sr

The lowest energy molecular curve (1)!XF consist of closed shell ionized Rb*
and neutral Sr in the 'S, singlet state in the dissociation limit. This energy
configuration is favorable over our initial state of Rb atom and Sr* ion, each with
a single valence electron in the electronic ground-state, by ~18,000 K. Due to the
large energetic gap, bi-partite non-radiative relaxation is unlikely to occur due to
momentum conservation. However, spontaneous or stimulated radiative charge-
exchange [45] or charge-exchange through a three-body collision [51] are allowed.
Since the molecular ground-state is a singlet state, the state of our system in the
entrance channel should also have an overlap with the singlet (2)'X" channel. If
the system is prepared in a purely triplet state then charge-exchange should be
highly suppressed.

Molecule formation: Rb+Sr™ —(RbSr™)

Radiative molecule formation is unlikely to occur in our system entrance channel
due to small overlap between the second (2)'¥* and the deeply bound states in the
first (1)!'X7" singlet channel. However, by exciting our initial state into the (2)'TI"
channel, radiative molecule formation can occur as suggested by the arrows in Fig.
2.2. The photon wavelength for such excitation is around ~1 pm which suggest
that this process can occur spontaneously due to the atoms dipole trap laser. One
can also consider stimulated molecule formation [52] by using a second laser with
a wavelength ~400nm, to stimulate the excited molecule into the ground-state.

"see Ref. [50] for the case of Cesium atoms where spin relaxation is dominant.
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Figure 2.3: Linear segmented ion Paul trap. a) Trap’s electrode design.
The RF electrodes (red - “RF”) are driven with 26.5 MHz oscillating voltage of
roughly 790 V. The end-caps (green -“DC”) are integrated into the rf-grounded
quadrupole electrodes (blue - “GND” /“BIAS” and green) creating a quasi-infinite
linear Paul trap which posses negligible rf gradient along the axial axis. The radial
compensation electrodes are not shown in this sketch (see Fig. 3.1a). b) Picture
of the assembled trap. The trap is mounted with all its electronic connections and
ovens on a single CF 6” flange. This makes the connection of the assembled trap
to the vacuum chamber effortless.

2.3 Ion Paul trapping

In our experiment we trap ions using a Paul trap [53]. Ton’s can be trapped also
in Penning traps [54], in multipole traps [55] and also in optical dipole traps [56].
At the present state of atom-ion experimental research, the robustness of Paul
traps overcomes speculative advantages other trapping techniques might offer. I
will discuss the pros and cons of each trapping technique in Ch. 6.

In ion Paul traps, the oscillating quadrupole radio-frequency (rf) fields cre-
ate a pseudo-harmonic electric potential which confines the ion. In addition to
the harmonic motion, the ion’s motion also consists of micromotion, which is an
oscillatory motion at the trap rf frequency.

Consider the symmetric linear Paul trap configuration shown in Fig. 2.3. We
apply an rf voltage (Vgrr) at frequency © on the RF (red) electrode while the
GND (blue) and DC (green) electrodes are kept in rf ground. For an ideal trap®,
in a region close to the trap center, the electric potential is quadratic and has

8Here we neglect mechanical and electrical miss-alignments which will be discussed in Sec.
24.
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components only in the radial direction:

Vv 2,2

V(z,y,t) = ;F (1 + a RE)Qy ) cos({2t). (2.6)
Here, Rb = ERgRo where Ry is the center-of-trap to electrode distance and R/ is
a geometrical factor (for hyperbolic electrodes e R, = 1). The radial potential of

Eq. 2.6 has a cylindrical symmetry which results in degeneracy of the ion’s radial
modes. To remove this degeneracy? we apply a dc voltage (Vgras) on the GND

(blue) electrode:
VBias r? —
U t) = 1 2.7
1 ('ra Y, ) 2 < + RE)Q ) ( )

In linear Paul traps radial trapping of the ion is due to the rf electric fields while
the axial (z-direction) trapping is carried out by a constant (dc) voltage (Vpc)
applied on the DC (green) electrodes. The static potential near the trap center
created by this voltage is given by:

Vv 1
UO (x)yvz7t) = Z_]’DS |:Z2 - 5 ($2 + y2):| . (28)
0

Here, Z(/) =€y Zy where Zj is the effective center-of-trap-electrode distance.
The classical equations of motion for ion with mass m and charge e resulting
from the above rf and dc electric potentials are in the form of a Mathieu equation

[57):
QQ
i + u; [a; + 2q; cos(Qt)] T= 0, (2.9)

where u; is the displacement of the ion from trap center along axis i = z,y, z. The
trap parameters, a; and ¢;, are given by:

e 4e (Vpc - Vgias _ 8e Vpc (2.10)
=y mQ? \ Z,? Ry? ) 7 mQ?Z)? '
2eV)
Qe = —Qqy = mRIOZQZ’ q. = 0. (211)

For typical trap parameters where a;,q> << 1, the solution for Eq. (2.9) can
be approximated by [58]:

u; ~ A; <cos (wit + ¢;) [1 + %cos (Qt) + g—ZQ cos (2975)] + %qi sin (w;t + ¢;) sin (Qt)> :
(2.12)

9To allow for efficient, single beam, laser cooling.
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Here we took the second order approximation which is important for analytic
simulation of the ion trajectory (Sec. 2.5.5). In most text-books and for under-
standing the underlying ion dynamics it is sufficient to consider only the first order
approximation:

w; = A; cos (wit + ¢;) [1 + % cos (Qt)] . (2.13)

The ion motion is described by a secular (harmonic) part with amplitude A;, phase
¢; and frequency [59]:

1 la+@G+e)+% 1 [ 1
Wi A =y | — 22 3 8 r 128 ~ O/ ai + =¢2, (2.14)
2 1—q? (2+2%) 2 2

and a micromotion part with amplitude A;g;/2 and frequency € + w;'°.

In symmetric linear Paul traps, the confinement in the axial (i = z) axis is
purely harmonic. The energy is distributed equally between kinetic and potential
energy during one cycle of harmonic oscillation such that the total energy, F, =
%m (Azw,-)z, remains constant. In the same spirit, in the radial axes (i = x,¥)
the energy is distributed equally between secular and micromotion (both kinetic)
energy such that the total energy (purely kinetic), E; = sm (Ajw;)?, is equal to
that of an harmonic oscillator with the same amplitude A;.

The micromotion part of the ion motion has a crucial part in the dynamics
of atom-ion collisions. Since the micromotion is essentially a driven motion, in
each collision energy can flow from the rf field in or out of the system depending
on the exact rf phase during the collision. Moreover, since the amplitude of the
micromotion is proportional to the secular amplitude, it serves as an amplifier for
collision energy which results in non-thermal energy distributions. I will discuss
the dynamics of atom-ion collisions in detail in Sec. 2.5.

2.3.1 Quantum micromotion

The above classical description of micromotion has no associated energy scale since,
in theory, the amplitude of secular (and thus also micromotion) motion can com-
pletely vanish. However, quantum description of the ion motion [60] reveals that
the ion’s wavefunction in the ground state resembles that of an harmonic oscillator

10The micromotion frequency has higher orders with smaller amplitudes contributions, nQ+w;,
as seen in Eq. 2.12.
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(Gaussian) plus an oscillatory part which is attributed to the micromotion'!:

wll cos(Q2
= —G_W[iﬂlprq( t) zggsln( t)<1+%cos(Qt))]x2

mw)1/4 _dwt 1—%
e
1 — 4 cos ()

Uy (1) = (E

(2.15)
Here we omitted the index i = (z,y) for clarity. The probability density is given
by:

(mw>1/2 1-1 _ mo[Ltacos(@n)] 2

2 = q
[¥o (2, )] nh — 4 cos (Qt) v

(2.16)
. . 2 2\ - .
While the total probability [ |¥(z,t)|"dz ~ 1+ O (¢*) is constant (as it should),

the probability density is fluctuating at the rf frequency. This can be seen clearly
when calculating the wave-function extent:

Az, = +/(2?) = Azy, ( g (1-— cos(Qt))) . (2.17)

h

Here, Axy, = 4/5,— is the harmonic oscillator ground state wave-function width.

We refer to the oscillations of the ion’s wave-function as the ”breathing” of the
wave-function. The amplitude of this motion is given by:

Ty = (AZmax — Ain) /2 = Az 0q/2. (2.18)

We calculate the kinetic energy of the ground state wave-function from the expec-
tation value of the kinetic energy operator, T' = p/2m:

2 2
(Uo| T |Wgo) = 2h \Ijzga—\llodl' ~ % (1 —q(1—cos(02))). (2.19)

Averaging over the fast rf oscillation we are left with <T> ~ ™ (1 — ¢) which gives

a small correction to the kinetic energy of an ordinary quantum harmonic oscillator
in its ground state'?. It is nice to note that if we treat the breathing amplitude
derived in Eq. 2.18 as classical amplitude we get the same kinetic energy:

Ed= m(z% Q)P =—". (2.20)

"Note that there is a mistake in the final expression for the ground-state wave-function given
in Ref. [60], Eq. 38.

12This is yet another example of the equipartition theorem since (H) = (T) + (V) = 2(T) =
hw/2 is the ground state energy of a quantum harmonic oscillator.
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2.4 Excess micromotion

The micromotion discussed in the previous section is inherent'® to Paul traps
and can be reduced to the quantum limit (Eq. 2.18), but not eliminated, using
ground-state cooling!*. There is another type of micromotion, excess-micromotion
(EMM), which is attributed to imperfections in the mechanical and electrical trap
assembly. EMM is the persistence of non-vanishing rf fields in the position of
the harmonic potential minimum. We distinguish between two mechanisms for
micromotion which results in in-phase (Sec. 2.4.1) and quadrature (Sec. 2.4.2)
oscillations with respect to the rf phase. The compensation methods for both type
of EMM are also different. While we can compensate in-phase EMM by applying
dc fields, thus using the trap itself as an rf source for compensating the in-phase
part of EMM, we can only compensate quadrature EMM by applying external rf
fields with quadrature phase with respect to the rf frequency (Sec. 3.6.3).

In atom-ion collisions, EMM sets one of the energy scales which determines the
ion’s temperature (This will be discussed in further details in Sec. 2.5). For this
reason, to reach ultracold regime of atom-ion collisions, EMM should be minimized.

2.4.1 In-phase excess micromotion

The rf and dc electric potentials given in Eq. 2.6-2.8 assume perfect trap symmetry.
Both rf and dc fields vanish at the origin. When the trap assembly is not symmetric
due to mechanical misalignments and manufacturing imperfections, the rf fields
will vanish (rf null) at a different position from the dc fields (dc null). The electric
field due to a shift (zo, yo, z0) between the nulls takes the form:

E(z,y,z,t) ~ —Var (22 — y) cos(Qt)/ R,? (2.21)
— Voe (2(2 — 20)2 — (2 — 20)& — (¥ — ¥0)9) / Zy*
= —Vr (2 — yg) cos(Qt)/ Ry
— Vie (222 — wi — y§) /2y
+ Vie (2202 — mod — yoi)) /24>

In this expression we assumed Vgjas=0 for simplicity. The shift in the dc null
translates to a symmetric trap in the presence of additional uniform dc field:

Edc = VDC (2207:’ — ZL‘()C(A,’ — y0g> /Z(I]Q (222)

13For this reason, and for the distinction from excess-micromotion, we use the term ”inherent
micromotion”.

14 Just as in harmonic oscillator where the energy is equally distributed between the potential
and kinetic energies, in Paul traps the energy is equally distributed between the micromotion and
secular motion. The micromotion quantum limit is the part of the ground-state energy which is
stored in micromotion.
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Apart from mechanical misalignments, charging of dielectric materials near the
trap will also induce dc electric fields in the rf null. The spatial dependence of
these fields depends on the geometry of the charged insulators, though, near the
trap center it can be assumed to be linear. As before, the effect of these fields is
a shift in the harmonic potential minimum and constant dc field at the rf null.

The equation of motion (Eq. 2.9), due to the additional dc field, changes to:

Q2
4 m
To lowest order in a; and ¢;, the solution is given by [42]:

U; ~ [utiic + A; cos(w;t + qﬁz)} [1 + %cos(ﬂt) , (2.24)

where u{¢ ~ eﬁj—oﬂ“ corresponds to a shift in the pseudo-harmonic potential min-

imum due to thel de field. Note that even when the secular motion is reduced to
zero (A — 0), the ion is oscillating in the rf frequency with an amplitude:

dc ~
de usq  eBqc - U; g
~ - . 2.25
The kinetic energy of this motion, averaged over an rf cycle, is given by:
1
B = —m (22, 0)" = kT, (2.26)

4

By comparing the ion’s amplitude due to EMM (Eq. 2.25) to the quantum limit
amplitude (Eq. 2.18), we can determine the maximal allowed uncompensated
dc field which results with a micromotion amplitude smaller than the inherent
quantum limit:

h 2
B - i;, = 4 (2.27)

% .
|max 2mwz e

A summary of the different EMM related values for our trap can be found in
Table 2.1.

2.4.2 Quadrature excess micromotion

The analytic expression for the rf fields in the trap (Eq. 2.6) vanishes at the
origin due to reflection symmetry (r — —x, y — —vy,) which originates from
both mechanical trap assembly and electrical rf delivery symmetry. In the case
of both electrical and mechanical misalignments, the electric field vanishes at a
different position than the origin. Compensation techniques, described in the
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Radial mode
Parameter Sec. | x y
w [MH7] 23 | 1.29 0.82
Azpo nm] [ 2.3.1|6.7 8.4
o . (nm] 231104 0.5
Td . K] 23115 10
Eqc, . [V/m] | 2.4.1]04 0.9
Paci,, | 2421141073 | 1.7.10°3
W [mK] 253 | 1.8 1.0

Table 2.1: Micromotion related parameters.

pervious section (Sec. 2.4.1), which align the dc null with the rf null solve this
problem. However, the compensation technique will fail if the rf null position will
vary in time (at the rf frequency). In the following, we’ll try to figure out what
misalignment will induce an oscillation of the rf null.

Consider the asymmetric electrode configuration shown in Fig. 2.4 with static
potential on the electrodes (Vgec). The electric potential, ® (r), satisfies the
Laplace equation, V?® (r) = 0, with boundary conditions on the electrodes,
® (reee) = Veeer The electric field vanishes in some point near the origin'®,
E(rg) = =V®(r), = 0. Now, consider a scale transformation V" — oV on
the potential boundary conditions. In this case, the electric potential also scales
like the transformation ® — a® and the position of the null is invariant, since
—Vad, = —aVd, = 0. We just showed that if a null exists, its position is
invariant under scaling transformation. One such transformation is just the os-
cillating rf field of the trap, o = cos(€2t). For that, a trap driven with a single
tone (single frequency and phase component) can be compensated by eliminating
the dc fields at the rf null position. However, if the trap is driven with multiple
tones, e.g. quadrature rf (90° phase shifted), with different nulls positions then a
non-vanishing oscillating electric field will persist in the minimum of the trap.

I

Suppose there is a slight phase difference (¢,.) between the rf electrodes due to
differences in impedance of the electrodes and their electric connections to the rf
source. We define the rf phase relative to one of the electrodes. Then, the voltage

15We shall see later, that even though this is the case in the radial direction in the axial
direction the electric field can vanish outside the trap.
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Figure 2.4: Possible mechanical and electrical misalignments.

on the other electrode is given by:
Vir cos(Q2 + @ac) = Vrr cos(Q2t) cos(pac) — Var sin(2t) sin(p,c). (2.28)

The first term in Eq. 2.28 is in-phase with the rf frequency, with a small amplitude
difference (cos(@ae) = 1 — 2./2) which will result in slight constant shift of the rf
null. However, the second term is in quadrature with the rf frequency which will
lead to a persisting oscillating field in the position of the rf null:

Eoe = —Vip sin(Q) sin(p,e) ST (2.29)

Here, ERF is the electric field at the rf null due to 1 Volt in one of the RF electrodes,
extracted from our trap simulation (Sec. 3.1), |%F| &~ 540 [£¥]. The ion motion
due to this field to lowest order in the trap parameters is given by [42]:

eVRF
mi)2

sin(pac) sin(Q) A - 4.

(2.30)
Note that, as the in-phase EMM, this motion is also independent of the harmonic
amplitude (A). It is also independent of the electric dc shift (ué®). The resulting
EMM amplitude is given by:

w; ~ [uf + A; cos(wit + ;)] [1 + % cos(Qt)| —

Vi RF
T, A ei{nF—|Q€| sin(pac)- (2.31)

The kinetic energy of this motion, averaged over an rf cycle, is given by:

1
B = Jm (a Q) =kgT> . (2.32)

m.m.
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We can evaluate the maximal allowed phase difference between the electrodes by
comparing the micromotion amplitude (Eq. 2.31) to the quantum limit (Eq. 2.18):

| h 1 1
' ac = TR 2.
Sln(go |ma1‘) 2mw ’/BRF| R02 ( 33)

The resulting maximal phase, @ac,,, =~ 0.0015° is extremely small and corre-
sponds to length difference of 0.05 mm between the RF electrodes leads. We
therefore expect to suffer from quadrature micromotion. We can compensate this

micromotion better than the quantum limit only by using an external oscillating
rf fields.

2.4.3 Axial micromotion

Linear Paul traps are designed for capturing ions in a linear crystal aligned with
the trap axial axis. In a symmetric linear Paul trap (Eq. 2.6), the trapping in the
axial direction is purely harmonic such that no inherent-micromotion is induced
on the ions, even far from the trap center (a typical distance between ions due
to Coulomb repulsion is few pm). This will be beneficial in atom-ion experiment
with ion chains. Symmetric linear Paul traps posses a line (instead of a point)
on which the rf nulls. However, in many real traps (Fig. 2.3) asymmetry in the
design slightly breaks the ideal symmetry and rf field gradient penetrates along
the axial axis. Our trap is designed to minimize this leakage by using long RF
electrodes with notches aligned with the GND-DC electrodes gap (see Fig. 2.3b) to
maintain inversion symmetry as much as possible. The deviation from symmetry
is quantified by the parameter, ¢, (Eq. 2.11), which obtains a non-zero value.

We wish to estimate the micromotion in the case of two-ion crystal aligned
with the trap axial axis. The ions equilibrium positions are determined by the
balance between the Coulomb repulsion and the harmonic trapping [61]:

1\2/3 ) o2

In our trap, I = 6.2 um is the two-ions distance. Even for dc-compensated trap,
this displacement from the rf null will lead to in-phase EMM due to the small rf
leakage in the axial axis:

2 =~ lyq,. (2.35)

m.m.

Trap simulation (Sec. 3.1) including mechanical asymmetry yield for our trap
22 ~ 0.25 nm, which is lower than the quantum limit.

The vanishing axial rf gradient in symmetric Paul traps leads to further com-
plication. Due to trap imperfections, a non-vanishing rf field can persist along the



32 CHAPTER 2. ATOM-ION PHYSICS

axial axis of the trap. In the case of regular linear Paul trap, this will lead to
a shift in the null position along the axial axis which can be compensated using
dc fields as described in Sec. 2.4.1. However, in symmetric traps, where the rf
gradient is close to zero, the null position can lie outside the trapping region. In
this case, we must compensate axial micromotion by applying an external rf field
with opposite phase of the micromotion. This technique which is unique in ion
trapping community is described in Sec. 3.6.3.

2.5 Collisions dynamics in a Paul trap

In thermodynamics, two isolated systems in contact with each other will thermalize
to the same temperature. This fundamental concept is the basis for sympathetic
cooling, in which, the temperature of a small system is controlled by bringing it
into contact with a larger system (the bath). Sympathetic cooling of ions (small
system) with atoms (the bath) can be used for cooling of dark ions, anions and
molecular ions for which the electronic structure needed for laser cooling is lacking.
In the case of molecular ions sympathetic cooling can also be used to cool the
rovibrational modes. Sympathetic cooling also provides a quicker and more robust
way for cooling simultaneously the numerous modes of ion chains used in quantum
computation and simulation.

The naive picture of sympathetic cooling in our system presumes that in each
atom-ion collision energy is transferred from the hot ion to the colliding atom
which is then usually lost from the shallow atom’s trap. After several of such
collisions this process should lead to thermalization of the ion to the atomic bath
temperature. This naive picture complectly fails in our system due to the following
reasons:

e Due to the time dependent oscillating fields which creates the Paul trap, our
system is open and energy can flow in and out via collisions which interrupt
the motion of the ion with respect to the rf phase (Sec. 2.5.1).

e The amplitude of the oscillating fields, which nulls at the trap’s center and
grows linearly with the distance from the center of the trap, give rise to
power-law (Tsallis [37]) instead of exponential (Maxwell-Boltzmann) distri-
bution of the ion’s energy (Sec. 2.5.2).

e In addition to the atoms temperature energy scale, two more energy scales
are involved, namely EMM [38] (Sec. 2.5.4) and the re-action of the ion to
the polarization force during a collision [43] (Sec. 2.5.3). The last sets a
fundamental limit for the ion’s steady-state temperature.
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2.5.1 Single collision: micromotion heating

The interplay between micromotion heating and sympathetic cooling has been
known for a long time. In 1968 Major and Dembhelt [35] have shown that in
Paul traps, sympathetic cooling is most efficient for light atoms and heavy ions
(m; >m,), in-contrast to ordinary sympathetic cooling which is most efficient
for equal particle masses (m; =m,)'. In-fact, in Paul traps, equal masses (in
the Demhelt treatment) was shown to give zero cooling or heating. For light ions
colliding with heavy atoms (m; <m,) it was predicted that an exponential heating
of the ion arises.

The principle of ion heating and cooling in the presence of an external os-
cillating field is depicted in Fig. 2.5. Here we consider an over-simplified!” 1D
model of an ion in a constant oscillating external field colliding with atoms at rest.
The ion’s velocity is described by a center-of-mass part and an oscillating part:
Vion (t) = Vem + vEpar cos(Qt). After a hard-sphere elastic collision the ion’s ve-
locity is calculated from energy and momentum considerations: v'(7) = —v(7) - ¥
where x = (mq —m;) / (mq +m;) and 7 is the time of collision. The new center-
of-mass velocity after the collision is given by:

/

Vo = —Vem * X — VEMM c0s(QT) - (x + 1). (2.36)

The external field can couple energy in and out of the system depending on the
phase of the rf at the instant of the collision and the momentum transfer during
the collision. For collision with light atom (green curve in Fig. 2.5, x ~ —1)
the effect of collision is similar to a friction force (v, = (1 — €)VUem, € < 1) which
reduce the momentum of the ion and leads to cooling. On the other hand, collision
with heavy atom (red to magenta curve, x =~ 1), which is similar to hitting a wall,
maximize the momentum change (v;m R —VUem — VEmam €0s(§27)) and can lead to
unbound heating depending on the rf phase during the collision. In the case of
equal mass collision (blue to red curve, x = 0) the ion’s comes to a stop and the
center-of-mass velocity (v, = —vgaas cos(27)) is determined solely from the rf
phase which is equivalent to neither heating nor cooling.

In the above example we showed how an external force (e.g., EMM) which cre-
ates a periodic driven motion with zero average velocity, through collision couples
to the center-of-mass velocity. This is also true for inherent micromotion which
could also lead to heating. The phase-space diagram of one of the radial modes of
an ion in a Paul trap is shown in Fig. 2.6. The ion’s trajectory lies on an inclined
ellipse which oscillates in the rf frequency. After a hard-sphere collision (in 1D)
the ion’s velocity changes according to v = —v -y while the ion’s position remains

6Due to the efficient equal-mass momentum transfer during an elastic collision.
17Qver-simplified since the external oscillating field is spatially constant.
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Figure 2.5: Atom-ion collisions in the presence of external drive.

unchanged. The new trajectory lies on a new ellipse with the same inclination
prior to the collision (see Fig. 2.7). Heating or cooling due a collision in a Paul
trap depends on the rf phase, position in the trap and the momentum transfer at
the instant of the collision.

2.5.2 Multiple collisions: power-law energy distribution

Numerical molecular dynamics simulations have shown that atom-ion collision
dynamics results in a non-thermal energy distribution characterized by a long
power-law tail, the magnitude of which depends on the atom-ion mass ratio and
trap parameters (see [36, 38, 39, 63] and Sec. 2.5.4). The inherent micromotion,
which is proportional to the rf electric field, linearly increases with the ion’s dis-
tance from the trap center and adds to the energy available in each collision. In the
process of consecutive collisions this potentially heats the ion to energies beyond
the Maxwell-Boltzmann bounds. This phenomenon is closely related, among other
examples, to anomalous diffusion in optical lattices [64, 65] and is well described
by non-Maxwellian statistics which was introduced by Tsallis [37].

The ion’s energy distribution is described by a Tsallis function:

pE) = "= 3)(27271_52 (n=1) i +E%)n. (2.37)

Here, n and T charectarize the distribution. The first term is used for normaliza-
tion and the E? term in the numerator accounts for the density of states of a 3D
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Figure 2.6: Phase space trajectory. a) Phase-space trajectory of a Sr* ion in
Harmonic trap. b) Phase-space trajectory in a Paul trap. Due to micromotion,
the ion’s trajectory is much more complicated. For a given rf phase the ion’s
trajectory lies on an ellipse as shown by the coloured dots (0,7/2,m,3m/4 for
red,magenta,black and green).

harmonic oscillator. For n > 1 the distribution converges to the regular Maxwell-
Boltzmann distribution, P (E) = 57, and T is the regular temperature. For
smaller n values, the parameter T has an elusive physical meaning. Instead, we
can define the distribution by using its mean, (E) = [ EP (E)dE = 2% which

n—47
diverges for n < 4 or its mode (most probable energy), Enoqe = %, which is
well defined up to n < 3 where the distribution itself is not normalizable. In our
experiment, due to the equal mass ratio of 8’ Rb and ®8Sr™, n ~ 4 such that the
mean energy diverges but the distribution is still well defined. For that, we use the
distribution mode to define a Tsallis temperature which converges to the regular

temperature for n > 1:

n'T
n—2

Trode = (2.38)

In the literature Tsallis mathematics is defined using g-functions such as q-

Gaussians and g-logarithms [66]. In Tsallis notation the distribution of Eq. 5.1
. . . . E2 —E/T
can be written using the g-exponential function, P (E) = —3q)(3 - 20)(2—a) 573 €q
which makes the connection to the Maxwell-Boltzmann distribution bluntly appar-
ent. The g-exponential function converges to the regular exponent for q—1. The

relation between the g-parameter and our definition of the power-law parameter,
n, is given by: n = .
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Figure 2.7: Energy change due to collision with a cold atom. a,b) Collision
in an harmonic trap (or Paul trap at the instant of rf phase equals to 0,7). ¢,d)
Collision in a Paul trap at the instant of rf phase equals to 7/2,37/4. In a,c) the
atom mass is much smaller than the ion mass such that the ion’s velocity only
slightly disturbed by the atom collision while in b,d) the atom and ion mass are
equal (similar to our system) such that after collision the ion comes to a stop. We
see that for the harmonic case (and also specific phases of the Paul trap) collisions
always leads to cooling of the ion while for the Paul trap case collision could lead
to heating the magnitude of which depends on the mass ratio, rf phase and the
position in trap. Figure was taken from [62].
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2.5.3 Fundamental limit in sympathetic cooling

In Sec. 2.5.1 we described the atom-ion interaction as a collision between two
hard-spheres without any force acting between them. This simplification is enough
to capture the collision dynamics which results from atoms temperature [36, 39,
63] or EMM [38]. In experiments with buffer-gas or with atoms in a magneto-
optical trap, atoms temperature might be the largest and relevant energy scale. In
ultracold experiments, where the atoms are trapped in optical or magnetic traps
with temperature of few or below pK, the relevant energy scale is the residual
EMM in the trap center. To our best knowledge, this was the limiting factor in
all ultracold hybrid experiments previous to our work [67, 16, 68] .

It is interesting to ask what will determine the steady state temperature and
ion dynamics when both EMM and atom’s temperature are negligible? To resolve
this question one should take into account also the polarization potential acting
as a force between the two colliding particles.

Numerical simulations which includes the polarization potential between the
atom and ion ([43] and also Sec. 2.5.5) reveals a new energy scale in atom-ion
collision dynamics. We consider a fully compensated Paul trap with zero EMM in
the rf null and an ion with zero temperature treated classically as a single point
colliding with zero temperature atoms. Even in this case a new energy scale arises
due to the attraction force between the atom and the ion. During the collision,
the ion is pulled away form the trap center into regions with non-zero oscillating
rf fields. The work carried out by the oscillating electric fields on the ion during
the collision places a new characteristic energy scale [43]'® which sets a lower limit
for sympathetic cooling in Paul traps:

5 4 i
W, = 2 (LC‘*) . (2.39)

3.2
m;q

Here, ;1 and m; are the reduced and ion mass respectively, w is the trap radial
frequency, ¢ is the trap Mathieu parameter and C4 is the atom-ion interaction
strength (Eq. 2.1). By neglecting the anti-trapping effects of the dc fields, namely

1
24/ (2w 1P 02w2Cy 3
Q m3

q~

, we can simplify Eq. 2.39 further: Wy = . This suggests

that for minimizing the energy scale, we need to choose the heaviest ion (1"*Yb™),
lightest atom (°Li) and use a shallow, ”slow” trap. In our trap Wy ~ 1.5mK which
makes it the highest energy scale in our system. Replacing our atom and ion to Li
and Yb will reduce the energy scale by two orders of magnitude, Wy ~ 13uK'’, on
par with the kinetic micromotion energy of the quantum ground state (Eq. 2.20).

18We slightly change the appearance of Eq. 4 in ref. [43].
Yar; ~2.6-107%° C-m?/V and the radial frequency is decreased by half due to the double
mass of the ion.
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2.5.4 Hard-sphere collisions simulation

We perform two type of atom-ion collision simulations?’. The simpler type treats
only hard-sphere collisions. In a more involved simulation (Sec. 2.5.5) we also
include the effect of the re-action of the polarization potential on the ion’s position.

We start the simulation by sampling the ion’s initial total energy (E;q,) from
a Maxwell-Boltzmann distribution of a 3D harmonic oscillator (Eq. 5.1 in the
n — oo limit). We calculate the three independent ion’s amplitudes by assuming
thermal equilibrium between the ion modes and using the equipartition theorem:

A = % The ion’s initial phases, ¢;, are sampled from a uniform random
7

distribution. The motion of the ion between collisions is calculated analytically
using the solution of the Mathieu equations in the presence of EMM (Eq. 2.24)%
from which we derive the ion’s velocity just before the collision:

v; (te) = —Auw; sin (wite + ¢;) — (Ai cos (wite + ¢;) + ufc) Q% sin (Qt.) . (2.40)

Here, the first term is the secular velocity while the second term includes both
the inherent?? and excess micromotion velocities. The time between consecutive
collisions, t., is randomly sampled from exponential distribution to render a con-
stant rate of Langevin collisions. We also included the effect of the atomic cloud
finite-size by biasing the collision probability with the local atomic density in the
position of the collision. The atomic temperature is also sampled from a Maxwell-
Boltzmann distribution. The atoms velocity-vector is randomly and uniformly
sampled.

Since the collisions are modeled as instantaneous, the position of the ion re-
mains constant during the collision, u" = u, which implies:

A; cos(wt, + @) = A, cos(wt, + ¢). (2.41)

Where, A;’s and gb;’s are the new ion’s amplitudes and phases. The velocity of the
ion just after the collision is determined by energy and momentum conservation:

Vv =(1=08)(v—=va) + R (V—v,) + V.. (2.42)

Here, v’ and v are the ion’s velocity after and before the collision, v, is the atom’s
velocity before the collision, § = pr—— and R is a rotation matrix which defines
the scattering angles and it is randomly and uniformly sampled with each collision,
a consequence of the 1/r* potential for Langevin collisions [38].

20 A1l simulation results were obtained using a code written by Dr. Nitzan Akerman.

21For simplicity we show here the derivation with only the in-phase part of EMM.

22We neglect the term +w% sin (w;t. + ¢;) cos () which is of higher order in q. The correct
sign for this term is given by taking into account higher order terms in the expression for the
ion’s position (Eq. 2.12).
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From the new ion’s velocity we determine its new secular velocity:

’

v (te) =) (L) + (A; cos (witc + qs;) v ud) Q% sin (Q¢,) (2.43)
= U; (te) + (Ai cos (wite + ¢;) + ufc) Q% sin (Qt..) ,

/

Here, v; is the secular parts in Eq. 2.40% and we used consequence of instanta-

U sec

neous collision (Eq. 2.41) which is also used to derive the secular position:

/7

(t.) = u?c + A; cos (witc + qﬁ;) = ugc + A; cos (wite + @) - (2.44)

Ysec

By inverting the new secular velocities and positions we can extract the ion’s new
amplitudes and phases:

’

(te) — uf® = A cos (witc - gb;) (2.45)

o (te) = —ALw;sin (witc + gb;) : (2.46)

Y sec

Ysec

Armed with these equations we can analytically calculate the maximal amplitude
increase during a collision. For equal masses and no EMM it turns out to be
A JA = v/3. This nice result is left as an exercise for the enthusiastic reader?*.

We record the new ion parameters and continue for the next collision. After
reaching the final number of collisions (typically 100-300), we repeat the simulation
~10,000 times and recover the ion’s energy distribution. The results of a hard-
sphere collision simulation with 3 mK ion’s EMM energy are shown in Fig. 2.8.
We clearly see the deviation from thermal to Tsallis distribution in the energy
spectrum.

Finite size effects

The atomic cloud finite-size introduces a cut-off for the ion’s heating mechanism
(see Fig. 2.8). When the length scale associated with the EMM energy becomes
comparable to the cloud-size, the ion trajectory exceeds the atomic cloud-size after
only few or even single collision. When the ion’s amplitude becomes larger than the
cloud-size, atom-ion collisions are prohibited in the outskirts of the ion’s trajectory
where the micromotion and hence the heating is maximal. This effect can be used
for cooling unstable atom-ion mixtures and it was used to show experimentally
[69] an increase in the cooling efficiency for hot atoms and huge ion crystals of the
same mass.

23in the first line we just re-arranged the terms of this equation.
24Hint: Find the rf phase and secular phase for which a collision which brings the ion to a stop
maximize the inflation of the ellipse in phase-space.
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Figure 2.8: Hard-sphere collision simulation of steady-state energy dis-
tribution. Histogram (6,000,000 data points) of the ion’s total energy (dots)
in steady-state after hard-sphere collisions with ultracold (6 pK) atoms. In this
simulation we set the trap’s EMM to 3 mK. In black dots we show a simulation
with Gaussian-profile atomic cloud (3.66 pm radial width and 70 pm axial width).
In red we show a fit to a Tsallis distribution (Eq. 5.1). The fitted distribution
parameters are: n = 3.8407(16) and T=0.9594(13) mK which results in a Tsallis
temperature (Eq. 2.38): T\04.=2.0018(29) mK. In blue we show a fit to a thermal
distribution (Eq. 5.1 with n — 00, Thode & 10 mK). In grey dots we show a
simulation with infinite cloud size (We record events of up to 10 K - not shown).
The difference in the distributions of finite and infinite clouds is only in the tail
of the power-law which highly affects the mean energy however it has negligible
effect on the distribution mode and hence on our definition of temperature (Eq.
2.38).
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Figure 2.9: Effect of atomic cloud size. a) Power-law fit parameter of the Tsallis
distribution (Eq. 5.1) dependance on the atomic radial cloud-size (x-axis) and trap
EMM energy (color). b) Tsallis temperature (Eq. 2.38) dependance on the atomic
radial cloud-size (x-axis) and trap EMM energy (color). The Tsallis temperature
is independent of the atomic cloud-size which makes it good observable for the
EMM energy.

We wish to investigate the effect of the atomic cloud-size on the ion’s energy
distribution. We simulate hard-sphere collisions for different cloud-sizes and EMM
energies and fit the steady-state distribution to a Tsallis distribution (Eq. 5.1)
with n,T as fit parameters (see Fig. 2.9a). The resulting fit parameters shows an
increasing dependance on the atomic cloud-size for growing EMM energies. We fit
globally the dependance of the power-law fit parameter, n, to the atomic cloud-size
and EMM energy using an empiric function:

Oatom
TEMM

Here, 0atom is the atomic radial Gaussian width, vy = %\ / k'ﬁ% is the secular

amplitude associated with the EMM energy, ng is the power-law for infinite cloud-
size and/or zero EMM energy and a,m are fit parameters which quantify the
deviation from ng. We found out that: ny = 3.8533(38), m = 1.280(13) and
a = 1.779(14). The bare power-law, ng = 3.85 agrees well with both experimental
data (Ch. 5) and more involved simulation (Sec. 2.5.5). We use this empirical
formula to estimate the power-law parameter (cloud size is set to 3.66 pum) for the
fitting of the experimental re-cooling data (Ch. 5).

We see that the ion’s Tsallis temperature (Eq. 2.38) is insensitive to the atomic
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cloud-size (Fig. 2.9b), however the Tsallis distribution parameters, n and T, and
other observables such as the ion’s mean energy are sensitive. This is because
the finite size effects are dominant in the tail of the distribution whereas the
distribution mode is less affected by the far-tail of the distribution (highly energetic
yet rare events). For that, the Tsallis temperature, which is defined using the
distribution mode, is a good observable for the energy scale which seeds the atom-
ion dynamics. We extract the temperature dependance on EMM energy from the
simulation:

Thiode = 0.6555(25) Ty, (2.48)

which we will compare to experimental data in Ch. 5.

Reduced dimensionality

Looking on Eq. 2.47, we see that the atomic cloud-size and the EMM energy scale
plays the same role in determining the power-law of the distribution. This power-
law is responsible to the ion’s energy extent and hence to the spatial extent of the
ion’s trajectory. If our goal is to study ultracold atom-ion collisions or to study
mixtures which are not stable for trapping, we want to increase the power-law of
the distribution by decreasing the cloud size. Decreasing the cloud size in all three
dimensions simultaneously is not feasible due to the fast decrease in the number
of atoms and density available for cooling. However, we can significantly reduce
the cloud size in single dimension by using, e.g., optical lattice for atom trapping.

In Fig. 2.10 we show the results of a hard-sphere collision simulation, comparing
between a radially symmetric cloud-size of 3.66 pum (blue) and a cloud shrinked to
0.1 gm (red) in one of its radial dimensions. We notice that the spatial distribution
of collisions coordinates in the squeezed direction changes from power-law (blue
dots in Fig. 2.10a, where the blue line is a gaussian distribution with o = 3.66
pm) to almost Gaussian (red dots in Fig. 2.10a, where the red line is a gaussian
distribution with ¢ = 0.1 pgm) which follows the atomic density profile. We observe
similar behavior on the other two axes. In Fig. 2.10b we show the total energy
distribution of the ion. The power-law parameter of the distribution changes from
3.86 (blue) to 5.33 (red). While the Tsallis temperature is only slightly modified
from 2 mK to 1.7 mK the mean energy decreased from oo to 13mK.

2.5.5 Simulation including the polarization potential

The hard-sphere simulations of the pervious section capture the dynamics of the
energy scales imposed by EMM or atoms temperature (Sec. 2.5.2). However, it
doesn’t capture the dynamics related to the re-action of the polarization force on
the ion’s position during collision (Sec. 2.5.3) since the polarization force is not
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Figure 2.10: Reduced dimensionality. a) Histogram of the projection of the
atom-ion collisions position (dots) on the x-axis. Solid lines show the atomic
cloud Gaussian distribution (blue ¢=3.66 pum, red 0=0.1 pm). The blue data
corresponds to radially symmetric cloud (¢6=3.66 pum) while in red the cloud is
squeezed in only one dimension (¢,=0.1 um). b) Total energy distribution. Solid
lines show a fit for Tsallis distribution (Eq. 5.1). The power-law of the distribution
changes from 3.86 (blue) to 5.33 (red).

included in the simulation. In our system this energy scale dominates over the
other two which makes it unique to the atom-ion community.

In a more involved simulation we treat the ion and atoms as billiard-balls with a
1/r5 attractive force. Apart from the mutual interaction, the ion also experiences
the trap rf and dc fields whereas the atoms are modeled as free particles. In
the simulation presented here, we set the EMM amplitude to zero. We simulate
time dynamics by letting the ion interact with multiple atoms consecutively, i.e.,
one atom at a time. At t=0 the ion initial amplitudes are randomly sampled
from a Maxwell-Boltzmann distribution with a temperature of 0.5 mK and the ion
phases are randomly sampled from a uniform distribution. We define an interaction
sphere with a radius of g = 1.2 um centered around the ion trap. A single Rb
atom is generated in a random position on the surface of the interaction sphere
with random velocity that is sampled from a Maxwell-Boltzmann distribution with
temperature of 6 uK. The particles classical trajectories are calculated using the
Runge-Kutta fourth-order method until the atom leaves the interaction sphere. In
case of contact interaction due to the particles finite size which was set here to 5 nm,
a deterministic hard sphere collision is evaluated after which the time integration
continues. This procedure approximates the Langevin type spiralling collisions
in which the atom and ion are eventually repealed by exchange interaction. An
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Figure 2.11: Numerical simulation which includes the effect of the po-
larization potential. In the left and middle panels we show the ion (blue) and
atom (red) trajectories projected on the x-y and x-z planes respectively. The black
circle represents the radius (1.2 pm) from the ion trap center on which the atom is
randomly created in the simulation. In the right panel we zoom into the collision.
In blue we show the atom-ion distance as function of time. In green (red) we show
the ion’s (atom’s) trajectory projected on the y-axis. As pointed out in Ref. [43],
depending on the rf phase during the collision, the total energy of the atom-ion
system can decrease during the collision leading to a bound-state of the polar-
ization potential. This bound-state keeps colliding until the system gains enough
energy to dissociate as seen in this simulation.

example of such collision in our numerical simulation is shown in Fig. 2.11. This
process is repeated with new atoms being randomly generated whereas the ion
motion is preserved between the consecutive interaction events (see Fig. 2.12).

In order to reduce computation time, we numerically calculate only events in
which the atom-ion minimal separation is below 100 nm. This distance was chosen
such that the number of numerical integrated glancing trajectories is minimized
without missing any Langevin collision. Contrary to the hard-sphere collision
simulation of Sec. 2.5.4, in this simulation we clearly distinguish between the
two types of elastic collisions (see Fig. 2.13). In glancing collisions the momentum
transfer per collision is small and the total effect of the collisions is cooling while in
the Langevin collisions the momentum transfer is much larger and the total effect
of the collisions is heating. In-fact, we see (Fig. 2.13b - dashed blue lines) that
during a Langevin collision the ion can gain more energy than its initial energy in
a single collision?.

One nice by-product of our simulation is the retrieval of the Langevin collision

2In Sec. 2.5.4 we calculated the maximal energy gain during single collision due to inherent
micromotion. We retrieve this factor of three in energy in simple hard-sphere collisions simula-
tion. In this simulation, the energy gain exceeds this limit because it is seeded by the re-action
of the polarization potential.
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Figure 2.12: Single simulation trajectory. We plot the ion’s energy (red) as
function of time which we calculate from the rate of atoms entering the interaction
sphere. We numerically integrate only collisions which cross at distance less than
100 nm. We treat collisions which reach below 5 nm atom-ion separation as hard-
sphere (black lines). The solid blue line is the cumulative number of such collisions
for this realization whereas the dashed blue line is the theoretical Langevin rate.

rate (Eq. 2.5). To calculate the Langevin rate from the simulation we consider
the rate in which thermal atoms enters the interaction sphere of radius rg,

8E,
[ = 7ring L (2.49)
7T

at

Here, w/%‘“t is the average thermal velocity of atoms with mass m, and tem-

perature E,; = kgT,;. We keep track on the number of atoms which we create
until a Langevin collision had occurred. This allows us to calculate the distribu-
tion of times for Langevin collisions to occur in the simulation. The results and a
comparison to the theoretical Langevin rate is shown in Fig. 2.14a.

By running the simulation multiple times we obtain the energy distribution of
the ion as a function of time, which we then compare to the experimental results
(Ch. 5). Due to the numerical integration, this simulation is much slower than
the hard-sphere one such that our statistics is scarce. Moreover, Due to the high
energy tail of the energy distribution, as the ion heats, the interaction sphere of
1.2 um introduces finite size effects. Therefore, this simulation is valid only up
to ~6 ms of interaction time (Fig. 2.14b) such that we can’t tell whether the ion
reached steady-state or not.
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Figure 2.13: Energy transfer in a single collision event. a) Histogram of the
ion’s energy gain (AE,,) for given energy before the collision (Ei,). The histogram
reveals two type of collisions. b) Same histogram as in (a) but conditioned on
Langevin collisions (< 5 nm - numerical hard-sphere collision). ¢) Same as in (a)
but conditioned on glancing collisions (> 5 nm). d) lon’s mean energy gain for
given collision energy conditioned on Langevin. e) same as in (d) but conditioned
on glancing collisions. The net effect of Langevin collision is heating while for
glancing is cooling to ~1.3 mK. Dashed lines in (b,c) indicates |AEio,|=Eion-
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Figure 2.14: a) Mean number of simulated Langevin collisions (red) compared to
the theoretical Langevin rate (purple). b) Ion’s mean energy as function of time.
The deviation from linear rate (red line) is due to numerical integration error. Our
simulation results are valid up to 6 ms.
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Figure 2.15: Ion’s energy distribution. Ion’s energy histogram (dots) in the
time range of 4.5-5 ms as recorded in the numerical simulation (31,000 events). In
magenta we fit for a Tsallis distribution using weights linearly proportional to the
distribution value. The fit captures the peak however it misses the distribution tail.
In red we fit only for the tail of the distribution (blue dots). The fit captures the
tail however it misses the distribution peak. For comparison with the experimental
results we use the red fit which captures better the power-law tail.
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In Fig. 2.15 we show an example of the energy distribution resulting from
our simulation. Unlike the more simplified hard-sphere collision simulation (Sec.
2.5.4 and Fig. 2.8), in the more involved simulation which includes the polarization
potential it seems that our theory (Tsallis distribution) is incomplete. The method
to capture the essence of the power-law is described in the figure caption.



CHAPTER 3

Ion’s experimental system

The ion Paul trap is the heart of the hybrid atom-ion system. Within this Paul
trap, ultracold atoms and ground-state cooled ions are overlapped and interact.
Our Paul trap is specially designed to satisfy the demanding requirements of hy-
brid experiments. It is built to overlap a linear chain of ground-state cooled and
micromotion compensated ions with a cloud of ultracold atoms. For that, our
system should meet the following criteria:

Lamb-Dicke regime - Direct laser cooling of ions to the ground-state requires
to operate in a trapping regime known as the Lamb-Dicke regime:

2
n= TWA:z:h,o < 1. (3.1)

Here A = 674 nm is the wavelength of the cooling laser and Az, is the ion’s
wave-function ground-state extent (Eq. 2.17). This requirement sets a lower limit
for the lowest (axial) mode. The radial modes should be roughly twice higher for
keeping the ion’s linear chain from undergoing a phase transition to zig-zag crystal
(see, e.g., [58]). The trap rf frequency is determined by the stability requirements
of the Paul trap [58] to be roughly an order of magnitude higher than the radial
frequencies. Our typical trap parameters are given in Table 5.1. We can lower
our trap frequencies by a factor of few utilizing advanced cooling sequences |70,
71]. The upper limit for the trap frequencies is determined by voltage breakdown
between the electrodes. The maximal attainable frequencies in our trap are 2 MHz
radially and 1 MHz axially.

Clear path for atoms - This requirement intertwines with the previous one
since large traps are limited in their maximal motional frequencies as can be seen
from the R™? dependence (Eq. 2.11 and 2.14) of the trap frequency on the ion-
electrode distance. We determine the trap electrodes separation from the optical
clearance needed for the atoms moving conveyor belt (see Sec. 4.2) which leads
to 0.6 mm ion-electrode spacing. We used blade shaped electrodes to increase
the NA for both the optical transport and the imaging system (Fig. 3.7). In the
final trapping stage, the atoms are trapped in a crossed dipole trap. This leads
to an open axial axis design (Fig. 2.3). The axial aperture of radius r=0.6 mm
positioned 20 mm from the trap center!, determines the minimal attainable axial

IThe aperture hole is used for the construction and alignment of the trap electrodes.

49
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dipole trap beam waist. With this aperture, we are capable to focus the dipole
trap axial beam up to 20 um.

Rf-null line - The requirement for ultracold collisions below the quantum
micromotion limit with linear chain of ions boils down to designing a trap with
an rf-null line (see theoretical discussion in Sec. 2.4.3). Our trap is designed with
long RF electrodes (red in Fig. 2.3a) to minimize the rf gradient along the axial
axis.

Trap materials - The trap electrodes are made from Titanium which is non-
magnetic. The trap mount is made of machinable Aluminium-Nitride (Shapal™-
M) which has good insulating and thermal proprieties?.

In the following I will describe in detail the necessary steps in building the ion’s
apparatus. In Sec. 3.1 I will describe the numerical simulation for determining
the trap geometry. Sec. 3.2 will be devoted to the trap assembly and vacuum. In
Sec. 3.3 I will describe the dc and rf electric systems of the trap. Sec. 3.4 will be
devoted to basic trapping and cooling. In Sec. 3.5 I will describe an experiment
performed together with Osip Schwartz on spectroscopic measurement of line-
shifts induced by resonant dipole-dipole interactions in linear chains of ions [2].
We perform this experiment with the experimental system which was described
up to this point. Sec. 3.6 will be devoted for the coherent control of the ion’s
electronic state, spin and motion which was used for precision thermometry (Sec.
3.6.2) and excess-micromotion compensation (Sec. 3.6.3).

3.1 Trap’s parameters numerical simulation

The analytic discussion of Sec. 2.3 gives a good intuition on the ion motion in the
trap but cannot yield the exact trap parameters, a;, ¢;, due to lack of knowledge
of the geometrical constants, R and €z We use CPO3? simulation program to
extract these geometrical constant for our specific trap design. In the simulation
we apply 1 Volt on a specific set of electrodes (RF / GND / DC - see Fig. 2.3a)
to extract the electric field response (a5 [1X9]) near the trap center in all trap
axes (i = x,vy, z). The electric field response is found to be linear up to more than
100 pm away from the trap center. For that, we can use the analytic expressions
for the ion motion given by the Mathieu equations.
The equations of motion for ion with mass m and charge e are given by:

e _ ~
Z = ‘/eec glec ‘/eec ?160 Qt ;= O 32
i = Z lecQty ¢ Z lecly < cos(Qt) | (3.2)

elec elec

2Resistivity: 1-10'% Q-cm. Thermal conductivity: 92 W/mK. Dielectric strength: 65 KV /mm.
Numbers extracted from GoodFellow web-site.
3Charged Particle Optics Programs. http://www.electronoptics.com/
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Here, Ve are the constant (dc) voltages applied on the electrodes (in our trap
Voe =475V, Vanp = 8 V and Vigr = 0) while Viee are the > oscillating (rf) voltages
applied on the electrodes (in our trap Vrp'a 790 V and Venp = Voo = 0). With
the use of Eq. (2.9), we can extract the trap parameters:

46 [/ elec
a; = _mQQ Z ‘/;lecail ’ (33>
elec
2e 7/ elec
q; = _mQQ Z ‘/;lecai . (34)

Comparing Eq. (2.10) and (2.11) with Eq. (3.3) and (3.4) we can extract the
geometrical factors of our trap. The simulation results of our trap are summarized
in table 5.1. We have a very good agreement between the simulated (0.56 MHz)
and measured (0.58 MHz) axial trap frequency. Since the rf voltage is unknown, we
can only compare the asymmetry between the radial modes created by the voltage
on the GND electrode. The simulated asymmetry, (w, —w,)/ (ws +w,) = 0.19
agrees well with the measured one (0.22).

In addition to trap frequencies, we use the numerical simulation also to extract
the electric field created in the trap center when applying voltage on our excess-
micromotion compensation electrodes. We use two radial compensation electrodes
to create electric de (and also rf in the future) in the center of the ion trap. Fig. 3.1
shows the orientation of the compensation electrodes in the trap and the resulting
radial electric fields. There is a ~ 30° angle between the micromotion detection
beams and the electric field vector. The amplitude of the electric field is 6.27 [V /m]
for 1 V on the compensation electrodes (we’ll compare this value to experimental
data in Sec. 3.6.3).

3.2 Ion’s vacuum chamber

Collisions with background gas atoms will heat the ion to room temperature. In
rare occasions a chemical reaction will occur resulting in a dark ion °. Since the
majority of background gas atoms are neutral the resulting atom ion interaction
is similar to the one discussed in Sec. 2.1 however with much lower densities and
rates due to the high vacuum conditions in our system.
The steady state pressure in vacuum systems is given by the balance between
L

the vacuum pumps pumping speed (S [;%]) and the vacuum systems leaks and

4The rf voltage value is unknown due to the amplification of the helical resonator. Here, we
extract the value from the simulation.

We measured this rate to be roughly one chemical reaction collision in two weeks with
pressure of 1-10~!! Torr.
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Simulation results | x y zZ

aftF [ LV ] 1.95 |-1.95 | 3.2¢4
afNb [ L] -1.96 | 1.94 ] 0.0248
aPC [V ] 0.0123 | 0.0124 | -0.0245
Voltages RF GND DC
Vatee [Volt] 790 0 0

Vetee [Volt] 0 8 A75
Trap parameters | x y zZ

G 0122 | 0.122 | -2e-5
a; 0.0016 | -0.0034 | 0.0018
w; [MHz| - sim. | 1.26 0.85 0.56
w; [MHz] - meas. | 1.29 0.82 0.58

Q) [MH7] 26.5
Ry [mm] 0.59
Ry [mm] 0.716
Zo [mm] 2.37
Z, [mm] 9.04

Table 3.1: Calculated trap parameters using CPO simulation.
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RF comp

Figure 3.1: Radial compensation electrodes. a) Radial cross section of the
ion Paul trap. We use two electrodes to compensate EMM in the radial plane.
The RF (GND) compensation electrode is adjacent to the RF (GND) electrode
colored in red (blue). b) CPO simulation of the electric fields for -1 V on the RF
compensation electrode. These fields moves the ion mostly along the x-axis in the
figure. This movement creates motion in the y-direction due the rf-quadrupole
fields direction. The GND compensation electrode creates similiar electric fields
however 90° rotated.
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out-gassing:
PS = QA + CAP (3.5)

Here, P [Torr] is the vacuum systems pressure, Q [Szgf'%] is the out-gassing from

the surfaces (A [cm?]) of the vacuum system and C [=] is the leak conductance
between the vacuum system and the leak source (AP is the pressure difference
between the leak and the source). To achieve ultra-high vacuum conditions, we
need to minimize the leaks and reduce the out-gassing in our system.

3.2.1 Parts and materials

The ion trap mount (Fig. 2.3b) is made of Shapal-M ceramic®. We found that even
though the material is porous, with long enough bake-out it is ultra-high vacuum
compatible. The ion trap electrodes are made of titanium and tungsten metals.
The wires connecting the trap electrodes to the vacuum feedthroughs are made of
copper’ and the connectors are made of beryllium-copper®. All these metals are
vacuum compatible and non-magnetic.

For the main chamber we used a spherical octagon from Kimball-Physics (316
stainless-steel)?. All other vacuum components are standard parts from MDC-
Vacuum or Kurt-Lesker (304 stainless-steel). These parts are slightly magnetic
since even stainless-steel become magnetic when it is machined (the 304ss is more
magnetic than the 316ss). For electric conductance to the vacuum chamber we
used vacuum feed-through from SST'? and view-ports from MDC-Vacuum?!! or
Kurt-Lesker'?. These parts are even more magnetic (especially the view-ports)
due to the glass-to-metal seal'.

We designed two special flanges with view-ports for increased NA which were
fabricated by MDC-Vacuum. One of the flanges is used also for mounting the
trap and it is equipped with four ports for electric feed-thorough’s (Fig. 2.3b).
This flange was designed such that the ion trap assembly is carried out outside
the vacuum chamber and final connection to the vacuum chamber is fast and
easy. However, the trap mount assembly attached to the view-port made it highly

Smachinable Aluminum-Nitride. http://www.shapal.info/characteristics/index.htm.

"Solid Sealing Technology (SST) P/N FA21508,FA15065 silver plated copper wires stripped
from their Kapton insulation.

8SST P/N KT1156x contacts.

9P/N MCF600-SphOct-F2CS.

0P /N FA11648,FA11666 copper conductor on CF1.33” flange.

1P /N 9722005, Fused-Silica glass on CF2.75”.

12p /N VPZL-275Q mounted on CF2/75”. VPZL-275LYAG - AR coated for 1064m.

13Both MDC-Vacuum and Kurt-Lesker has non-magnetic option for view-ports not tested in
this experiment.



3.2. ION’S VACUUM CHAMBER 95

birefringent. A better solution is to separate the window from the mount. These
two view-ports were tested in MDC-Vacuum for leaks.

We also designed and manufactured at the Weizmann workshop tilted connec-
tors for the CF.275” view-ports. We use these connectors to mount the view-ports
at 2° with respect to the chamber axis. This way, back reflections from the view-
port windows do not overlap the beam inside the chamber.

3.2.2 Cleaning and assembly

For cleaning home-made parts we used Deconex (from Borer chemie) solution
diluted with ionized water in a hot (50°C) ultrasonic bath. We used the 15 PF-x
solution (high PH) to clean most of the parts (stainless steel, titanium, Shapal-
M ete.). We used 36-Intensive solution (PH neutral) to clean corrosion-sensitive
parts (aluminum, copper and beryllium-copper).

We visually inspected ultra-high vacuum components (vacuum parts, feed-
through’s, view-ports, connectors, wires etc.) before inserting them without clean-
ing to the vacuum system?°.

3.2.3 Pumping and bake-out

We use an integrated dry roughing and turbo pump to decrease the chamber’s
pressure from 1 atm = 760 torr to ~1-107% torr. These two pumping stages are
not an integral part of our vacuum system. They are connected through an all-
metal valve'” to the system and they are removed in later stage.

There are 3 different types of pumps integrated in our system: ion pump'®,
titanium-sublimation-pump (TSP)! and non-evaporative-getter (NEG) pumps®.
We degas the TSP?! when the ion pump is turned off and the turbo pump is
connected to the system. At the same time, we also degassed the Sr ovens by
running current in them until the indium seal is breached. We didn’t degas the
NEG pumps since we can heat them only in the bake-out process. After completing
the degassing procedure we turn on the ion pump and wait until it reaches below
the turbo pump’s pressure (~1-10~7 torr). We then close the valve which connects
the system to the turbo pump and disconnect the turbo pump from our system.

M eak test @ 2:10719 STD AT. cc/sec Helium.

15For the cleaning of Shapal-M we didn’t use ultrasonic bath since it disintegrate the part.
16We found several non-cleaned view-ports and few vacuum parts with chunks on them.
7P /N 54032-GE02 from VAT.

18 Agilent (Varian) StarCell Vaclon plus 40L.

19 Agilent (Varian) TSP filament cartridge source on CF2.75” P/N 9160050

20SAES ST2002/103 pills.

21'We degassed all there TSP filaments for 7 X 1 minute @ 47A.
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Figure 3.2: Bakeout comparison. a) Pressure (solid lines) and temperature
(dashed lines) logs of two different bake-outs. Red line is a log of a bake-out with
leaky CF6 window. Blue line is a log of a bake-out of the complete ion system.
The duration of the full system bake-out is much longer due to the trap mount
ceramic which is porous and the NEGs in the system. b) Pressure-temperature
curves for the two systems. The ultimate pressure in the ion system (blue) is much
better than the leaky CF6 system (red) due to the leak. There is no indication for
the leak until the end of the bake-out procedure.

We monitor the vacuum chamber’s pressure at this stage using either the ion
pump current or a special UHV gauge®? installed in our system.

We bake the system at ~190°C in an home made oven. We wrap the sys-
tem with many layers of Aluminum foil and monitor the temperature using four
thermocouples. We log the pressure readout from the ion pumps controllers and
the UHV gauge every five minutes. Bake-outs with different characteristics (leaks,
outgassing) are shown in Fig. 4.4.

When the bake-out completes we need to activate the TSP. We fired at 50A
only one TSP filament. We fired it three times, each time for one minute. We
record the ultimate pressure after bake-out with the UHV gauge*® cooled down

to room temperature using a small fan after one week from bake-out to be below
1.5-107 torr®4.

22 Agilent (Varian) UHV-24p Thoriated Iridium filament on CF2.75”

ZGauge setting were: 4mA current, 20 sensitivity and 1 gas correction.

24Ultimate pressure reading was 5-107!2 torr. This pressure is below the quoted sensitivity of
the gauge.
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3.2.4 Tips and tricks

Making a good vacuum system is not an easy nor short task. The building of our
vacuum system took almost a year and many iterations and bake-outs. If you have
no experience it is good practice to build your system in small steps, learning each
time the behavior of the additional component.

In the following I want to share some of the lessons we have learned during the
building of our system:

e Logs - We log the systems temperature and pressure every 5 minutes during
bake-out. This allowed us to compare different vacuum experiments and
to understand the impact of any additional component to our system. We
observed out-gassing and leak behavior and extrapolate bake time.

e Patience - High pressure and long pumping time in the bake-out initial
stage is not correlated with the final system’s pressure.

e Leak detection - Don’t skip the use of leak detector to find leaks in your
system. We found leaks due to over-sized gaskets, leaks in windows and in
feed-throughs. Working with a leak detector requires a lot of experience and
patience, if you don’t have both ask for help in your first trials.

e Out-gassing - Every component in your vacuum system should be cleaned
for UHV. Purchased items from vacuum vendors should be examined before
assembly?. Home-made parts should be cleaned properly before assembly,
if you are using a new type of material it should be verified for vacuum
compatibility?®.

e Closing gaskets - This is basically what you do when building a vacuum
system. Use annealed gaskets for view-ports, close the bolts in circular order
applying only small torque in each step.

e Working environment - The best working environment is a proper clean
room. We built our system under a laminar flow. Use gloves and replace
them frequently when touching vacuum surfaces. Use mask and hair net
when working on inside vacuum components. Clean all your tools for UHV
and keep them cleaned.

25We found dirt inside nipples and smudge on view-ports from MDC.
26We used Chrome-Nickel wire which was not vacuum compatible even after cleaning
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3.3 Trap rf and dc

The scheme of the electric connections of the ion’s trap electrodes to the vacuum
feedthroughs is shown in Fig. 3.3. This scheme can be compared for orientation
to a photo of the mounted trap in Fig.2.3b. Both the RF and the GND electrodes
are shortened inside the vacuum chamber, any phase-mismatch on these electrodes
will result in quadrature micromotion (Sec. 2.4.2). There are no electric filters
inside the vacuum chamber.

We use a high-Q (~500) helical resonator [72] (the rf equivalent circuit is shown
in Fig. 3.4) to impedance match and amplify the 5092, 4W rf (26.5 MHz) signal
of the rf-amplifier?” to roughly 790 Volt on the RF electrodes. The BIAS voltage
applied to the GND electrode is passed through the resonator shield. The dc
voltages on the DC and compensation electrodes are filtered using low-pass filters?®
outside the vacuum chamber. We apply a small rf voltage (~20 Volt) on pair of
DC electrodes (Fig. 3.4) to compensate for axial micromotion (Sec. 2.4.3). For
that we use a low-Q helical resonator and a bias-tee to couple dc and rf to the
electrodes.

Proper electric design improves significantly the trap performance. Improper
filtering and grounding of the trap electrodes will increase the ion’s heating rates
well above the anomalous heating rate threshold. The long-term instability of our
dc power supplies induces excess-micromotion drifts. The ion’s radial frequency
is linearly proportional to the rf voltage on the RF electrode. Therefore, rf volt-
age stability is crucial if the ion’s radial modes are used, e.g, for ground-state
cooling. In demanding applications (see, e.g, Oxford group approach in [73] and
JQI group approach in [74]), radial modes were stabilized to part-per-million. In
our experiment, we found it sufficient to tune the rf frequency to a first-order ra-
dial mode frequency insensitive point (Owraqa/0¢ht = 0) at which the RF voltage
amplitude on the electrodes is at a maximum. Our radial modes stability is few
parts-per-thousand which is mainly attributed to amplifier power noise®”. It is
interesting to note that the rf frequency which minimizes the reflections from the
trap (impedance matching) is different from this point (see Fig 3.5a).

A simple model which accounts for this discrepancy is given in Fig. 3.5b. The
5082 voltage source is inductively coupled to the trap (C - trap capacitance, R -
wires resistance) using a helical resonator where L; and Ly are the inductance of
the resonator antenna and coil respectively. M=x+/L1L5 is the mutual inductance

2"Mini-Circuits LZY-1+.

28We use 1M resistors and 10nF high-voltage capacitors such that the cut-off frequency is
15Hz.

29%We have constructed a high-Q resonator with reduced rf frequency of 13 MHz. Using this
resonator we should be able to work near the Lamb-Dicke regime without amplifying the function
generator signal.
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Figure 3.3: Electric connections. Diagram of the ion’s Paul trap electric con-
nections as seen from outside the vacuum chamber (left) and a SolidWorks drawing
of the trap mounted on the CF 6” flange as seen from inside the vacuum chamber
(right). A photo of the mounted trap is also available in Fig. 2.3b for compar-
ison. The two RF electrodes (red) are connected inside the vacuum chamber to
a single lead (marked as RF in the diagram). The two BIAS/GND electrodes
(blue) are also connected inside the vacuum chamber to a single lead (marked as
BIAS in the diagram). Each of the four DC electrodes are connected separately
to a lead (marked DC in the diagram). The subscripts D(U) stands for down(up)
and L(R) for left(right) DC electrode as seen from outside the vacuum chamber.
In the SolidWorks drawing the upper-right DC electrode is connected to its lead.
There are two compensation electrodes (marked C in the diagram). The sub-
script RF(BIAS) stands for the compensation electrode which is adjacent to the
RF(BIAS) electrode which is marked a(b) in the drawing. These compensation
electrodes electrically floats just as all the other electrodes in the Paul trap. The
last electrode marked as B¢ in the diagram is connected from both sides allowing
to pass current through it (marked c in the drawing). The two Sr ovens (see Fig.
2.3b) have a single input lead (marked Oqy) and two output leads (marked Ogur).



60 CHAPTER 3. ION’S EXPERIMENTAL SYSTEM

Shared time-base

. Compensation
Helical resonator C resonator
Q=500 T
500 Rp 1 |_| i

Figure 3.4: Equivalent electric circuit for the delivery of rf and dc volt-
ages.
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Figure 3.5: Tuning the rf-resonator. a) Trap’s radial frequency (red) and power
reflections (blue) as function of the rf frequency of the trap. There is an almost
2 kHz shift between the impedance matching condition (minimal reflections) and
the maximal trap frequency. b) Simplified circuit of the rf resonator and the trap.
L; and L, are the inductance of the rf-resonator antenna and inner-coil. C is the
trap capacitance and R is the wire resistance.

of the coils. The impedance matching condition, which is calculated by minimizing
the reflections from the load (Zy): T' = (50 — Zy)/(50 + Z,) to the source is the
same as the resonance condition: wy = 1/4/LyC. The voltage amplification of this
circuit is given by:

(1 + it fwy )M /Ly

A= 1 — (w/wov1 — K2)? +iw/w, (3.6)

Here, w; = 1/RC > wy accounts for the dissipation in the system. The maximal
voltage amplification is obtained by finding the maximal value of |4, |:

VI @/ P[A =2 1=/l g
° V1—#2 RV - ‘

wmaa:

Here, the term in the denominator pulls the frequency which maximizes the voltage
amplification to higher values (k < 1) just as in our experiment. The term in the
numerator however, pulls the frequency down. For quantitative comparison to the
experiment a more cumbersome model should be applied as in [72].
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Figure 3.6: Energy levels of (a) Sr atom and (b) Sr* ion.

3.4 Trapping, cooling and detecting ions

Loading ions into the trap

We load ions into the Paul trap from a home-built neutral Sr atoms oven. The
oven is constructed simply from a titanium tube filled with Sr grains®’. The tube
is connected to a vacuum feedthough using copper wires which are also used to
align and mount the ovens just underneath the ion Paul trap (see Fig. 2.3b). The
trick here is to make the ovens resistance high enough by using a thin wall tube
such that most of the power will dissipate in the ovens. The vapor pressure of
Sr in room temperature is too low to load ions into the trap. We heat the ovens
by passing current through them and a collimated beam of atoms, directed to the
center of the trap, emerges.

We photo-ionize Sr atoms using two lasers (see Fig. 3.6a). The first laser is
on-resonance with the 'Sy —!P; dipole transition around 461 nm. The second,
405 nm, laser is tuned to a broad auto-ionization level from which the atom decays
into a Sr™ ion and a free electron. When the atom is ionized it is immediately
trapped in the Paul trap due to its large and deep capture volume. Below you can
find a technical description of the lasers used for photo-ionization:

e 461 nm - We couple a home-built 922nm ECDL laser (20 mW) to a home-
built tapered amplifier which produce 1 W of laser power. The laser is then

30Sigma-Aldrich 441899-5G. 99.99% pure Strontium in a vacuum sealed tube. We used Sigma-
Aldrich 403326-25G, 99% pure Sr immersed in oil, which is much cheaper, for an atomic reference
cell. We cleaned the Sr from residual oil by washing in anhydrous 2-propanol and transferring
into vacuum under inert atmosphere. This was done in collaboration with Miri Kazes from Dan
Oron’s group.
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doubled using Toptica SHG module to produce 100 mW of blue light. This
laser is locked to a Sr atomic reference using a saturation-absorption tech-
nique for absolute frequency stabilization. We focus on-resonance, 0.5mW
of laser power to a ~150 pm spot on the ion.

e 405 nm - Bare photo-diode®' with home-built temperature stabilization. We
focus 1mW of laser power to ~400 pm spot on the ion.

The only control on these lasers is by blocking the beam line using a mechanical
shutters?.

Using fluorescence for cooling and detection

When the atom is first ionized, it is trapped in the Paul trap however, it is ex-
tremely hot. We cool the ion using 422 nm laser, red-detuned from the S; /o, —P; /9
dipole transition together with a 1092 nm repump laser tuned to the D3/ —P/9
dipole transition (see Fig. 3.6b). For initial cooling we use 240 MHz red-detuned
light while for Doppler cooling we carefully tune the laser on specific feature of
the spectrum. Below you can find a technical description of the lasers used for
fluorescence:

e 422 nm - We use 50uW from Toptica doubled 844nm ECDL stabilized to a
Fabry-Perot cavity and locked to atomic reference in the quantum informa-
tion lab to inject-lock a bare diode in our lab. This way we can get up to 25
mW of narrow and referenced laser power from the slave laser. We use 0.5
mW for off-resonance cooling and up to 104W for on-resonance cooling and
detection. The beam is focused to a 150 um spot on the ion.

e 1092 nm - We use half of the light generated in the quantum information
lab from a Toptica ECDL laser stabilized to a ULE cavity. We focus 5 yW
of laser power to a 250 um spot on the ion.

We can control these lasers power and frequency by adjusting the rf signal®* to
an AOM in a double-pass configuration. We can turn on and off the laser during
the experimental sequence using an rf switch3*.

31Sanyo DL5146-101S 40mW diode purchased from Thorlabs for 70$ each.
32Uniblitz TS2S.

33NovaTech 409B.

34MiniCircuits ZASWA-2-50DR+, 10ns switching time.
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Collecting photons

The imaging system is designed to collect photons from both the ions (422 nm
light) and the atoms (780 nm light). We use a special achromatic objective®
(f=30 mm) with high numerical aperture (NA=0.38) and long working distance
(WD=16 mm). The specification for the focal shift between 422 and 780 nm is
0.2 pum. The confocal design of the imaging allows to block scattered light using
an iris from reaching the photon-counter (PC). An additional iris, placed close to
the Fourier plane of the imaging system, can be used to reduce aberrations on the
expense of reducing the amount of photons collected. A 90:10 beam splitter is
used to pass 10% of the light to a CCD?® which is used to image both the atoms
and the ion. The rest of the light is divided using a dichroic mirror. The 422
nm light is directed to the ion’s PC?" while the 780 nm light is directed to the
atom’s CCD?®. This CCD is used for absorption imaging of atoms (Sec. 4.3.1). In
principle, we can collect signal on all three devices simultaneously.

We measure ion’s CCD magnification by using a two ions crystal as a ruler.
The distance between two ions in a linear chain (Eq. 2.4.3) is determined by their
mass, charge and the trap center-off-mass mode frequency, quantities which we
can determine with great accuracy. We found out that each pixel in our imaging
system corresponds to 1.02 um which gives magnification of 10.

To quantify the imaging system collection efficiency (the ratio between number
of photons emitted from the ion to the number of photons detected in the PC) we
use our ion as a single photon source. We initialize the ion in the meta-stable D3/,
state using a short pulse on the S,/ —P/, transition. After scattering on average
17 photons [75] the ion is pumped into the meta-stable D3/, state. We then apply
a repump pulse on D3/, —P;/p transition. The ion emits a single 422 nm photon
and returns to the S/, electronic ground-state. We repeat this procedure many
times to retrieve the total collection efficiency of our detection system (see Fig.
3.8) which is 1:179.42(17) photons®.

35Lens-Optics special design.

36 Andor LUCA-S.

3THamamatsu H10682-110.

38PCO PixelFly USB.

39We performed this experiment on an old configuration of the imaging system. For the present
system, the collection efficiency is closer to 1:190.
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Figure 3.7: Imaging system. We collect fluorescence light using a special achro-
matic objective. The achromatic design allows to image both atoms (780 nm light)
and ions (422 nm light) on the same CCD and simultaneously on dedicated atom’s
CCD and ion’s photon-counter. A 10:90 beam splitter is used to pass only 10% of
the light to the bichromate CCD. The rest of the light is divided using a dichroic
mirror to the ion’s photon-counter or the atom’s CCD.
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Figure 3.8: Photon counter collection efficiency. Histogram of the number of
photons detected by the PC after deterministically emitting 20,000 photons (blue)
and zero photons (red) from the ion. We repeat the experiment 10,000 times for
the bright measurement and 2,000 times for the background measurement. The
black curve is a poisson distribution with A equal to the mean number of photons
detected (this is not a fit). This experiment is shot noise limited.
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3.5 Article: Cooperative Lamb shift in a meso-
scopic atomic array

At this point of my PhD Thesis (Jan. 2013) I decided to sidetrack the main goal
of atom-ion experiment and collaborated with Dr. Osip Schwartz from Prof. Dan
Oron’s group to perform spectroscopic measurement of the cooperative Lamb shift
in linear chains of trapped ions [2]. We were the first to observe this small shift in
the far-field regime where the ions distances are much larger than the transition
wavelength. We were also the first to observe this effect in an ordered and precisely
controlled mesoscopic array, and the first to investigate this shift vs. separation.

This work was done with the most elementary tools for ion’s spectroscopy:
fluorescence from a dipole allowed transition. Even though, we could determine
the relative frequency up to few kHz on top of a 20 MHz wide transition. We were
able to do so using a technique to probe directly the 2-level spectrum (Lorentzian
shape) of a more complicated lambda-level spectrum (see Sec. 3.5.6).

3.5.1 Abstract

According to quantum electrodynamics the exchange of virtual photons in a sys-
tem of identical quantum emitters causes a shift of its energy levels. Such shifts,
known as cooperative Lamb shifts, have been studied mostly in the near-field
regime. However, the resonant electromagnetic interaction persists also at large
distances, providing coherent coupling between distant atoms. Here, we report
a direct spectroscopic observation of the cooperative Lamb shift of an optical
electric-dipole transition in an array of Sr* ions suspended in a Paul trap at inter-
ion separations much larger than the resonance wavelength. By controlling the
precise positions of the ions, we studied the far-field resonant coupling in chains
of up to eight ions, extending to a length of 40pum. This method provides a novel
tool for experimental exploration of cooperative emission phenomena in extended
mesoscopic atomic arrays.

3.5.2 Introduction

In quantum electrodynamics, the interaction of individual atoms with electromag-
netic vacuum fluctuations brings about spontaneous emission and shifts the atomic
energy levels [76]. As pointed out by Dicke [77], the presence of additional prox-
imate atoms changes the character of the radiative decay dynamics dramatically,
giving rise to superradiance phenomena and shifting the energy levels of the com-
pound system [78, 79, 80]. Such collective energy level renormalization, known as
the cooperative Lamb shift [81, 82, 83, 84], can be thought of as resulting from
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an effective resonance interaction, transferring the excitation between individual
emitters via emission and reabsorption of virtual photons. In this context, the su-
perradiance effects and the transition frequency shift originate, respectively, from
the imaginary and real parts of the resonant dipole-dipole interaction (RDDI).

RDDI has been observed in diverse systems, ranging from an X-ray magnetic
dipole transition in °"Fe nuclei [83] to optical dipole-dipole interaction in a gas
of Rb atoms [82] to microwave domain transitions in Rydberg atoms [85, 86, 87|
and superconducting qubits [88]. In free space, RDDI is predominantly observed
as a near-field phenomenon, as the coupling decays cubically with distance when
the interatomic separation is much smaller than the transition wavelength [89]. At
these small distances, RDDI dominates over relaxation processes, which enabled
its observation in pairs of individual quantum emitters such as two fluorescent
molecules separated by 12nm, embedded in a dielectric film [90]. The strong
near-field RDDI has also been utilized to prevent the transition of more than one
Rydberg atom to the excited state, bringing about the phenomenon known as
Rydberg blockade [91, 92, 93].

Although RDDI has been mostly studied as a near-field coupling mechanism, it
has a long-range term scaling inversely proportional to the distance, which becomes
dominant at interatomic separations much greater than the transition wavelength.
Detection of RDDI in the far-field regime enables precise measurement of coopera-
tive effects under controlled conditions, in the absence of other types of interactions
between the emitters. The far-field coupling regime was first explored by Brewer
and DeVoe [94], who detected superradiance in a system of two trapped ions in
a Paul trap. Far-field RDDI also plays a central role in a variety of superradi-
ance phenomena, such as the emergence of directionality, which occur in extended
mesoscopic samples [95, 96, 97, 98, 99, 100, 101].

Here, we experimentally investigate RDDI in a mesoscopic array of atomic-ions
separated by distances much larger than the transition wavelength. To this end we
perform a direct spectroscopic measurement of the cooperative Lamb shift of the
551/, ¢+ 5Py, optical dipole transition frequency in a system of several Sr* ions
suspended in a linear Paul trap. Varying the number of trapped ions from two to
eight, we carry out the first observation of cooperative emission phenomena in a
mesoscopic array of coupled quantum emitters. The high degree of isolation from
the environment and the precise control over the positions of emitters achievable in
radio-frequency (RF) ion traps allowed for unobstructed detection of cooperative
effects even with an array length that extends to approximately a hundred times
the resonant wavelength.
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3.5.3 Two ions Cooperative Lamb shift

First, we consider cooperative shifts in a system of two trapped ions. A level
scheme of the system, taking into account only the ground state 5S.,, denoted
by |g) and the 5P/, excited state denoted by |e), is shown in Fig. 3.9a. Both
states have a total angular momentum of i/2, thus each single ion electronic state
has two corresponding spin states. The two-ion system therefore has 16 states:
four ground states |gg), eight singly-excited states |eg) + |ge), and four doubly
excited |ee). For the purposes of discussing the energy level arrangement and the
cooperative shifts in a two-ion system, we assume that magnetic field is sufficiently
small that we can disregard the Zeeman splitting of the levels [102].

In the absence of interaction, all of the eight singly-excited states are degen-
erate. The RDDI creates a coupling between the singly-excited states and lifts
this degeneracy. The resulting energy splitting is the cooperative line shift. The
strength of the RDDI is generally given by the expression [79, 89]

—k3 N - cos(kr)
dreoh {_ (dij'dqs = (f-dy) (r-dqs)) — +

(s 3(0-ay) () (5 D)o

where dj; and dy are the transition dipole moments of the two ions, one transferred
from state i to j, and the other from ¢ to s. Here, k = 27/, ¥ is the unit vector
in the direction connecting the two ions and r is the distance between them.

The 1/r long-range first term of Eq. (3.8) describes the far-field coupling,
whereas the other two correspond to the near-field interactions. At the relatively
large inter-ion distances achievable in our ion trap, r ~ 5um =~ 12\, the far-field
coupling dominates.

The spin dependence of this interaction can be intuitively explained in terms of
emission and absorption of virtual photons. Choosing the spin quantization along
the trap axis, one observes that only o1 photons can be emitted from one ion
towards the other, while m photons are not emitted in this direction. At the same
time, momentum conservation requires that the ion spin must be flipped whenever
a o4 photon is emitted or absorbed. These considerations lead to the energy level
splitting shown in Fig. 3.9a. The energy levels of symmetric combinations of the
interacting states, 4(Jeg) + [ge) ) (1) + [11)) and L (leg) — lge) ) (114) — [41)),
are shifted by &, where

V;qjs:

3. cos(kr)

0(r) = —gAn—p

Here, Ay, = 2/3Aq is the oscillator strength of the spin-flipping transition, the
factor 2/3 is a Clebsch-Gordan coefficient, and Ag = 20.05(48) MHz is the total

+0 (kr?). (3.9)
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Figure 3.9: a) Energy level diagram of a two-ion system. |g) and |e) denote
electronic ground and excited states. (1) and () denote the ion spin projection on
the trap axis. The states 1 (|eg) + [ge) ) (|14) + [41)) and 3(|eg) — |ge) ) (|1)) —
41 ), which turn into themselves upon excitation transfer from one ion to the
other |e) < |g) and simultaneous spin exchange 1<, are shifted by ¢ given by
Eq.(3.9). The states which acquire a minus sign upon such exchange, %( leg) £
lge) ) ( T F 4 ), are shifted by —d. b) System geometry. Two or more Sr*
ions are trapped in the center of a linear Paul trap (trap electrodes not shown).
The ions form a chain along the trap axis Z. A linearly polarized probe beam,
propagating along the ¢ direction, illuminates the ions uniformly. The probe beam
polarization can be rotated using a A/2 plate. In our experiments, the beam was
polarized either along the trap axis (red arrows), or orthogonal to it, in the &
direction (blue arrows). The light scattered by the ions was collected by the
imaging system (IS) and detected by a photo-multiplier tube (PMT).
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oscillator strength of the 5./, <+ 5P, transition [103]. The two antisymmetric
combinations §(|eg) % |ge) ) (|T4) F [I1) ), are shifted by —d. The four singly
excited states with parallel spin projections %( leg) £ |ge) ) ( I17) £ |ll>) do not
participate in the far-field interaction and are not shifted.

A probe beam polarized orthogonally to the trap axis causes transitions from
the four equally populated ground states to a set of excited states shown by the
blue lines in Fig. 3.9a. The resulting mixture of excited states includes two levels
shifted by 6(r) and two unshifted. The center of the observed spectral line is given
by the mean shift of the four transitions, f(r) = 34(r). If instead the probe beam
is polarized along the trap axis, it excites a mixture of states shown by red lines in
Fig. 3.9a, of which one is shifted by 9, another by —9, and the rest are unshifted. In
this case, the excited states have zero average shift, and, in contrast to excitation
with orthogonal polarization, no line center shift is expected.

The magnitude of the cooperative shift given by (3.9) gives a peak-to-peak
frequency shift of 6 ~ 130 kHz at a distance of about 5 pm, much smaller than
the natural transition line width Iy = 21.5 MHz [103]. The shifted and unshifted
states of the two-ion system are therefore spectrally unresolved. Nevertheless, the
cooperative shift can be probed by detecting the shift of the line center, which can
be determined with an accuracy much greater than the linewidth, provided that
the resonance spectrum can be measured with a high signal-to-noise ratio.

To measure the resonance line shifts, we used an experimental apparatus shown
schematically in Fig. 3.9b. The ions were suspended in a linear Paul trap, cooled
close to the Doppler limit and prepared in the Si/, ground state. The distance
between the ions was varied by tuning the tightness of the axial confinement in
the trap. A weak probe beam close to resonance with the 5S./, <+ 5Py, transition
was aligned orthogonally to the trap axis, so that the two ions experienced the
same phase of the light wave. The probe beam intensity, stabilized by a feedback
circuit, was set well below saturation.

The detection sequence consisted of a cooling and repumping procedure inter-
laced with an 8us probe pulse, during which all other light was extinguished and
the scattered probe photons were collected by an optical system and detected us-
ing a photomultiplier tube. The frequency of the probe beam was scanned across
the 5S1/, <+ 5Py, transition using an acousto-optical frequency shifter, producing
a Lorentzian-shaped line profile with a width of 24.6 MHz. Finding the centroid
of the spectral line, we were able to determine the transition frequency with an ac-
curacy of about 50 kHz, limited by the frequency drifts in our apparatus. To over-
come this limitation, we resorted to a relative measurement, switching cyclically
between different inter-ion distances, spending 30s at every point. The long-term
drifts of the system are thus shifting the measured resonance frequency equally for
all the measurement points without affecting the relative frequency shift between
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Figure 3.10: Cooperative line shift in a system of two Srt ions. The
data points show the measured relative frequency shift as a function of distance
between the ions. The blue squares and red diamonds correspond to the probe
beam polarization orthogonal and parallel to the trap axis, respectively. The light
blue line shows the theoretical shift of 16(r) with 6(r) given by Eq. (3.9). The
width of the line reflects the uncertainty in the oscillator strength value. The error
bars represent one standard deviation statistical uncertainty. The observed peak
to peak spectral shift is approximately 2 - 1072 of the line width.

different distances [102].

The distance dependence of the 5Si, <+ 5Pi, transition frequency for two
ions is shown in Fig. 3.10. With integration time of 8.6 hours per point, the
measurement reached an average statistical uncertainty of 2.2 kHz, which is a factor
of 10* smaller than the transition line width. Since in our scheme only the relative
frequency shifts between distances are measured, the average frequency shift of
all distance points was set to the theoretically predicted value of fo = 1 (d(r;)),
where r; are the distances at which the measurements were carried out. The
root-mean-square deviation of the measured points from the theoretical curve of
2.15 kHz suggests no statistically significant discrepancy with theory. We have
also performed the cooperative shift measurement with the probe beam polarized
along the trap axis, in which case the cooperative shift is predicted to vanish.
Indeed, the measurement results shown as red diamonds in Fig. 3.10 demonstrate
no distance-dependent frequency shift for the parallel polarization of the probe
beam.
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The good agreement of data with theory suggests we can use this measurement
to extract the magnitude of the oscillator strength. Fitting the perpendicular po-
larization data to Eq. (3.9) with oscillator strength (Ag) as a single free parameter
gives: Ap'T = 19.71(88) MHz in good agreement with the previously measured
value: Ap = 20.05(48) MHz [103].

3.5.4 Up tp eight ions linear chains

The cooperative shift measurement can be extended to a system of several quan-
tum emitters by loading additional ions into the RF trap. The ions arrange them-
selves in a line with the axial positions given by r,, = t,,p, where t,, are constant
normalized distances determined by the competition between the harmonic trap
potential and the Coulomb repulsion [104]. The scale coefficient p is controlled
by the trap stiffness. The inter-ion distances are determined analytically from the
axial center-of-mass mode frequency which we measured independently [102].

Similarly to the case of two ions, the role of the Zeeman structure is reducing
the observed cooperative shifts by a factor of 1/2. Disregarding the spin structure,
the symmetric excited state of M ions created by the weak probe beam can be
described as

M
|¢>:\/_M;|g1--~ei---g1v[>v (3.10)

and the RDDI Hamiltonian is given by V = 5 220 (1i = 1) [0 4505 + 0044,
where 6(r) is given by Eq. (3.9), 04 = |ei) (g;| and 0_; = UL. For a chain of
M > 2 ions, |¢) is no longer an eigenstate of the interacting system. The observed
line shape is given by a weighted sum of Lorentzian resonances, each represent-
ing an eigenstate of V and shifted by the corresponding eigen-energy. Since the
peaks of individual eigenstates are unresolved, the observed line shape is a single
Lorentzian-like spectral profile with an apparent shift given by a weighted sum of
the eigenstate shifts. This shift can be expressed as the expectation value of the

interaction in the excited state [102],

o = (Y| V) = %Z&n—rj). (3.11)
i#]

The results of the cooperative Lamb shift measurements for three to eight ions
are presented in Fig. 3.11a-f. The data are compared to the theoretically predicted
distance dependence curves of Eq. (3.11) shown by the light blue lines.

The experimental results demonstrate a good agreement with theory. In the
three ion case, the chain being equidistant, the contributions of the three ion pairs
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Figure 3.11: Cooperative shift in a linear chain of several ions. The panels
a-f correspond to chains of three to eight ions. In each panel, the cooperative shift
is measured as a function of the distance r between two adjacent ions closest to the
middle of the chain. The light blue lines show the theoretical shift of Eq. (3.11)
[105]. The error bars represent one standard deviation statistical error. Both the
shift scale and the distance scale are the same in all panels. The grey lines, shown
for comparison, represent the theoretical shift for equidistant chains. The width
of theoretical lines represents the uncertainty in the oscillator strength value.
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are in-phase and add constructively at periodic intervals, producing sharp peaks
in the distance dependence of the line shift. For an equidistant chain of more
than three ions, the periodic peaks will grow sharper with increasing number of
ions. The predicted line-shift of periodic ion chains is marked by the grey lines in
Figs. 3.11b-f. However, in harmonic ion trap a chain of more than three ions is no
longer equidistant, so the contributions of different ion pairs have incommensurate
spatial frequencies. The distance dependence of the shift thus exhibits beating be-
tween the spatial frequencies corresponding to all ion pairs. We chose the distance
range in our experiments so as to maximize the visibility of the peaks for a given
number of ions.

As the features in the distance dependence of the cooperative shifts get sharper,
the position uncertainty caused by thermal motion of the ions becomes significant
and causes a washing out of the sharp spectral features. The deviation from theory
is more pronounced at larger distances, which require smaller axial trap stiffness
leading to a greater position uncertainty. Nevertheless, the fact that the data
points follow the sharp features and the nontrivial shapes of the theoretical distance
dependence of the shifts demonstrates that the entire ion chain participates in the
interaction.

3.5.5 summary

The cooperative line shifts investigated here are closely related to the resonance
shifts observed in a system comprising an ion and a mirror [106]. In such a system,
instead of interacting with other ions, the ion interacts with its own mirror image,
leading to a shift of the resonance frequency [107, 108]. Fundamentally, both types
of shifts arise from the same mechanism, i.e., emission and immediate reabsorption
of a virtual photon, similarly to the original Lamb shift [76]. The mirror-ion
experiments are related to the present work also on another level. Recently, the
same group has shown that such ion-mirror systems can form a cavity, with the
ion serving as the second cavity mirror [109]. In context of that work, in our
experiment the ions can be considered as playing the role of mirrors, reflecting the
fields created by other ions.

In summary, we have detected spectroscopically a frequency shift associated
with energy transfer between distant atoms. We have demonstrated cooperative
effects in which up to eight atomic ions collectively participated. The scope of our
work is limited to small emitter arrays and singly-excited states. However, the
approach demonstrated here opens the door for spectroscopic studies of larger ion
crystals that are common in ion trapping experiments, as well as to investigations
of quantum physics beyond single-photon excitations. These experiments open the
door to the research of far-field cooperative emission phenomena in controllable
mesoscopic systems.
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3.5.6 SM - Cooperative Lamb shift

Experimental setup

We trap Sr' ions in a linear segmented RF Paul trap with inherently reduced RF-
driven motion (micromotion) along the crystal axis. The trap radial harmonic fre-
quency is kept at a high setting (1.8 MHz) to reduce the thermal motion amplitude.
Excess micromotion amplitude in the radial direction is monitored throughout the
experiment and kept below 5nm in the center of the trap. The axial frequency is
kept at low settings (250-810 kHz) compared to the radial frequency to keep the
linear ion crystal stable. We control the inter-ion distances by changing the trap
axial frequency. We measure the axial center-of-mass mode frequency using an
external drive on one of the compensation electrodes. The relative frequency un-
certainty of this measurement is below 10~% implying that the errors in estimating
the equilibrium ion positions do not contribute to the measurement error.

The 422nm light used for cooling and spectroscopy is generated by a bare
diode laser injection-locked to a frequency-doubled 844nm external cavity diode
laser (ECDL). The 844nm laser is locked to a Fabry-Perot cavity referenced to a
Rb absorption line. From the excited P./, state, the ions can spontaneously decay
to the metastable Day, level (0.5sec lifetime). We use a 1092nm (ECDL referenced
to in-vacuum cavity) repump beam on resonance with the 4Dsj, <+ 5P, electric
dipole transition to return the ions to the Py, level.

Resolving the line center frequency

The line shape observed with both 422nm (5S./, <> 5P, transition) and 1092nm
(4Ds), < 5Py, transition) beams turned on simultaneously is complicated due to
dark resonances. To restore a simple Lorentzian line shape, we apply a detection
sequence composed of an 8us cooling pulse, during which the off-resonant 422nm
cooling beam is turned on together with the 1092nm repump beam, followed by
an 8us detection pulse (Fig. 3.12). During detection, only the weak 422nm probe
beam is turned on. During each detection pulse, an average of nine photons are
scattered from the entire ion crystal. The probability of transferring an ion to the
metastable Ds/, level is thus kept moderate.

The observed spectral line profile shown in Fig. 3.13a agrees very well with
a Lorentzian line shape. The observed width of the Lorentzian, I' = 24.63(12)
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Figure 3.12: Cooperative Lamb shift detection scheme. The colored thick
stripes indicates the rf-switch signal for the different lasers and the PC acquisition
time. The thin blue line is the number of photons collected in 10,000 of these
sequences (0.1 ps binning). We turn on the cooling beam (blue stripe) at t=0 sec
for 5 pus. The AOM has a 0.8 us delay due to propagation of the acoustic wave
inside the AOM. The repump beam (red stripe) is turned on at t=0 sec for 8
us. We see a tail of photons reaching our detector until t=6.5 us. These photons
are attributed to events which the ion ended in the Ds/, level after the cooling
sequence ended. We turn on only the detection beam (magenta stripe) at t=8 us
for 8 pus and count photons. We can scatter on average 17 photons until the ion
is pumped to the D3/, dark state. This detection scheme allowed us to measure a
clean Lorentzian spectrum (see Fig. 1a in the SM of our article) and eventually to
determine the center position with excellent accuracy.
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MHz, is slightly larger than the natural line-width due to power broadening, finite
magnetic field and population transfer to the 4Ds, level.
To measure the central frequency of a Lorentzian line profile most efficiently,

A
L(v) 1+<”‘Tf°>2

we parameterize it with three variables: the center frequency fy, the line width
[' and the amplitude A. (The background count rate is measured independently
and does not contribute to the observed line profile). The three parameters are
determined from the measured photon flux values at three spectral points: L° =

(3.12)

L(f), L* = L(f/j:%/). Here, f" and I are our initial guess for the center frequency
(fo) and the line width (T). It is assumed that f — fy < I'and I' —T' < I". The
central frequency is then determined as

fo=f+ (3.13)

In this scheme, the statistical measurement uncertainty is Afy = %\/F—ﬁ, where
N is the total number of photons detected, thus improving as a square root of pho-
ton collection time. However, as the interrogation time is increased, the frequency
drifts in the system accumulate, eventually forestalling further improvement of the
measurement accuracy. To overcome this limitation, we resort to a relative mea-
surement, switching cyclically between different inter-ion distances, spending 30s
at every point. The long-term drifts of the system are thus shifting the measured
resonance frequency equally for all the measurement points without affecting the
relative frequency shift between different distances.

The results of a typical relative shift measurement are illustrated in Fig 3.13b.
The graph shows a histogram of 93300 individual measurements of the relative
frequency shift of two different inter-ion distances conducted over 30.4 hours. On
average, n = 662 photons were detected in each measurement at each distance
point. The histogram demonstrates a near-perfect agreement with a Gaussian fit
with a standard deviation of 0.4963(12)MHz, which is close to the expected root-
mean-square deviation of % = 0.469MHz. The difference in resonance frequency
between the two inter-ion distances (fp) is measured to be 50.6 + 1.6 kHz as
marked by the red vertical line. To demonstrate the ability of our interlacing
technique to detect frequency shifts with kilohertz accuracy, we conducted an
Allan variance analysis on the same data set. Fig. 3.13c shows the uncertainty of
the central frequency as a function of integration time for both the drift-limited
frequency measurement and the frequency shift between two distance points. The
graph shows that for the non-interlaced frequency measurement, the accuracy
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stops improving after reaching uncertainty of about 50 kHz. In contrast, the
Allan variance of the relative frequency measurement demonstrates no deviation
from shot noise limited uncertainty throughout the duration of the experiment,
reaching a measurement uncertainty of 2.4 kHz, which amounts to about 10~* of
the transition line width.

Computing the observed line shift for more than two ions

For M non-interacting ions the Hilbert space of the system is spanned by 2M eigen-
states with M+1 energetically-degenerate subspaces. We focus our attention on the
M-dimensional subspace of singly-excited states of the form [¢/?) = |g;...€;...9nr)
(disregarding the spin degrees of freedom). The RDDI interaction Hamiltonian 1%
does not mix different degenerate subspaces, hence we may consider its effect only
on the relevant singly-excited subspace.

Our system is prepared in the symmetric state of the singly-excited subspace,

the so-called W-state,

1
|w>:\/—MZ|gl...ei...gM> (3.14)

which is not an eigenstate of the interacting system for M > 2. The observable line
shape can be calculated using master equation formalism [Ref. 4 in the main text).
In the leading order, the line shape is reduced to a weighted sum of Lorentzian
profiles corresponding to the eigenstates of the interaction,

1) = 3 Liv = i) [l (3.15)

where L(v) is the Lorentzian spectral shape and |1;) are the eignestates of V with
eigen-energies v;,

1% Wz> =V Wz> . (3-16)

Taking into account that v; ~ 1073T, i.e. the width of each Lorentzian overwhelms
the shifts, the total lineshape I(r) appears as a single shifted Lorentzian-like spec-
tral profile. The shift of the centroid of the spectal line (dy) is given by a weighted
sum of v;,

o =Y _wi[(@leal® = (¥ (Z i) vi <wi|> ) = (| V[¢) . (3.17)

1

This expression shows that the observable average shift of the line shape is just
the expectation value of the interaction operator in the excited state, which, using
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V from the main text and |¢) from Eq. (3.14), is found to be

1
o = NZ@l---ei---gM‘kzﬂ(s(rk_r1> [04x0-1 + 0k 4]

xZ|gl...ej...gM> = ﬁZé(ri—rj), (3.18)

i

arriving to Eq. (4) of the main text.

Magnetic field

Although in our analysis we neglected the magnetic field, the experiment was
performed in the presence of a weak (about 1G) magnetic field applied in the
direction orthogonal to the trap axis, which allowed us to avoid optical pumping
of the ions during the cooling pulses. While the magnetic field contributes to the
spectral line broadening, it does not lead to a shift of the line center since the ions
are initially unpolarized. At the same time, any residual polarization of the ions
that might lead to a Zeeman shift of the line would not depend on the distance
between the ions and thus would not be observable in our experiments.

3.6 Coherent control

Our main tool for controlling the ion’s motional state and spin, which allows
us to cool the ion to the ground-state, prepare it in a specific spin state and
reduce its excess-micromotion (EMM), is a narrow line-width laser (100Hz) on an
optical quadrupole transition (see Fig. 3.6b for the ion’s energy scheme). Due
to the long lifetime of the meta-stable D level (390ms) we can perform coherent
manipulation of the ion between its electronic ground-state and excited-state. The
static magnetic field in our system (2.8G) separates the different Zeeman levels
of the ground and excited-states by a few MHz such that addressing individual
Zeeman levels is easily achieved.

The narrow laser system is based on a Toptica ECDL with extended arm ref-
erenced to an ultra-low-expansion (ULE) in-vacuum cavity. The light transmitted
from the cavity is used to inject-lock a bare diode. We pass the injected diode’s
beam through an AOM which follows another in-vacuum and temperature stabi-
lized cavity. This entire system is positioned in the quantum information lab. We
use 50 uW of the narrow signal to inject lock additional bare diode which produce
50 mW laser power. The laser is passed through AOMs for switching and control-
ling its power and frequency and through a set of polarizing beam splitters and
motor-driven waveplates which direct the laser beam into one of three ports (see
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Figure 3.13: Frequency shift measurement strategy. a) Line shape of the
5S1, <> 5Py, optical electric dipole transition. The ion fluorescence intensity
is plotted as a function of the laser frequency detuning v. The red line shows a
Lorentzian fit. The difference between the experimental data points and the fit are
shown in the graph underneath. b) Frequency shift histogram. The blue line shows
a histogram of 93300 measurements of the frequency shift between two different
ion spacings. The red curve shows a Gaussian fit. The vertical red line shows
the centroid of the distribution, which is displaced from zero by f, = 50.6 &= 1.6
kHz. The lower panel shows the differences between the histogram and the fit. c)
Allan variance. The measurement uncertainty is plotted as a function of signal
accumulation time for the frequency measurements at a single inter-ion distance
(grey) and for the frequency difference between two inter-ion distances (blue). The
single distance measurement accuracy is limited to about 50 kHz due to system
frequency drifts. The uncertainty of the frequency difference follows the photon
shot-noise limited scaling (red line) throughout the duration of the experiment.
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Figure 3.14: Narrow laser slave system.

Fig. 3.14). We use three ports for EMM compensation in all three axes of our
ion’s motion (Sec. 3.6.3). Switching between the ports takes a few seconds. This
slow switching time is acceptable since we perform compensation on hourly basis
while during the experiment we use only a single port. A scheme of all ion’s lasers
beam surrounding the vacuum chamber is depicted in Fig. 3.15.

Together with the narrow linewidth laser we use a 1033 nm repump on the
Ds/2 —P3/2 dipole allowed transition. This is a Toptica ECDL locked to in-vacuum
cavity. We use half of the light created in the quantum information lab.

3.6.1 Rabi spectroscopy

The derivation of laser-atom interaction can be found in many textbooks. I will

follow D. Leibfried [60] derivation with minor changes’’. The ion Hamiltonian

40Mainly, generalization to three modes.
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Figure 3.15: Sketch of the beam lines passing through the ion’s chamber.
We use polarization-maintaining (PM) fibers to dis-entangle the ion’s beam align-
ment from the lasers and switching system. Most of the beams are delivered from
single port which makes alignment easier by using an iris outside the vacuum in
the approximate location of the ion. This iris is used to overlap the beams on a
single point. Then we can steer all the beams together using a single lens. We can
control the lasers polarization using a PBS and two wave plates. The ionization
lasers are oriented along the trap axis, perpendicular to the Sr oven. When the
405nm laser is aligned on the ions we see quantum jumps to the P35 level. We
align the 461nm laser such that it is coupled to the 405nm fiber. We monitor the
674 nm light power and stabilize it using a noise-eating servo. Two additional
674 nm ports (only one is shown) are used for excess-micromotion detection and
compensation.
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is composed of electronic part: I:I(e) = h%6. (Here, wy is the energy difference

between the ground and excited states and &, is the Pauli operator) and a motional
part which is in general described by the Mathieu equations but after neglecting

the fast micromotion terms can be written as H = hwi(ala; + 1 1) (Here, v; is the
mode frequency (i=x,y,z) and aT( ) are the ralslng (lewermg) operators) The full
Hamiltonian is given by: H = H © + >, H " + R 106, (e'xwite) 4
e~ {kx=wtH9)) couples the light field*' and the atom. Here, 2 is the on-resonance
Rabi frequency, k is the laser wave vector*?, w is the laser frequency and %; =

\/ an—jyi (a; + &;r ) is the position operator.

Next, we move to the interaction picture with free Hamiltonian Hy, = H +

Do I:IEm) In this picture the interaction Hamiltonian takes the form: Hiy, =
. AT, A (2 . Y
e’/ hHOtH(Z)e_Z/ Mot After performing the rotating-wave approximation which ne-

glects fast oscillating terms we are left with:

Hiye = §Qoé+ exp{i Z ni(ae” ™t 4 alet) el L Hoe, (3.19)

i

Here, 6, = %(636 + 16,) is the electronic raising operator. 7, = k; is the

Lamb-Dicke parameter for the i-th mode (k; is the projection of the laser k—vector
along the mode i), § = w — wy is the laser detuning from resonance and Qy =
Q/TL(1 + ¢;/2) is the scaled interaction strength due to micromotion breathing
(see Eq. 69 in Ref. [60]).

The interaction Hamiltonian in Eq. 3.19 can be further simplified in the so-
called Lamb-Dicke regime where the extension of the ion’s wavefunction is much
smaller than the laser wavelength:

) B . . .
Hip = 5905+{1 +i Yy mlae ™+ ale™t)}e 00 4 Hee, (3.20)

i

By setting the laser detuning on-resonance with the ground to excited energy
0 = w—wy = 0, we can excite the "carrier” transition which does not change
the ion motional state: |n;;g) — |n;;e). In our experiment we use this transition
to measure the ion’s temperature (see Sec. 3.6.2). Alternatively, we can set the
laser detuning on-resonance with one of the motional-modes 0 = +v;. These
transitions couples between the electronic state and motional state of the ion:
Ini;9) — |n; £1;e). Blue (red) detuning of the laser excites "blue sidebands”

4'We treat the laser as classical field.
42k = 2T with A=674nm.
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Figure 3.16: Ion’s mode spectroscopy. We scan the detuning of the 674nm
laser and measure the population in the excited state (D level) after a short pulse.
We trace each peak in the spectrum to a specific expansion of Eq. 3.19. The ion’s
mode frequencies are: 580kHz, 0.85kHz and 1.3MHz.

("red sidebands”) transitions. The "red sidebands” are used for cooling the ion to
its ground-state.

We can take the second order expansion in the Lamb-Dicke parameter of Eq.
3.19. This will lead to two-phonon transitions which can also mix between the
different modes of the ion (See Fig. 3.16).

3.6.2 ITon thermometry

As discussed in Sec. 3.6, depending on the laser detuning, Eq. 3.19 can change
the motional state while coupling the electronic states. The coupling strength is
given by [60]:

Qs = Q| (0 + 5[ €7@ |ny | (3.21)

For the special case of s=0 (6 = 0) we do not excite any motional states and the
coupling for three dimensions, can be written as:

annynz,nwnynz - QO H 6_%[‘711- (777,2) . (322)

Here, L, () is the Laguerre polynomial of degree n.** Eq. 3.22 can be expanded
in Taylor series of 1 which gives the well known carrier coupling: €2,,, ~ Qy(1 —
n?(n+3)). Note that for large n’s (typically, n>100) this commonly used formula
is inadequate.

BL,(z) = anzo(fl)m(nfm)%. Since evaluating L,, for large n’s involves calculation of

large factorials, an easy method for calculating the Laugerre polynomial is to use the recursion

formula: Lo(z) =1, Li(z) =1 — x, Lgyq(z) = (2k+17I)L,’zf1)7kL’“‘l(m).
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The probability of populating the electronic excited-state is given by P.(t) =
sin?(Q,,,»t) assuming the ion is initialized in the electronic ground-state. However,
this is true only if the ion is in a definite Fock-state, n. It is more likely that the
ion has some distribution (in general a density matrix) of phonons. In the case
of a thermal distribution* with no correlation (zero off-diagonal elements in the

_ ng
density matrix) the probability to occupy n-level is: Py, (n;) = = <ﬁ@jr1> such

that the excited-state probability is given by:

Po(ti Nay iy, 2) = > Pr(na) P, ()P (n2) $in® Qe mmyn.t). (3.23)

Mg My, Mz

hy;
In( "t
with no coupling between the modes the equilpartition theorem doesn’t hold and
each mode could acquire a different temperature. However, immediately after laser
cooling all the modes are thermalized such that we can assign a single temperature
for the ion: T; = TV 1.

Evaluating Eq. 3.23 for a distribution with large n’s, which is the case for the
power-law distribution after atom-ion collisions, is highly demanding. To speed
numerical calculation time, we change from a 3D sum to 1D integral by switching
to continuous total energy, instead of discrete states, distribution:

The ion temperature is given by: kgT; = [60]*. In the case of a single ion

Pt {a}) = [ Pry(E)sin’(t), (3.24)

Here, E= ), hw;(n; + 1/2) is the total energy and {z} are the distribution pa-
B2 -E/T
273

where the E? term accounts for the density of states of 3D harmonic oscillator
and T is the parameter which defines the distribution. Now, we can also calculate
the excited-state probability for a Tsallis distribution (Eq. 5.1) and compare our

results to the experimental data (Ch. 5).

rameters. The single temperature thermal distribution is now: P (E) =

3.6.3 Excess micromotion minimization

Following Berkeland [42] we consider a laser field in the rest frame of the ion
undergoing excess-micromotion (EMM):

E(t) = Re[Eg exp (ik - (0o + ugpmm) — Wiaser + Paser ), (3.25)

#4The Boltzmann distribution follows: P(e,) oc e=»/%8T with €, = fw(n + 1) for harmonic
oscillator.
45In the classical limit where 7; > 1 the equipartition theorem holds and the temperature is

equal to the total average energy: kgT; = hy;(7; + %)
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where |ugyv| is the amplitude of EMM and |up| is the amplitude of secular motion.
The laser field undergoes FM modulation: k - upyn(t) = 5 cos(2t 4 §), with the
modulation index:

2 2
8= (Z kiui> + (Z kiuf) : (3.26)
and phase shift:

ok
5= tan-! 2k} T (3.27)
D kiuy 2

Here, ugyy = ull cos(Qt) +ut sin(Qt) such that [ull| is the micromotion amplitude
which oscillates in-phase with the trap rf frequency and |ut| oscillates with 90
degrees phase shift (quadrature) to the rf frequency.

We can re-write Eq. 3.25 in terms of infinite Bessel function series:

E(t) = Re[Eye™™ Z J o (8) e (@t +m/2)=ihaser + taser)] (3.28)

from which we can deduce a resonance condition: wj,ser = wo + n€2. Since the
modulation index is always small (6 < 0.1) we expect only the first sideband
(n = £1) to appear in the spectrum. Our method of detecting EMM is based
on this resolved sideband spectroscopy of the sidebands. By comparing the Rabi
frequency of the carrier (€29) and the EMM sideband (£2;) we can extract the
modulation index:

Q
O Jo(8) ~ é, (3.29)
Qo Ji(B) 2
from which we can extract the EMM amplitude along the laser k-vector:
LA A
=0 == 3.30
(e 2r Qom ( )

We detect EMM in our system using three 674 nm detection beams (see Fig.
3.14 and 3.15) each beam detects the projection of EMM amplitude along the
beam direction.

Systematic shifts

This method is based on detecting a modulation of the energy difference between
the ground and excited states in the rf frequency. In the case of EMM, the Doppler
shift associated with the ion’s oscillatory motion induce this energy modulation.
However, any other source of rf frequency modulation of the energy levels will
also be detected as EMM signal. We call all these sources - ”systematic shifts”
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Figure 3.17: Systematic shifts a) Excited state population after 400 us pulse on
the EMM sideband as function of the compensation electrode value (in this case,
the axial EMM drive amplitude). In red we flop on the S_/, —D_3/3 Zeeman
sublevels and in blue on the S;/3 —D3/,. Solid line is a fit to a parabola. b) Com-
pensation value for different Zeeman transitions (a(m, M) = —2.802m + 1.680M
[MHz/G] is the S/ —+Ds/2 Zeeman susceptibility as illustrate in Fig. 3.6b). Line
is a linear fit. Purple circle indicates the compensation value for no Zeeman shifts
(v =10).

and their magnitude is usually much smaller than the EMM signal. Since the
systematic shifts depend on the Zeeman structure while the Doppler shift doesn’t,
we can distinguish between the EMM signal and the systematic shifts by comparing
different Zeeman sub-levels (Fig. 3.17).

The main contribution for the systematic shifts is the ac-Zeeman shift. This
shift is induced by rf currents in the trap electrodes which results in oscillating
magnetic fields in the trap center. In practice, we determine the EMM compensa-
tion value from the mean of measurement on two opposite Zeeman sublevels.

Radial compensation

We perform EMM compensation in the radial plane using two dc compensation
electrodes (see Fig. 3.1a) and two detection beams with projections on the radial
plane. For minimizing EMM it is sufficient to find dc values which reduce the
coupling to the EMM sidebands for both beams simultaneously. This is done
with an iterative scheme which converges fast, however, we can’t determine using
this approach the residual EMM in our system when the Rabi m-time becomes
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longer than our coherence time®. In this case, the residual Rabi frequency for the
compensated point can no longer be reliably evaluated?’.

A more elaborate analysis of the radial EMM in our system is shown in Fig.
3.18. In this experiment we deliberately create a large micromotion amplitude such
that the Rabi 7-time on the micromotion sideband is shorter than our coherence
time. By fitting the Rabi flopping on the carrier and sideband we can extract the
ions micromotion amplitude. Measuring the amplitude for different compensation
voltages we can extrapolate the compensated voltage and ion minimal amplitude
by fitting to a simple model in which the total micromotion amplitude is composed
from two linearly independent components, in-phase (Sec. 2.4.1) and quadrature
(Sec. 2.4.2) EMM:

g o] =/ (F5(V = Vo))? + [uf 2 (3.31)

Here, ]uj\ is the projection on the radial plane of the quadrature micromotion on
the laser k-vector. By varying only dc compensation voltages this micromotion
component can’t be compensated and therefore sets a minimum to the excess mi-
cromotion. We found that |uj| ~ 1 nm in both radial directions which corresponds
to total average kinetic energy of about 200uK. The first term in Eq. 3.31 is the
projection on the radial plane of the in-phase micromotion which can be nulled
(V=Vj) using the dc compensation electrodes.

Far from the EMM compensated point, micromotion amplitude grows linearly
with the de compensation voltage: [uf gy | = 74(V' — Vi). Here, the i-index
corresponds to which compensation electrodes is being altered. We can read the
slope from the graphs: [f?}fF, ARE ’ySND, GNP =[7.478+0.058, 2.63040.032, 1.876 4
0.082,4.586+0.033] nm/V (z,y corresponds to different laser beam directions) and
compare this measurement to the simulated value from Sec. 3.1:

i INC <2 €Ecpo ¢
j 7

Where Ecpo ~ 6.27 [1V/m] is the value extracted from numerical simulation.
Inverting Eq. 3.32 we get Egy, ~ 4.3 [1V/m] in relatively good agreement.

We use this measurement to calibrate the amount of EMM energy injected into
our system due to deliberately or dc uncompensated value:

. T S e\ 2
y= B (7 RF) /Ky (3.33)
(Vi=Vy) 2

46The coherence time is mostly dominated by magnetic field noise.
4"Evaluating the residual micromotion from the uncertainty in the compensating fields fails in
the radial plane since it only account for in-phase micromotion.
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Figure 3.18: Radial EMM. We scan the voltage on the compensation electrodes
(left panel "RF”, right panel "GND” - see Fig. 3.1a) and measure the EMM
amplitude projected on two axes of the radial plane (x axis (blue) and y axis
(red) as defined in Fig. 3.1). We extract the EMM amplitude from a Rabi flop
scan on the carrier and sideband (inset show an example of such a scan) using

[, pvu| = 28—;%@. Here, 60; is the angle between our detection beam and the

radial plane for axes x (20°) and y (45°). We fit the data to Eq. 3.31 (solid lines).
Dashed and solid pink lines indicate 100 pK and 1 mK EMM energy respectively.

Plugging the numbers we get: YRF = 4.608:&0.065%—12( and ySNP = 1.800:&0.045“\}—12{.
As seen from Eq. 3.32 these numbers depends on the specific trap parameters being
used.

Axial compensation

As described in Sec. 2.4.3, we have a non-vanishing, constant, component of rf
field along the axial trap axis even when dc fields are perfectly compensated. To
compensate for this field we inject an oscillatory rf fields at the same magnitude
and opposite phase (Sec. 3.3). We detect the axial EMM using a 674 nm laser
beam aligned directly on the axial axis. This beam is sensitive only to axial
micromotion. We scan the compensation field amplitude and its relative phase to
the rf resonator (Fig. 3.19). Without micromotion compensation the ion oscillates
with an amplitude of 4.25 nm which corresponds to kinetic energy of 1.3 mK. After
compensating the micromotion we are left with an amplitude which its kinetic
energy is smaller than 1 pK*.

48This residual EMM is inferred from fit uncertainties.
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Figure 3.19: Axial EMM. a) Top (green) Rabi flop on the carrier transition.
Lower (blue/purple) Rabi flop on the first EMM sideband without/with axial
micromotion compensation. b) 2D scan of the axial drive amplitude (y-axis) and
phase (x-axis) while monitoring the EMM sideband amplitude (c-axis).

EMM stability

EMM is mainly induced by the dc and rf power supplies. Drifts in the dc power
supplies voltages on both the DC and compensation electrodes will lead to drifts in
the in-phase EMM compensation point. Drifts in the rf power on the RF electrodes
will lead to drifts in the axial (and also quadrature) EMM compensation values.

UV light and atoms deposited from the trap ovens was shown to change signif-
icantly the EMM compensation values in other traps [110]. In our trap however,
we didn’t observe any effect from UV or ovens.

A log of the compensation voltages stability is shown in Fig. 3.20. For half
an hour compensation rate we can maintain the in-phase EMM below 50 pK
and the axial EMM below 1 pK. With a small improvement of our dc power
supplies we believe we can reduce the EMM stability to below 10 puK for even
slower compensation rate. This makes the uncompensated quadrature EMM in
the radial plane (200 pK) the largest EMM source in our system.

3.6.4 Ion’s electric heating

Cold ion sitting in a Paul trap heats up due to improper filtering of electric noise
in the bandwidth of the trap mode frequencies or due to anomalous heating [111].
We cool the ion to its ground-state and measure the heating rate using motional
sideband spectroscopy [60]. Assuming each of the modes is thermally distributed
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Figure 3.20: EMM stability. We measure the drift (blue lines) in the compen-
sation values of the RF (upper left) and the GND (upper right) DC compensation
electrodes and also for the amplitude (lower left) and the phase (lower right) of the
axial compensation. Using the calibration method described in Fig. 3.18 we assign
kinetic energy for the DC uncompensated values. For the axial compensation we
use the measurement in Fig. 3.19a to calibrate compensation voltage to EMM
amplitude. This stability measurement lasts for more than 8 hours during which
the compensation values can drift significantly (upper right panel). However, since
in each compensation measurement we re-calibrated the compensation values the
actual compensation drift is the difference between two consecutive measurements
(red lines). The drift doesn’t exceed 50 pK for the DC compensation (upper
panels) and 1 pK for the axial compensation (lower panels).
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(with different temperatures in different modes), the mean occupation number is
given by:

R

i =T R
Here, R; = be’i / PESb’i where PZSb’i (Plfb’i) stands for the excited state population
after on-resonant pulse (with arbitrary time) on the red (blue) sideband. The
index, i, stands for the different motional modes.

From this measurement we extract the population after ground-state cooling:

n=(0.1, 0.09, 0.01) and the heating rates: (0.96(9), 4.5(4), 0.52(1)) uK/ms for the
axial and two radial modes respectively.

(3.34)



CHAPTER 4

Hybrid experimental system

On Jan. 2014 we set to combine the ion and atom apparatuses which where
independent experiments up to that point. The atomic setup was constructed by
Yoni Dallal and it described in detail in his PhD thesis. A SolidWorks design of
the hybrid system is shown in Fig. 4.1.

We use six beams of 780 nm cooling light and a single beam of 780 nm repump
to load ~15 million 8"Rb atoms into a magneto-optical-trap (MOT) from a heated
source of isotope enriched atoms!. We then decrease the beams power and increase
the cooling laser detuning such that the atoms enter an intermediate state of higher
density and lower temperature. The atoms shift to the position of zero magnetic
field where a CO5 laser beam (Aco,=10 pm) is focused.

We load 200,000 atoms into the CO, dipole trap (Fig 4.2a). Then we evapora-
tively cool the atoms by ramping down the laser power. The atoms cool down in
the CO, trap and subsequently loaded to the optical lattice trap.

We use two counter propagating YAG laser beams (Ayag=1 pm) to create a
1D optical lattice which is few puK deep. After switching off the CO, dipole trap
we are left with 60,000 atoms in the optical lattice (Fig. 4.2b). We align the lattice
trap with the center of the CO4 dipole trap by minimizing the spatial oscillation of
atoms upon their loading to the lattice. We use the 1D lattice trap as a conveyer-
belt for atoms (escalator). We move the atoms by changing the relative frequency
between the two lattice arms (see Sec. 4.2 for more details).

For ion atom-in-a-lattice experiments we move the atoms all the way down
until they overlap with the ion (Fig. 4.2c)?. We align each lattice beam to overlap
the ion by maximizing the ac-Stark shift induced by the 1064 nm beam on the
1033 nm repump transition (see Fig. 3.6b for ion’s energy levels). We align the
vertical ion-atom distance by looking on the increased atom loss due to ion-atom
interactions.

For ion atom-in-a-crossed-dipole-trap experiments we transport the atoms with
the lattice and bring the lattice to a stop 60 um above the ion position. At this
point we load the atoms into a crossed dipole trap composed of the bottom lattice
beam and the additional horizontal YAG beam. We move the atoms to overlap
the ion using a piezoelectric driven mirror on the horizontal beam line. We align

! Alvatec isotope enriched (98%) dispensers heated using a current of 3.7A.
2The distance between the COs dipole trap and the ion trap is 25cm.
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Figure 4.1: SolidWorks design of the atom-ion apparatus. Atoms are loaded
into a CO4 dipole trap in the upper chamber while ions are loaded in a Paul trap
in the bottom chamber. For overlapping atoms and ions, the atoms are loaded into
a vertical 1D optical lattice which is used to transport them to the ions chamber
where they are overlapped with the ions.
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Figure 4.2: Overlapping atoms and ion. a) Loading the COy trap from a
MOT. Here, the waist and Rayleigh range of the CO4 trap are larger then what is
used in the experiment. b) Loading the escalator trap from the COs trap. After
shutting off the CO, laser the majority of atoms are trapped in the escalator trap
(top cloud) while the hot atoms (bottom cloud) fall freely. ¢) Atoms trapped in a
dipole trap overlapped with a single ion trapped in a Paul trap. In the first 100
ps of the 0.5 sec CCD exposure, we image the atoms using 780 nm light and then
release them from the trap. 300 ms later, we image the ion with 422 nm light.

the horizontal YAG beam by maximizing the ac-Stark shift on the ion (see Sec.
4.3 for more details on the crossed dipole trap).

After interaction with the ion we release the atoms from the trap and monitor
their profile after time-of-flight (TOF). We image the atoms by either fluorescence
or absorption imaging using a bi-chromatic imaging system for both the atoms
and the ions (Fig. 3.7). Few ms later, the atoms left the trap and we perform
combined coherent and non-coherent dual spectroscopy.

4.1 Connecting both apparatuses

Both atoms and ions apparatuses require ultra-high-vacuum (UHV) for performing
experiments. In the atoms chamber we collect atoms and evaporatively cool them
to uK temperatures. Low background pressure is crucial for collecting more atoms
at higher densities and colder temperatures. In the ion chamber the interaction
between atoms and ions takes place. The bare atomic life time (without atom-ion
interactions) is determined by the background gas pressure. We want this life
time to be at least order of magnitude higher than the loss rate due to atom-ion
interactions, even at low densities where three-body collisions are suppressed.
Prior to connecting the apparatuses, the pressure in the ion’s chamber was
below 10~ Torr. In this pressure the trapped ion’s life-time limited by chemical
reactions is roughly 20 days. The atoms chamber maintained a pressure of 10719
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Torr which gave life time of 10’s seconds in the CO, dipole trap limited by elastic
collisions of trapped atoms with background atoms.

The CO, beam enters, and exists, the atoms chamber through ZnSe windows
which are transparent to 10.6 ym radiation. These windows are prone to leaks and
also limit the bake-out temperature to 150°C. For that, we initially built the ion’s
chamber with a gate-valve? on top of it for keeping the UHV during the connection
procedure. We vented the atoms chamber to atmosphere and installed new Rb*
and Sr° ovens. A special translation stage was made to align both chambers during
the connection process. During the first connection trial, due to mechanical stress,
a vacuum bolt was torn inside the gate valve which kept the UHV in the ions
chamber (see Fig 4.3). Surprisingly, the vacuum in the ions chamber was not
broken while we drilled out the torn bolt®. In the second trial, after reducing
mechanical stresses, we managed to connect the chambers.

To reach UHV we baked the system in a special oven-tent” built around the
system on the optical table. We baked the system for three weeks (see Fig. 4.4),
with the gate-valve between the chamber closed, after which the ions chamber
gauge showed 107'' Torr while the atoms chamber gauge showed only 5 - 107
Torr. During the few weeks after bake-out, we noticed that the pressure in the
atoms chamber is still decreasing. We decided not to bake-out again or check for
leaks. The pressure half a year after bake-out was 10~° Torr which is sufficient for
our purposes. There is a thin tube®, just underneath the gate-valve, which keeps
the differential pressure between the chambers even when the gate-valve is open.

4.2 Atoms transport to the ion’s chamber

To move the atoms to the ion’s chamber and trap them we use a 40W YAG laser®.
We divide the laser beam to three distinct lines. We use two lines to form a 1D
optical lattice for moving the atoms from the top to the bottom chamber. The
third line creates a dipole trap which overlaps the center of the ion trap. We pass
each beam line through an AOM!® which is used to switch the beam on and off

3VAT mini UHV gate valve #01032-UEOL.

4 Alvasource enriched 87"Rb* source AS-2-Rb87-25-S.

5Home-made ovens filled with 99.99% purified Sr from Sigma-Aldrich #441899.

6There was an increase in pressure up to 10~ Torr probably due to outgassing from the viton
seal. The pressure returned to normal after 50°C bake-out.

"The bake-out tent was made by Hemi-Heating and was improved by Rostyslav Baron and
Asif Sinay.

8We drilled a hole in a blank gasket to secure a 6 cm long bolt with a nut. The bolt is drilled
in its center.

9Mephisto MOPA 40W from Coherent.

10Crystal Tech. AOM #3080-197.
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Figure 4.3: Removing torn bolt from a gate vale under 14 order of mag-
nitude pressure difference. Pictures of the torn bolt and the protecting cap
made for the extraction of the bolt from the UHV gate valve. This gate valve
didn’t leak even when we applied excessive mechanical stress on it. We observed
only small outgassing (probably from the viton ring) mainly when we banged it
with a hammer. This small outgassing was pumped during the early stages of the
bake-out.
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Figure 4.4: Full system bake-out. a) Log of the pressure in the atoms chamber
(red) and the ions chamber (blue) for the hybrid system final bake-out. The
bake-out lasted for three weeks due to the low bake-out temperature (magenta) of
150°C. The ion’s gauge signal dropped to zero (below 107!° Torr) in the cooling
process. b) Plot of the pressure vs. temperature for the same bake-out. The atoms
curve (red) shows severe out-gassing typical for systems exposed to atmosphere
conditions. However, the cooling curve indicates a leak (non linear P-T cooling
curve) and the pressure only dropped by factor of two during the bake-out. This
seemingly disastrous indication proved wrong when the pressure continued to drop
by factor 15 during the next few months.



4.2. ATOMS TRANSPORT TO THE ION’S CHAMBER 99

and also to control the frequency and power of the beam. We couple the lines into
special high power optical fibers!! which are used to decouple the beams alignment
on the ions and the atoms from the control section. A sketch of the distribution
and control system is depict in Fig 4.5 and explained in more detail in figure
caption.

We create the 1D optical lattice by coupling the light from one fiber to the
second fiber to create a standing wave such that both beams overlaps each other
and also the position of the atoms and the ion. We designed the beams waists (250
pm) to overlap the center of the ion’s trap. This waist size ensures that only 1% of
the beams power'? is reflected from the trap electrodes (750 ym wide)'®. We first
align the bottom escalator beam on both the ion and the atoms using a 422 nm
alignment beam. The blue beam scatters light from the ion and ionizes the atoms.
We overlap the bottom escalator beam with the 422 nm beam to get initial rough
alignment of the escalator. To further improve the alignment we couple 1092 nm
beam into the escalator line fiber. With this beam we align the YAG precisely on
the ions (1092 nm is the ion rempuper). Iteratively, we monitor the oscillations
of the atoms after loading into the lattice for further improvement of the lattice-
COs alignment (Fig. 4.2b). For final refinement of the escalator beams alignment,
we measure the ac-Stark shift induced by each escalator beam on the Dj/y level
through off resonance coupling to the P3/, (1033 nm) dipole transition using our
narrow laser and the 674 nm transition. This alignment guarantees that both YAG
beams, and consequently the atoms, overlap the ion position. Assuming that both
beams polarization is the same!4, it is also a measurement of the beams intensity
imbalance inside the chamber. A sketch of the escalator line around the apparatus
is depicted in Fig. 4.6 and explained in detail in the figure caption.

By changing relative optical frequency of the two arms of the escalator, the
standing wave starts to move at a velocity:

v (t) = gAf (t). (4.1)

Here, A\ = 1.064um is the laser wavelength and Af (t) is the instantaneous fre-
quency difference between the beams!®. Integrating over Eq. 4.1 gives us the
distance the atoms traveled. We control the frequency on both of escalator arms

1 Schifter&Kirchhoff PM fibers with end-caps for high power #PMC-E-980-9.9-NA008-3-
APC.EC-250-P.

12Fach beam is roughly 1.5 W on the ion.

13The actual beam waists are ~220 pm for bigger error margin.

14We can use the ion to tune both beams to the same polarization if we set the YAG polarization
such that the Dj/o(m=25/2) is not shifted.

5Due to the double-pass AOM configuration there is a factor of two between the AOMs
frequency difference and the lattice frequency.
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Figure 4.5: Sketch of the YAG laser control and distributing system. From
the laser head, we pass the beam through an isolator and then a polarization beam
splitter (PBS) and half wave-plate (HWP) to control the total power distributed to
the beam lines. The second HWP and PBS divides the power between the dipole
line and the escalator lines. The last HWP and PBS divide the power between
the two escalator lines. The dipole line pass through the AOM’s —1%* order in a
single-pass configuration. The escalator lines pass through the AOMs +1% order
in a double-pass configuration. This way the escalator lines and the dipole line are
separated by 240 MHz which eliminates interference effects. Using AOM in double-
pass configuration in the escalator lines allows us to sweep the AOM frequency
without changing the power coupled to the fibers. We use optical isolators to stop
reflections from reaching the laser head, to decouple both arms of the escalator and
to provide an exit dump to the escalator beams. We use three different telescopes
to control the beam size and waist location on the AOMs and fibers. This way
our coupling efficiency is around 50% for the entire line (double-pass and fiber
coupling).



4.2. ATOMS TRANSPORT TO THE ION’S CHAMBER 101

Escalator up
60FC-4-A18

F<lon—

<> 750mm

Dipole beam co,

60FC-L-4-M35

405

461 (185)
’
780 Repump T | T ——
Fluoresence Imaging DMLP900 422 (Alignment)
1092 (Alignment) 250mm

NE
down beam

Lattice
Detector

1092 (Alignment)

60FC-4-A4
Escalator down

Figure 4.6: Sketch of the atoms escalator and dipole lines. We pass both
escalator lines through optical isolators to avoid beam circulation and protect the
fibers from the increased lattice intensity. We create a Mach-Zender interferometer
using a reflection from the facet of a window oriented at 45° angle to the beam
line. We use the interferometer to monitor the lattice alignment, lock the lattice
position and count the distance the atoms traveled. We use the reflection from
the second facet of the window to lock the beams power using a noise-eating (NE)
servo. We use a quarter and half wave-plates to correct for birefringence effects
of the vacuum chamber windows. The bottom beam passes through the vacuum
chamber and it is coupled to the upper fiber. A 422 nm beam is coupled by a
dichroic mirror for rough alignment on the atoms and ions. A 1092 nm beam
which is coupled through the down escalator fiber is used for fine alignment on the
ions. A horizontal YAG beam together with the escalator down beam creates a
cross dipole trap in the center of the ion trap. We can change the position of the
dipole trap with respect to the ion using a piezoelectric driven mirror.
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using Tektronix AFG3252C two-channel function generator which drives the AOMs
on the beam lines. The function generator creates trapezoidal sweeps of the fre-
quency (ramp up, delay, ramp down). Changing the frequency in a single beam of
the escalator, we can accelerate the atoms and then decelerate them to full stop
after they traveled the required distance. Using both of the escalator arms, we can
transport the atoms to any position and bring them back to their original position.
Such two way transport is shown in Fig. 4.7. Typically, we use a single-way trans-
port of 0.3 sec. The efficiency is almost 100% when the ion Paul trap is turned
off.

The main source of atoms loss during transport is the electric fields generated
by the ion trap. Our trap is designed to reach the Lamb-Dicke regime which
requires high electric fields to generate high trapping frequencies (up to 1.8 MHz).
For comparison, other atom-ion experiments works at much lower trap frequencies
(typically 200 kHz). When the atoms reach the ion trap they experience high
electric field gradient in the entrance to the trapping region. This electric field
gradient modifies the atoms trapping potential which leads to atom loss. With the
current escalator beams power this limits the maximal ion trap radial frequency
to around 1.5 MHz.

4.3 Overlapping atoms and ions

With the escalator we can transport the atoms all the way to overlap with the
ion. Aligning the traveling distance, which overlaps the atoms with the ion, using
the imaging system (see Fig. 4.2c) is highly in-accurate!®. Instead, we look on the
loss rate of atoms from the trap due to atom-ion elastic collisions, the best overlap
maximize the loss rate.

The density profile in the optical lattice is highly inhomogeneous along the
lattice axis which makes experimental analysis complicated. For that, we usually
transport the atoms with the escalator up to roughly 60 ym above the ion. Then
we turn on a horizontal YAG beam'” and turn off the upper arm of the escalator!®.
This way we create a cross dipole trap with a nice Gaussian density distribution.
To overlap the atoms with the ion we use a piezoelectric driven mirror to move the
atoms down in 5 ms!®. We achieve a perfect overlap by maximizing the ac-Stark

16The imaging system is only sensitive in two axes, it has inherent chromatic shifts due to the
different wavelengths of the atom and ion fluorescence and moreover, the imaging beams moves
the atoms in fluorescence imaging due to radiation pressure.

'TRoughly, 1.5 W power and ~30 pum waist on the ion.

18We also increase the power of the bottom escalator beam to match the ac-Stark shift of two
beams.

19We use short transport time to reduce the additional interaction within the time of transport
and also to reduce anomalous heating time.
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Figure 4.7: Atoms transport. a) In blue we plot the instantaneous velocity
of the atoms during transport. The atoms accelerate to their maximum velocity
of ~1.6 m/sec and immediately decelerate to rest. During this period the atoms
traveled ~248 mm (shaded red area) which is the approximate distance between
the top chamber atoms trap and the ion trap. After a variable hold time the atoms
are accelerated upwards back to their original position. In dashed-doted lines we
show the AOM frequency change of the two escalator arms (note that we increase
the frequency in both arms) during this transport. b) Number of atoms after a
round trip with increasing distance. Here, the ion Paul trap (at ~248 mm) is
turned off. Just underneath the atoms initial position lies a region of increased
atoms loss. We avoid atom loss by minimizing the time spent in this region.
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shift of the crossed dipole beams on the ion.

Atom-ion interaction starts before the end of the dipole transport stage due to
the finite size of the atomic cloud. We take this into account by calculating an
additional effective interaction time. We assume the atomic cloud has a Gaussian
profile:

n(;[j? Y, Z) — noe*x2/203*y2/2‘75722/203_ (42)

Here, ng is the peak atomic density, 0, = 0, ~ 3.7 pm and o, = 70 um were
measured using absorption imaging (see Sec. 4.3.1 below). During the transport,
the atomic density on the ion’s position is given by: n(t) = noe~(t?/295 - Here,
v,=b3 pm/5 ms is the calculated (average) ion’s velocity during transport. We
assume the ion is positioned in (0,0,0) and define t=0 as the end of the transport
time. By integrating n(t) over the transport time we extract an effective interaction
time, 7:

0
T:i n(t)dt:@ %
no J_—co

V20, (4.3)
Here, ng = 0.86 - ng is the effective density due to atomic cloud oscillation which
we will address shortly. We can take the initial integration time to —oo since there
is no overlap between the atoms and ion in the beginning of the transport (t=-5
ms). Plugging the numbers we get 7=0.503(43) ms.

As pointed out earlier, due to the short transport time the atoms oscillate for
10’s ms with an amplitude of roughly yo=3 pm (see Fig. 4.8). We take into account
this oscillations by calculating the effective density, ng, which is the density in the
ion’s position averaged over one period of oscillation (f,s. ~ 1 kHz):

W 27w 2 J0g2 2 /402 9 9
fio = 2_ noe—(yo cos(wt))?/ Yt = noe—yo/ UyIO(y0/40y>a (4.4)
™ Jo

Which yields 79/ny=0.86(2) for our experimental parameters (Iy(z) is the first
modified Bessel function of the first kind).

4.3.1 Atomic density estimation

All above calculations depend on the knowledge of the atomic density profile. We
use time-of-flight (TOF) absorption imaging to extract the profile parameters (see
Eq. 4.3). In TOF the cloud size expands as: o} = 0 ,+0, ;-t* where 0y is the initial
width of the atomic cloud and o, = y/kgT/m is the cloud “thermal” size. The
proper time, t, is the TOF time plus half the CCD exposure time?°. We measure

the atomic cloud profile widths, o, and o, for four TOF times (200,400,600 and

20We verified this by a numerical simulation.
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Figure 4.8: Atoms oscillation after dipole transport. We record the atoms’
position on the CCD (blue dots) after time-of-flight (TOF) of tror=0.55 ms (TOF
+ exposure time/2). We fit the data to a function: yror(t)=(y(t)+5(t)-tror)e /"
which takes into account the translation of the atomic cloud during TOF. From
y(t)=yo cos(wt+ ¢) we extract the atomic oscillation amplitude, yo=2.898(68) pm,
and frequency, w/27=1.066(1) kHz. The 1/e time constant of the oscillations

decay is 18(3) ms.
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Figure 4.9: Extrapolation of TOF parameters to zero exposure time. a)
00,.=70(1) pm. b) 0¢,=3.47(18) pm. c¢) T,=5.89(16) uK.

800 us) from which we extract the temperature*!, T, and the initial widths, o,
and oy .. Even though we included the exposure time in the TOF analysis, we
still see mechanical effect due to the absorption beams. We repeat the above
experiment for exposure times from ~50 ps to 250 us and extrapolate for zero
exposure time. We present the results in Fig. 4.9.

We can now check our profile results for consistency. First, the ratio of the
radial to axial widths should follow the ratio of the axial to radial atomic trap
frequencies: o,/0, = w,/w, ~ 1/20. We measured independently the radial fre-
quency (Fig. 4.8) to be 1 kHz and the axial frequency to be 50 Hz with good
agreement with the atomic profile ratio. We can also compare the atomic density
using two different methods. First, using the atomic profile widths:

n= N ! (4.5)

(27T)3/2 00,200,400,z '

Here, we need to assume that the profile is symmetric in the radial direction:
00z = 00y The resulting density is 1.51(11)-10'% ¢m™ for 20,000 atoms in the
trap. Second, using the atomic temperature:

maw? \ Y2
=N . 4.

Here, w = (wywyw, )"/ where we assume that w, = w, and also that the atoms are
in thermal state in which T=T,. The resulting density is 1.17(5)-10'? cm™* for
20,000 atoms. We take the average of these two measurement and conclude that
the atomic density is 1.35(2)-10" ¢cm™ for 20,000 atoms which yields an atomic
size of 70(1) pm axially and 3.66(27) pm radially.

1/3

2IThe cloud initial size is too big in the z-axis to extract the temperature in this axis.
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Figure 4.10: Atomic profile via atom-ion interactions. Using the piezoelec-
tric driven mirror we move the atoms to different relative positions with respect
to the ion. We interact for 1.7 sec after which we detect the number of atoms
(upper plot - blue dots). We also count the number of ion loss events (lower plot
- blue dots). We perform the same experiment without an ion (red dots). Black
line is a fit for a Gaussian distribution with linear offset extracted from the back-
ground measurement. This linear offset is due to increased loss for longer transport
distances.

The atomic profile is best measured using absorption imaging. In Fig. 4.10
we show an alternative method which utilize the atom-ion elastic and in-elastic
interactions for measuring the atomic profile. This method is based on our ability
to accurately position the dipole trap center with respect to the ion. The resulting
atomic profile width of 0=5.5(2) pm overestimates the real width extracted from
absorption imaging, possibly due to the power-law tail energy distribution of the
ion.

4.4 Experimental aspects

One of the main challenges in our experiment is the long experimental data acqui-
sition which can take days. As in any other cold atoms experiment, due to atoms
preparation (i.e. MOT loading, evaporation etc.), each experimental sequence
takes at least few seconds. However, in contrast to other cold atoms experiments
where in each experimental shot the signal is averaged over many atoms, in our ex-
periment we typically acquire only one bit of information from our single ion. This
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makes data acquisition lengthy (on the orders of hours/days) and makes experi-
mental control pivotal. During a day of data acquisition, we need to monitor the
experimental parameters for drifts. We perform automatic, hourly calibrations
of excess-micromotion compensation, ground-state cooling calibration, ion-atom
overlap alignment and laser tuning.

During our experiment, due to in-elastic processes (Sec. 2.2), the Sr™ ion is
lost from the trap (see Sec. 4.4.1 for analysis of the in-elastic process product)
and we need to load a new ion. The rate of these events depends on the type
of experiment, mainly the atom-ion interaction time. In my type of experiments
the interaction times are usually short and we lose an ion every few hours. Our
approach for automatic loading a new ion is very simple, we just turn on the ovens
and ionization lasers until a new ion appears. We decided to keep the Sr ovens
off during the experiment to reduce the effect of collisions with the neutral hot Sr
vapor and also to eliminate the Zeeman shift created by the current running in
the ovens wires near the ion’s trap. We run the ovens with relatively low current
(4.7A) mainly for safety reasons?>. We pay by a relatively long ion loading time of
few minutes. Recently, we learned to suppress charge-exchange events even more
by aligning the atoms spin polarization with the ion (Sec. 6). This will even
reduce more the need of more elaborate loading schemes such as loading from a
cold source [112].

Even though in-elastic processes are suppressed, we can still load unwanted Rb™
ions into the Paul trap by accidently ionizing the atomic cloud. In-situ imaging,
i.e. 1064 nm + 780 nm light, of the atoms inside the Paul trap will generate many
Rb* ions. This is also the case for 1064 nm + 461 nm light?>. A more sever
experimental problem is the combination of 1064 nm and 422 nm photons. We
noticed that for this combination we get Rb* ions even when the atoms cloud is
not present in the ion trap. This is probably due to uK cold atoms which are
guided by the lattice beams into the ion trap. For that, we Doppler cool the ion
with short, sub-ms, pulses every few hundred ms during the atoms transport.

In our experiment we cool the ion to the ground-state prior to overlapping it
with the atoms. Due to anomalous heating (Sec. 3.6.4), we need to perform the
ground-state cooling as close as possible before the interaction begins. In atoms-in-
a-crossed-dipole-trap experiments this is easily done by tuning the laser frequencies
according to the bottom escalator YAG beam ac-Stark shift?4. In escalator exper-
iments however, the ac-stark shift oscillates due to the spatial intensity profile of
the lattice. We found that for relative frequencies above 500 kHz in the lattice
arms the oscillations are fast enough to give a sharp line which we can perform

22In the case that the ovens will run indefinitely due to software problem.

23This was discovered accidently in the experiment, there is no apparent reason to shine 461
nm light not in the loading sequence.

24The horizontal beam is far enough not to induce any Stark shift.
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ground-state cooling on. The efficiency of the cooling deteriorates as the atoms
decelerate to a stop.

4.4.1 Mass spectroscopy

In our experiment, in-elastic processes can result in either Rb™ ion or (RbSr)*
molecule (see Sec. 2.2). One method for determining the product specie is mass
spectroscopy. By driving an electric field in the trap’s resonance frequency of the
expected element followed by fluorescence imaging we can determine whether our
initial guess was correct?®. This single shot spectroscopy is done in the dark which
is important for revealing loosely bound molecules. A more relaxed method (Fig.
4.11) is to continuously scan the drive frequency while fluorescing from the ion.
When hitting resonance, the fluorescence decreases and the spatial size on the
CCD increases. Since the products of the in-elastic processes are all dark, we use
a two ion’s crystal where the second ion is used to detect the trap frequency. In
the following we show how to calculate the trap frequency for two ion’s crystals
with different elements.

The potential energy near the ion’s trap center is well approximated by an
harmonic potential. In the axial direction the potential is given by V = —mw2z2
Here, z is the displacement of the ion from the trap center and w, \/La is the
trap axial frequency which is inversely proportional to the square-root of the ion’s
mass, m.

For more than one ion, the Coulomb repulsion displaces the ions from the

center of the trap such that the potential energy in the axial direction®® is given

by,
V= Z mzw“zl +Z

Here, the i-index indlcates the different ions in the lattice chain, e is the elec-
tron charge and ¢q is the vacuum permittivity. We can find the ions’ equilibrium
positions by solving g—;’i = 0. Since mw; = const Vi (w,; \/mez) the equilib-
rium positions do not depend on the masses of the species trapped, only on their
charge. The equilibrium positions can be found analytically for two and three ions
and numerically for more than three ions [61].

The Lagrangian of the ions in the crystal is given by:

N
1 o 0*V
=3 ;1 m;qg; — g 4i4; <82 82’]) (4.8)

1]7

(4.7)

8meo |Zz - Z]|

25This can be done, e.g, by looking on the fluorescence re-cooling curve.
26Usually, the trap radial frequencies are much higher than the axial frequency such that the
ions form a crystal along the axial direction
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2" jon specie | my | Q_/w,
883G+ 87.91 1
8TRbt 86.91 1.003

(RbSr)* | 174.81 | 0.798

Table 4.1: Calculated axial center-of-mass mode frequency ratio between two iden-
tical ®Sr* ions and a chain composed of one #Sr* ion and an additional in-elastic
product ion.

Here, ¢;(t) = z(t) — 22 are the small displacements around the equilibrium po-

i

sitions of the ions. The eigen frequencies (€2) of the system are given by solving

92V 02 .
’<8Zi62j>0 g

= 0. In the case of two ions the eigen frequencies are given by:

(4.9)

Where w, ; is the axial frequency of single ion of mass m;. For identical ions Eq.
4.9 reduce to the well known result of Q2 = w, 1, \/gw@l. A change of one ion in a
two ion crystal from #SrT to 8"Rb™ will induce a 0.3% axial frequency shift (see
Table 4.1), which as seen in Fig. 4.11b can be easily detected.

4.5 What to do after power shut down?

This is probably the most important part of this thesis. Here, I would like to
list all the lab’s quirks which can be extremely painful to detect without prior
knowledge. I'll start by specifying all the things to do after a lab disaster such as

power shut down?7:

e Check that the ion pumps are working.

e Check the temperature in the lab?®, if the temperature is not stable there is
no point of locking the lasers. First, find out why is the temperature drifting.
Make sure that the temperature goes back to its original value®.

2"Note that from the time this list was written, there might been a lab upgrade which made
some of the instructions obsolete.

270BO® temperature, relative humidity and light data logger.

29The HOBO temperature reading should be 244-0.2°C.
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Figure 4.11: Charge exchange and mass spectroscopy. a) CCD image of the
fluorescence of two 38Sr ions in the trap (top) before overlapping them with 8Rb
atoms. During the interaction, one of the ions becomes dark (bottom) while the
bright ion remains in its relative position (if one ion was lost form the trap then the
remaining ion will change its position to the center of the trap). b) Axial center-
of-mass mode spectroscopy. We measure the ion’s spatial size on the CCD (the
image is over saturated) while constantly driving an RF field on the B, electrode
(see Fig. 3.3). The axial frequency for two bright ions (blue) is 194.82 kHz while
for one dark and one bright ion (red) is 195.36 kHz. The frequency ratio indicates
that the dark ion has same mass of 'Rb (magenta lines).
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e Go over all diode controllers and turn them on. Make sure they are at their
last settings ®°. If the temperature control went off, wait few minutes before
locking the laser.

e Go over the frequency sources. The Keithley’s and the Tektronix function
generators have a tendency to reset after power shut down. Even though they
are automatically set by the computer to their original values, you should
check that the output power is on and also that the power units are set to
dBm (except for the EMM resonator which should be set to Vpp). check
the DDS (IONIT) of the 1033 nm AOM?3!, after power shut down it might
stop working, restart it>2. Check that the EMM and 1f resonator are phased
locked.

e Go over all dc power supplies, some of the amplifier voltage sources might
turn off, turn them on. Look on the EMM compensation power supplies and
check if they are responding to voltage change in the Dictator GUI, if not,
restart them.

e If the computer crashed, restart Labview and load the most updated target3?,
slave®* and host®*. Note that some parameters were not saved and got lost
during the crash. If the Labview GUI seems to not respond, click the “release
freeze” (green) buttons to release it. If the 780 nm offset locking doesn’t lock
click the update ADF4113 button in the, check that the period setpoint value
is correctly set3S.

After that seemingly all the lab instruments were turned on and set to their
correct values, it is time to trap an ion. Here is a list of do’s and don’ts when you
just can’t trap an ion:

e Don’t be tempted to touch mirrors or move the CCD. Usually the problem
is much more simple and doesn’t require any alignments.

e First, make sure that all lasers are locked, simultaneously. The relevant

30The current and temperature values should match the sticker value on the controller.

31The best way is to look on the power going to the ion’s chamber.

32The best way is to kill the Dictator GUI, turn off and on the power-supply and then load
again the Dictator GUI.

33Last version: BLENDER_FPGA_v14_b_AtomIonCombined.vi

34T ast version: BLENDER_FPGA_Slave_v14_c_AtomIonCombined.vi

35Last version: BLENDER_HOST_v14_c_AtomIonCombined.vi

36Usually it should be 131. If it is not set use the PIGEON programming line:
prog.GenAO(‘PeriodSP’,131) to set it.
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lasers are the 461 nm for photoionization and the 422 nm cooling®” and 1092
nm repump.

Check positively (with an IR card and a piece of paper or alternatively with
a power detector) that all lasers are actually reaching the ion’s chamber. On
top of the above mentioned lasers make sure the 405 nm is on.

Check the rf source®® and the dc voltages. If you check the actual voltage
on the electrodes remember that there is a resistor which acts as a voltage
divider. Check that the EMM dc voltages make sense. Look on the power
supply itself, sometimes it gets stuck on a wrong default value. If you are not
sure that the EMM resonator phase is correct, reduce the EMM resonator
voltage to 0.1 V and increase the rf power.

Check that the ovens are on. At 4.7 A there is no problem to keep them on
for an hour. Don’t forget to turn them off eventually.

Check beam alignments. The 422 nm and 1092 nm lasers should pass through
an iris which is located at the approximated position of the ion outside the
chamber®. Check that the 405 nm beam is coupled back to the 461 nm
fiber.

The auto-loading script automatically clears the trap every two minutes. Try
to load manually a big ion cloud.

Change the CCD zoom magnification in the Dictator GUI, maybe the ions
are not in the frame. The imaging system magnification is pretty low such
that moving the CCD is usually unnecessary. To get more signal on the CCD
you can remove the 90:10 beam splitter which deflects most of the light to
the ion’s PC and atoms CCD.

Remember that ions are loaded into the trap even without cooling lasers.
If all hell breaks loose, keep the ovens and ionization lasers on and start to
scan the cooling and repump beams together in a raster fashion® until you
hit the ions.

3THere you should check both the master lock in lab 185 and the slave injection lock in our

lab.

38Labview GUI should indicate above 35 dBm.

39There is a flipping mirror to direct the beams to the iris instead of the ion. If the beams pass
through the iris without aligning, most likely that the beam line is OK, don’t touch it. The iris
position which maximizes the 1092 nm beam and 422 nm beam is not exactly the same, however,
it’s close enough such that both beams pass through. Keep the iris aligned on the 422 nm beam.

40Use the last lens mounted on a translation stage, after making sure that the beams overlap
on the aligning iris
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CHAPTER 5

Article: Dynamics of a
ground-state cooled ion colliding
with ultracold atoms

This chapter and the resulting manuscript [1] is the essence of my PhD research.
This work demonstrates the innovation of our experimental apparatus. The ion
is ground-state cooled prior to interaction with the atoms. All “technical” energy
scales (EMM, atoms energy) are brought to minimum and more importantly, be-
low the fundamental energy scale for atom-ion collisions which is related to the
attraction between the ion and the atom during the collision. We performed co-
herent spectroscopy and revealed the ion’s energy distribution after few collisions
and in steady-state. All the above where “for the first time” experimental efforts.

As hard the experimental effort to build and make this system work, the mea-
sured physics was mindboggling. In the beginning, it seemed like nothing adds up.
Only the introduction of non-equilibrium dynamics and the resulting power-law
distributions, which were initially assumed to only have a small contribution to
the measured data, made all the puzzle pieces come into place.

This work paves the way towards a new quantum regime of atom-ion exper-
iments. We believe that the results presented here will serve as a pillar work in
this field. Any future work aiming at achieving ultracold temperatures will be
influenced by the physics we measured and analyzed for the first time.

5.1 Abstract

Ultra-cold atom-ion mixtures are gaining increasing interest due to their poten-
tial applications in ultra-cold and state-controlled chemistry, quantum computing
and many-body physics. Here, we studied the dynamics of a single ground-state
cooled ion during few, to many, Langevin (spiraling) collisions with ultra-cold
atoms. We measured the ion’s energy distribution and observed a clear deviation
from Maxwell-Boltzmann, characterized by an exponential tail, to a power-law
distribution best described by a Tsallis function. Unlike previous experiments,
the energy scale of atom-ion interactions is not determined by either the atomic
cloud temperature or the ion’s trap residual excess-micromotion energy. Instead,

115
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it is determined by the force the atom exerts on the ion during a collision which is
then amplified by the trap dynamics. This effect is intrinsic to ion Paul traps and
sets the lower bound of atom-ion steady-state interaction energy in these systems.
Despite the fact that our system is eventually driven out of the ultra-cold regime,
we are capable of studying quantum effects by limiting the interaction to the first
collision when the ion is initialized in the ground-state of the trap.

5.2 Introduction

Since its first inception [22, 23, 24|, observing quantum mechanical phenomena was
one of the important goals of hybrid atom-ion research [15, 16, 18, 45, 20, 19, 21].
The polarization potential between atoms and ions scales as r~* and extends to
100’s of nm. Similarly to other form of atomic interaction it exhibits quantum
features such as Feshbach [113, 30] and shape resonances [31] at sufficiently low
temperatures, however, due to its long length-scale, it is also predicted to form
macroscopic objects [29]. Ultra-cold atom-ion systems are an appealing new plat-
form for performing quantum computation [27, 28] and many-body physics [25].
However, all experiments so far relied on sympathetic cooling of the ion by the
atomic cloud and were limited to the mK energy scale [114] and above.

The interplay between the ion’s radio-frequency (rf) trap oscillating electric
fields and sympathetic cooling has been known for a long time [35]. However, only
recently the full understanding of this dynamical system is beginning to reveal
[115]. In particular, it was theoretically shown that sympathetic cooling of the ion
results in a non-thermal energy distribution with a power-law tail, the magnitude
of which depends on the atom-ion mass ratio and trap parameters [36, 38, 39, 116,
117]. This phenomenon is closely related, among other examples, to anomalous
diffusion in optical lattices [64] and is well described by non-Maxwellian statistics
which was introduced by Tsallis [37]. If the ion is sufficiently lighter than the
cooling atoms its mean energy diverges and collisions eventually result in ion loss
from trap.

In stable mixtures the mean steady-state energy of the ion is proportional, al-
beit with potentially a large amplification factor, to the energy of a single collision
at the trap center which is determined by, e.g., residual excess-micromotion (EMM)
[38] or the atoms’ temperature [39]. It is therefore interesting to ask what would
determine the steady state temperature and ion dynamics when the ion is initial-
ized in the ground state of the trap and both ion’s EMM and atoms’ temperature
are negligible? Recently, the energy involved in a single collision was calculated
to be determined by the atom-ion attraction during collision which pulls the ion
away from the trap minimum into finite rf regions of the trap [43]. Furthermore,
the quantum dynamics of ultra-cold atom-ion collisions was calculated and has
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shown significant heating that depends on the trap parameters used [118].

5.3 Experimental setup

In this experiment, we studied the dynamics of an ion, initialized in the ground-
state of all trap modes, during collisions with ultra-cold atoms and negligible
EMM, thus investigating the fundamental limits to the temperature of atom-ion
mixtures in Paul traps. The species we used are 3'Rb atoms and %8Sr* ion which
have almost equal masses, in contrast to previous experiments where light atoms
and heavy ions were used. This choice of masses amplifies the deviation from
Maxwell-Boltzmann to a power-law energy distribution which was not observed in
experiments before. Our results show a clear deviation from Maxwell-Boltzmann
to a power-law distribution best described by a Tsallis function. Moreover, the
heating observed in our system is consisted with that generated by the pulling of
the ion from the trap center calculated by molecular dynamics simulations.

During a collision the atom is polarized by the electric field of the ion, leading
to an attractive potential V (r) = —C,/2r*. Here, r is the atom-ion separa-
tion and C4, which is proportional to the polarizability of the atom, characterizes
the interaction strength. Classically, atom-ion collisions are divided into glanc-
ing and Langevin (spiraling) collisions by the impact parameter b.=(2C,/ Ecol)l/ .
where FE,, is the collision energy. Glancing collisions, which have a larger im-
pact parameter than b., are purely elastic and involve only very small momen-
tum transfer. In contrast, Langevin collisions involve large momentum trans-
fer and can also lead to inelastic processes such as spin exchange or relaxation
[44], charge exchange [33], molecule formation [45] and three-body recombina-
tion [46]. While the loss of atoms from the trap in the presence of an ion is
dominated by glancing collisions [38] we expect the heating of the ion to be dom-
inated by the large momentum transfer of Langevin collisions, the rate of which,
['y = 2mna+/Cy/p, is energy independent. For our experimental parameters (re-
duced mass p = (MauMion) / (Mar + Mion) ~ Mipn/2 and atomic peak density
Nat ~ 1.2 - 102 cm™ - see Sec. 4.3.1) the mean time between Langevin colli-
sions is t;, = 1/T', = 0.35 ms. In-elastic processes such as reactive or three-body
collisions which could change the state and energy of the ion are suppressed by
4-5 order of magnitude compared to the elastic Langevin collisions such that they
don’t play a significant rule.

During collisions the ion’s energy distribution develops a power-law tail [36,
38, 39, 63]. We use the Tsallis distribution [37] which is a generalization of the
thermal Maxwell-Boltzmann distribution to fit both our simulation (Sec. 2.5) and
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experiment results,
E2

e \"
<]' + nk:BT>

Here, A, = (n — 3)(n — 2)(n — 1)/ (2(nkgT)?) is a normalization factor, kp is
the Boltzmann constant, F is the ion’s energy and 7" and n are parameters of
the distribution. In the literature, Tsallis functions are usually defined with the
g-parameter, ¢,. Here we define n = 1/(g, — 1) such that in the limit of n—o0
(g, —1) the distribution in Eq. 5.1 becomes a thermal distribution of a 3D har-
monic oscillator: P (E) oc E2e~P/¥5T For finite n-values the distribution exhibits
power-law asymptotic tail: P (E) ~ E*™. It is also important to notice that the
distribution is non-normalizable for n<3 and the distribution mean diverges for
n<4.

Our experiment (see Fig. 5.1a and Ch. 4 additional information) is designed to
overlap ultra-cold 8’Rb atoms (~5 uK) trapped in a cross dipole trap with ground-
state cooled ®8Sr* ion (n<0.1 in all three modes of motion) trapped in a linear
segmented Paul trap. The ion’s EMM amplitude, xgyras, which is the spectral part
of motion oscillating in the rf frequency (€2, ¢), is routinely evaluated and minimized
using side-band spectroscopy on a narrow optical transition. The resulting EMM
energy, Egnar = Mion(parnrip)?/4, is below 0.5 mK-kp. Using optical-pumping,
we initialized the ion in the 5s®S;/, (m = —1/2) Zeeman sub-level (see Fig. 5.1b
for the ion’s energy levels scheme). The atoms are prepared in the F=1 hyperfine
manifold of their ground electronic state and are not polarized. We typically
overlapped 20,000 atoms with the ion for a variable interaction times ranging from
0.5 ms to several seconds, at the end of which the atoms are released from the dipole
trap. Following interaction, we measured the ion’s energy. Different interaction
times lead to different ion energies and therefore two different ion-thermometry
methods were used. Following short interaction times and with energies up to few
mK, carrier Rabi spectroscopy ([60] and Sec. 3.6) of the narrow electric quadrupole
transition was used. For longer interaction times, we used the Doppler re-cooling
(DRC) method [119] on a strong dipole allowed transition [120].

Each experimental run, typically lasting few seconds of atom cloud preparation,
transport and atom-ion interaction, ended with ion interrogation. Since atom-ion
collisions lead to spin de-polarization [44, 121], we used a short optical pumping
(OP) pulse to transfer the population back to the 5s*S;/s (m = —1/2) state be-
fore performing Rabi spectroscopy. Immediately after, we shined a pulse of light
resonant with the 5s2S; 5 (m = —1/2) — 4d*Ds,5 (m = —5/2) narrow quadrupole
transition for a duration tg, after which we determined whether the ion was shelved
to the meta-stable D-state using state selective fluorescence on the Sy, — P9

P(E) =4, (5.1)
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Figure 5.1: a) Experimental system. Our apparatus is composed of two vac-
uum chambers, connected by a thin tube. In the top chamber, we collected atoms
and cooled them to a temperature of several K using standard magneto-optical
trapping and evaporative cooling in a COs dipole trap. We then transfered the
atoms to the bottom chamber using a 1-D moving optical lattice where they are re-
trapped in a crossed dipole trap and overlapped with a single ground-state cooled
ion. b) ®¥Sr* ion energy levels. We prepared the ion in the 58%S; /o (m = —1/2)
electronic and Zeeman ground-state. We used a narrow line-width laser resonant
with the S;/» — Ds/o quadrupole transition at 674nm together with a re-pump
laser resonant with the D5/, — P3/o at 1033nm to perform coherent Rabi ther-
mometry. We used a 422nm laser resonant with the S;/, — P/, dipole transition
together with a 1092nm re-pump on the D3/, — Py /o transition for state-selective
fluorescence and Doppler re-cooling thermometry.
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transition. The shelving probability is given by,

Pp(tg) = > P(n)sin’ (Qntr). (5.2)

2
Here, n = (n,, ny, n,) is the ion’s harmonic oscillator state. 0, = Qo [[, e_%iLni (n?)
is the carrier Rabi frequency with 2y the bare Rabi frequency, L, (z) is the La-
guerre polynomial of degree n; and 7; is the Lamb-Dicke parameter of the i-th
mode. The ion’s total energy is £/ =3, (fw;n; +1/2) where w; /27 is the i-th
mode frequency and & is the reduced Planck constant. The ion’s energy distribu-
tion P (F) is given by Eq. 5.1.

5.4 Atom-ion distribution after few collisions

The experimental results for atom-ion interaction times lasting up to 6.5ms, which
correspond to up to 20 Langevin collisions on average, are shown in figures 5.2a-f.
We scanned the pulse duration, tg, and fitted the measured shelving probability
(shown by the filled circles) to Eq. 5.2 using the distribution of Eq. 5.1. We
estimated the distribution free parameters, 7' and n, using maximum likelihood
(Sec. 5.8) (the best fit is shown by solid lines). As seen, the ion heats up due to
collisions with the atoms, and as it does, the contrast of the flopping curve decays
due to incoherent sum of contributions from different motional states. As seen in
Fig. 5.2h, the energy distribution changes from thermal (n>>1) to a power-law
distribution with n=4.0(2) over the course of several collisions. A comparison to
the best fitted thermal distribution is shown by the dashed lines in figures 5.2a-f.
As seen, a thermal distribution fails to faithfully explain our observations.

Once the energy distribution of the ion has been determined, we examined the
rate of ion heating as a function of the interaction time. Since the ion’s mean
energy is not well defined for this power-law we characterized the distribution
using the most probable energy, E,,ode,

kBTIon == Emode/2 = kBTn/ (n - 2) ) (53)

which we will hereafter refer to as the ion’s temperature. Note that for thermal
distribution T7,, = T. The temperature of the ion is shown by the filled circles in
Fig. 5.2g. The heating is linear with a rate of 296(37) pK/ms which corresponds
to, on average, 100(13) uK per collision. After 6.5 ms the ion’s temperature
exceeds 2 mK and the carrier thermometry losses sensitivity. At this point the
ion has already heated up significantly beyond its EMM energy. It is important
to note that even though our ion is initialized in the ground-state the first point
in Fig. 5.2g is significantly higher than the ground-state temperature. This is due
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Figure 5.2: Carrier Rabi spectroscopy for few atom-ion Langevin colli-
sions. a-f) Each graph corresponds to a different interaction time (0,0.5,2,3.5,5,6.5
ms for graphs a-f). We scanned the shelving pulse time tg, and measured the shelv-
ing probability Pp. Each data point corresponds to 170 experiments. Error-bars
are binomial distribution standard-deviation. We fitted the data using Eq. 5.2
together with the Tsallis distribution (Eq. 5.1). We extracted the distribution
free parameters (7" and n) using maximum likelihood estimation (Sec. 5.8). The
resulting curve is shown in solid lines. Dashed lines show fit of our data to a
thermal distribution. g) The ion’s temperature (T7,, = Tn/(n — 2)) increases
linearly with a rate of 296(37) pK/ms which is equivalent to 100(13) uK per
collision. Error-bars are one sigma standard deviation. Shaded area represents
linear fit confidence bounds (one sigma). Open circles are the results of a simu-
lation which takes into account the reaction of the polarization potential on the
ion’s position. Black dots are simulation results taking into account only hard-
sphere collisions. h) lon’s power-law parameter, n. The ion’s energy distribution
starts with n>1 consistent with a Maxwell-Boltzman distribution, and converges
to n=4.0(2) after ~10 collisions. For n>10 Thermal and Tsallis distributions are
almost indistinguishable as can be seen in 5.2a-c. The grey shaded area represents
the non-normalizable region of the distribution (n<3). The dashed line represent
the threshold (n=4) for mean energy divergence.
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to beam-pointing drifts during the longer than day data acquisition time in this
experiment. The beam pointing only affects the cold temperature points at which
Rabi flops have high contrast (Fig. 5.2a).

To gain better understanding of the heating dynamics, we compared our results
to a molecular-dynamics simulation (Sec. 2.5). First, we used a simulation similar
to Ref. [38] which only takes into account hard-sphere collisions and therefore
is only affected by EMM and the temperature of the atoms (black dots in Fig.
5.2g). Here, the ion equilibrates with the residual EMM energy (set to 0.5 mK-kp
in the simulation). The resulting ion’s energy distribution is also power-law with
n=3.83. However, the ion’s steady-state temperature of ~0.35 mK is almost order
of magnitude lower than the last data point of our experimental results which shows
no steady-state behavior in the measured regime. As a second step, we added to
our simulation the polarization force between the atom and ion and calculated
the particles trajectories in a similar fashion to Ref. [43] (empty circles in Fig.
5.2g). In this case, the simulation faithfully reproduces our experimental results.
The ion’s temperature increases linearly at the experimental rate to 2 mK and the
distribution power-law, n, converges to n=3.8. While the steady-state power-law
of the distribution is the same in both simulations, implying that the power-law
is independent of the heating mechanism, the resulting steady-state temperature
is considerably different. As seen, in the absence of EMM and negligible atomic
temperature, the ion dynamics is dominated by the reaction of the polarization
potential on the ion, pulling it away from the trap center into finite RF-regions in
the trap. This is the first observation of atom-ion collision dynamics which is not
determined by the atom’s temperature or the ion’s EMM.

5.5 Atom-ion distribution in steady-state

The heating rates measured using Carrier Rabi spectroscopy of the narrow line-
width transition show a linear increase in temperature throughout the entire mea-
surement range (few mK). To measure the ion’s temperature after longer inter-
action times we used DRC thermometry, which is sensitive from ~10 mK to few
Kelvin. We performed DRC using a laser slightly red-detuned (-1.8 MHz) from
the 5s®S; /s — 5p°Py /2 dipole transition and a re-pump red-detuned (-16.5 MHz)
from the 4d2D3/2 — 5p?Py /e transition. In the re-cooling analysis we took into
account the eight-levels involved in the DRC, cooling of all the ion modes, radia-
tion pressure, effects of ion micromotion and the non-thermal energy distribution
of the ion [122].

To better understand the role of EMM on our ion’s steady-state temperature,
we scanned the EMM energy by almost three orders of magnitude from 0.5 to 200
mK-kg. We overlapped the atoms with the ion for 200 ms during which more
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Figure 5.3: Ion’s steady-state temperature after 100’s of atom-ion colli-
sions. We extracted the ion’s temperature from a fit to a time resolved fluores-
cence signal. Figure inset (a) shows a re-cooling curve (pink dots, 150us moving
average) for 150 mK-kg EMM experiment and a fit for power-law (black solid
line) and thermal (blue dashed line) energy distributions. Figure inset (b) shows
the ion’s temperature as function of the difference in the voltage on the elec-
trode from the compensated value (top x-axis) and the resulting electric field
at the ion’s position (bottom x-axis). The solid blue line shown is a parabolic
fit. In the main figure, the two opposing-sign DC-voltages configurations are av-
eraged to show the ion temperature vs. the EMM kinetic energy. Error-bars
accounts for both fit confidence intervals (one sigma) and the statistics of aver-
aging over the two opposing EMM points. The solid blue line is a linear fit for
the data: Ty,, = 0.575(19)FEgy/kp + 6.8(2.4) mK. Shaded area represents fit
confidence bounds (one sigma). The black points are the results of a simulation
(T1on = 0.656 Egaras/kp) which takes into account only the effect of hard sphere
collisions.
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than 400 Langevin collisions occur on average. After interaction, we detected the
time-resolved fluorescence signal with 50 pus binning and up to 50 ms. As the ion
cools during detection, the fluorescence signal increases. We detected on average
four photons in each bin. We repeated the experiment 350 times to improve our
signal-to-noise ratio. We fitted the fluorescence curve to our DRC model using the
power-law distribution (Eq. 5.1) with a single fit parameter, T". The power-law
parameter, n, is fixed to the value extracted from a simulation which changes from
n=3.9-4.2 between low and high EMM energies due to the atomic cloud finite size.
The results are shown in Fig. 5.3. We observed a linear dependence of the ion’s
temperature with the EMM energy, T7o, = 0.575(19)Egy/kp + 6.8(2.4) mK.
The scaling predicted from a simulation of hard-sphere collisions only, is T7,, =
0.656 Egarar/kp which has a slightly higher slope, probably due to inaccuracies in
DRC modeling and atomic cloud size uncertainties. However, the main difference
between the simulation and the experiment is the steady-state temperature when
EMM is compensated. When EMM is compensated below 0.5 mk-kpg, a simulation
of hard-sphere collisions predicts a steady state temperature of similar magnitude
(as shown in Fig. 5.3 by the crossing of the simulation data (black dots) in the
origin), whereas our data indicates a steady-state temperature at least an order of
magnitude higher. This is a second indication for dynamics beyond simple hard-
sphere collisions. In the figure inset we show that even the Doppler re-cooling signal
is sensitive, at-least qualitatively, to the deviation of the ion’s energy distribution
from thermal (best fit shown by dashed line) to power-law (similarly by solid line).
Here however, DRC is not sensitive enough to extract the exact power-law from
the experimental data.

5.6 Atom-ion dynamics

To study the approach to steady state in the presence of EMM we measured the
ion’s temperature using DRC after short interaction times. The ion’s temperature,
as it approaches steady-state, in the presence of EMM with 100 mK-kg average
kinetic energy is plotted in Fig. 5.4 (magenta diamonds). From an exponential
fit, we extracted a time-scale (1/e) of 3.6(2.8) collisions to reach steady-state.
We compared this collision time-scale with a simulation of hard-sphere collisions
which yields a time-scale (1/e) of 7.7 collisions to reach steady-state regardless of
the EMM energy (black dots). This time-scale is a signature of EMM dominated
collisions where the ion quickly equilibrates with the EMM. In the absence of EMM,
we observed a slow approach to steady state (64(14) collisions) which is extracted
from the heating rate (100(13) pK/Coll.) measured using Rabi spectroscopy (Fig.
5.2g) and the steady-state (6.8(2.4) mK) measured using DRC (Fig. 5.3). This
observation is the third indication for different dynamics in the absence of EMM.
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Figure 5.4: Ton’s heating dynamics. lon’s temperature as it approaches steady-
state for 100 mK-kg EMM energy (purple diamonds) measured using DRC. From
an exponential fit (purple solid line) we calculated 3.6(2.8) (1/e) collisions to reach
steady-state which is with reasonable agreement with the number of collisions, 7.7,
extracted from a simulation including only hard-sphere collisions. Error-bars are
re-cooling fit confidence intervals (one sigma). Shaded area represents fit confi-
dence bounds (one sigma). We compared this result to the heating rate measured
using Rabi spectroscopy (Fig. 5.2g, blue circles in this figure) and the steady-state
measured using DRC (Fig. 5.3, not shown in this figure) for EMM energy less than
0.5 mK-kg. From an exponential fit (blue solid line) we calculated 64(14) colli-
sions (1/e) to reach steady-state. For comparison, we show a hard-sphere collisions
simulation results (black dots) with EMM energy (12 mK-kp) which results in the
same steady-state temperature. Here, the number of collisions (7.7) required to
reach this temperature is much smaller.
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5.7 Conclusion

To conclude, we used two complementary techniques to measure the ion’s tem-
perature and energy distribution after short (few collisions) and long (100s’ of
collisions) interaction times between a single trapped-ion, initialized in the trap
ground-state and a cloud of ultra-cold atoms in the presence of negligible EMM.
Our measurements allowed us to characterize the deviation of the ion’s energy
distribution from Maxwell-Boltzmann to a power-law distribution described by
Tsallis function. This deviation from a thermal distribution was emphasized by
the use of an ion-atom mixture of nearly equal-mass species. Our system can be
further used to study non-equilibrium thermodynamics. We have seen that, in the
regime of negligible EMM, ion heating is dominated by the pulling of the ion from
the trap center by the atom. Although the steady-state temperature of our ion is
far from the quantum regime, the heating rate is sufficiently slow to enable us to
study ultra-cold interactions by preparing the ion in its electronic and motional
ground-state and limiting the interaction to the first few collisions.

This work was supported by the Crown Photonics Center, ICore-Israeli excel-
lence center circle of light, the Israeli Science Foundation, the US-Israel Binational
Science Foundation, and the European Research Council.

5.8 Supplemental Material

Likelihood estimation

We performed a likelihood analysis to extract the Tsallis distribution parameters, n
and T (Eq. 1 in the main text). The likelihood function is defined as: L (n,T) =
IL Li (zi; N;, p;) where L; (x;; Nyypi) = (]:)pf (1 —pl-)Ni_xi is the likelihood to
measure x; dark ion events out of N; measurements assuming that the ion’s D-
state population is exactly p;. The index 7 represents the different pulse times, tg,
in the experiment. The D-state population, p; (n,T) is determined from evaluating
Eq. 2 in the main text using Tsallis distribution with given parameters, n and
T. From the likelihood function L (n,7T) we extracted the mean and standard-
deviation of the distribution parameters and also the ion’s temperature (Eq. 3 in
the main text). The likelihood values for the different experimental data shown
in Fig. 2 b-f in the main text and the ion’s temperature for both the Tsallis and
Maxwell-Boltzmann energy distribution are shown in Table 5.1.
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| Interaction time | logyo(Lupp) | The? [mK] [ logo(Ltp) | Thh [mK] |

Ton Ton

0.5 ms -13.98 0.62 -13.24 0.66
2 ms -16.55 1.60 -15.69 1.38
3.5 ms -19.31 2.62 -12.86 1.16
D ms -19.54 4.23 -10.44 1.58
6.5 ms -19.51 4.96 -11.99 2.32

Table 5.1: Likelihood estimation. Likelihood values and ion’s temperature for
the data given in Fig. 2 b-f in the main text for both Tsaliis distribution (TD)
and Maxell-Boltzmann distribtuion (MBD).

Doppler re-cooling

We used a semi-classical model for Doppler recooling as described in Ref. [123].
When the atom is Doppler cooled by a single laser cooling beam and a single
re-pump beam, the time dependence of the ion’s fluorescence rate can be used to
measure its initial energy distribution.

The thermometry is based on a fact that the ion’s fluorescence depends on
the Doppler shifts induced by the ion’s motion. The ion’s emitted fluorescence
increases as the ion cools down and the Doppler shifts decrease until the ion reaches
the Doppler cooling limit.

We modeled the Doppler shifts assuming a velocity distribution of a 3D har-
monic oscillator as described in Ref. [119]. We further extended the model to
3-level atom and we also included the effect of inherent micromotion.
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CHAPTER 6

Outlook

This thesis outlines the building of an advanced apparatus for performing exper-
iments with ground-state cooled and excess-micromotion compensated ions inter-
acting with ultracold atoms. The main outcome of this thesis was the measurement
of the energy distribution of the ion during elastic collisions with ultracold atoms
which grows a power-law tail of high energies. The observed non-equilibrium dy-
namics emanates from the intrinsic nature of the ion’s Paul trap. Unintentionally,
we found out that our system is well suited for studying this kind of physics and
we plan to continue this line of work.

Our system is also suited for studying ultracold physics, which was our initial
goal, by limiting the interaction to a single collision. We plan to look on different
methods to reduce the ion’s steady-state temperature and power-law tail. We can
change the trap parameters, e.g. trap and rf frequencies, and possibly find more
energetically stable points [118]. We can also drastically reduce the atomic cloud
size in one dimension by loading the atoms into a single lattice site. This should
reduce the effect of multiple collisions. The best way to reduce the steady-state
temperature, which is not experimentally feasible with our current system, is to
use the lightest atom species and heaviest ions possible. This road is perused by
the Amsterdam and Firenze groups.

There are other approaches for studying atom-ion physics. One prominent
alternative, pursued by the Freiburg group in Germany [56], uses an optical dipole
trap for ion trapping instead of a Paul trap. Here, the system is not coupled to
the environment and sympathetic cooling of the ion to the atoms’ temperature
with Maxwell-Boltzmann distribution is expected. However, there are still many
obstacles to overcome. Currently, the longest ion’s life time in a dipole trap is only
few ms. Trap frequencies are expected to lie outside the Lamb-Dicke regime such
that coherent manipulation and control are much more difficult. An interesting
approach might be to use an hybrid Paul-dipole trap. Ion preparation and readout
is performed in the Paul trap while the interaction takes place in the optical trap.
The ion is transferred between the traps adiabatically.

Additional approach is to use a multi-pole trap for ions [55] which is an higher
order extension of the Paul trap. Here the trapping potential scale like 72"~2 where
n is the pole order (Paul/quadrupole trap: n=2, octupole trap: n=4 etc.). For high
pole number the trap becomes box-like and micromotion effects are suppressed.
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Nonetheless, since the particle is almost free it is much harder to use motional
sidebands for coherent control. Penning traps are also used for trapping ions
and recently even for ground-state cooling [124]. However, the high frequency
magnetron motion of the ions in Penning trapa will introduce similar difficulties
to those of micromotion in Paul traps.

While the main focus of this thesis is on elastic collisions, we also performed
preliminary experiments involving in-elastic processes. Here, the main motivation
is to suppress (or enhance) in-elastic effects by controlling the initial state po-
larization. We achieved 85% spin alignment when the atoms are prepared either
in the |[F=2mp=-2> stretched state or in the |F=1,mp=-1> state regardless of
the ion’s initial spin polarization (collisional pumping). In our system the spin
exchange to spin relaxation rates ratio is an order of magnitude higher than in
the Yb*-Rb system [44]. This discrepancy between the systems can lead to better
understanding of the spin relaxation process.

We see dependence of the charge-exchange rate on both the spin orientation
and the collision energy. This might suggest that three-body collisions contribute
to the charge-exchange rate [68]. Charge-exchange rates are highly suppressed
with respect to the Langevin collision rate, even when the ion is initialized in the
meta-stable Dy 5 state. In the Yb*-Rb system, initializing the ion in exited states
led to ion loss in every Langevin collision [33]. Again, this discrepancy between
the systems can shed light on the relaxation process.

A hallmark of quantum interactions is the appearance of shape-resonances in
the spectrum. The physics behind shape-resonances is very similar to Fabry-Pérot
cavities. By tuning the collision energy with a quasi-bound state of the poten-
tial energy, long-lived molecular states will emerge thus changing significantly the
collision cross section. Theory predicts the appearance of shape-resonances at rel-
atively high temperatures of up to 10’s mK [31]. However, they yet to be observed
experimentally due to the broad ion’s energy distribution at steady-state. We plan
to observe shape-resonances by changing the relative energy between the atoms
and the ion while keeping the temperature close to ground-state. This is done
by sweeping repetitively the atoms through the ion at controlled velocity using
the optical lattice. In each sweep less than a single atom-ion collision occurs such
that the temperature remains in the ground-state but the energy of the collision
is determined by the relative velocity.

To conclude, there are many avenues to explore with this system: from non-
equilibrium dynamics through ultracold chemistry up to quantum information and
many body simulations. I wish the best of luck for the coming students who will
continue the work on this apparatus.
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CHAPTER 7

Appendix A - ion art

This chapter is dedicated to my wife which, during the years, cultivated in me
a sense of appreciation for aesthetics. It needless to mention that none of the
following images was treated with any graphic software such as Photoshop.
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a5 #Tﬂgﬁ:n‘q!ﬂ ".'iﬂ.':'-f'l _—

(a) Linear chain (b) Zig-Zag crystal (c) Zig-Zag-Zog

(d) Stadium (e) Darts (f) Ball

Figure 7.1: 23 ions crystal. By decreasing the ratio between radial and axial trap
frequencies, the crystal transforms from a linear (a) chain to a 2D crystal (b-c).
At some point the crystal partially melts and some of the ions follow well defined
trajectories (d-e). Further decrease of the radial frequency results in a complete
melting of the crystal (f).

(a) Big pizza (b) Small pizza (¢) Uranus

Figure 7.2: Defocused ion images. In (a) and (b) we image a single ion where the
imaging system is defocused from the imaging plane. In (c) we image three ions
which results in interference fringes patteren.
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(a) Butterfly (c) Cat state

(d) Challah (e) Eye of Sauron

Figure 7.3: a) Single ion in a very bad mood. b) Mixed cloud of ®¥Sr* and 8"Rb™
ions. The Rb ions, which are dark, are drawn to center of the cloud due to their
smaller mass. ¢) Four bright ions and two dark ions in a linear chain. The funny
shape of the ions is due to imaging system abberations. d) Few ions following a

spiralling trajectory. e) Two ions are orbiting around a single ion in the center of
the trap®.

2One Ion to rule them all, One Ion to find them, One Ion to bring them all and in the darkness
bind them.
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