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Abstract

Trapped ions are a leading platform for quantum technologies and the fundamental study of quantum me-
chanics. By using Paul traps, state-of-the-art fidelity of coherent quantum control operations can be achieved
with trapped ions. Additionally, methods unique to trapped ions, such as quantum logic, allow for precise
control over a wide range of atomic species. Recently, this approach was used for the first time to achieve
coherent quantum control over molecular ions.

In this work, we characterized a linear Paul trap, paving the way for molecular quantum control. Our
initial goal was to make the trap’s confinement tight enough to prevent ion motion from causing dephas-
ing—specifically, to bring the trap into the Lamb-Dicke regime. A comparison between the measured trapping
frequencies and theoretical calculations revealed that structural asymmetries in our trap distort the ideal sym-
metric potential. Furthermore, an avoided-crossing behavior was observed between the two radial trapping
frequencies, suggesting that two of the trapping quadrupoles are coupled. This phenomenon is not yet fully
understood and will be further studied by our group.

In addition, we’ve studied the stability of the radial frequencies and their dependence on the helical
resonator, which induces the radio frequency (RF) voltage on the trap’s electrodes. The maximal transmitted
RF power and the minimal reflected RF power were measured for dilerent RF frequencies, with the former
ensuring that the radial frequencies are least sensitive to resonator-induced noise. To further stabilize the
radial trapping frequencies, a digital PID control system was implemented.

Finally, we present some of the challenges encountered in the early days of our group. We designed and
built an optical table to support the Paul trap’s vacuum chamber and the surrounding optical setup. The
table was designed to meet the constraints imposed by the vacuum chamber and the molecular beam machine
while ensuring compatibility with future experiments. Building and successfully re-trapping ions within it
mark the beginning of our transition from a new research group to an established experimental lab.
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Introduction

Over a century since it was rst formulated, quantum mechanics remains one of the most intriguing theories
in modern science. The study of quantum mechanics enabled a better understanding of nature's fundamental
building blocks and stands on the basis of science's most accurate predictions. The unique and unintuitive
phenomena it reveals, such as superposition and entanglement, are utilized to achieve advanced technologies
such as atomic clocks [1] and quantum computers [2]. Despite the countless achievements the scientic
community had in the study of quantum mechanics, many questions remained open.

Cold atoms and atomic ions were proven to be one of the most fruitful platforms in the study of quantum
mechanics [3] and quantum technologies. One such application of cold atoms in modern technology is ultra-
stable atomic clocks, which are state-of-the-art in time-keeping [4]. The great advancements in this eld
required the development of new quantum control methods, enabling the study of a broader range of atomic
species with improved accuracy.

Only in the past two decades, the techniques developed in the eld of cold atoms were successfully used
to demonstrate quantum control of molecules and molecular ions [5 7]. Molecules are advantageous to atoms
in their diversity and range of sizes, compositions, and weights. They also hold unique characteristics due to
their complex structure and additional degrees of freedom. The eld of quantum control of molecules holds
many prospects, such as new types of quantum superpositions [8], studies of many-body physics, molecular
metrology [9, 10], and many others. These make molecules attractive candidates for emerging quantum
technologies.

The appealing features of molecules also impose challenges in molecular quantum control. Due to their
complex energy structure, most molecules lack closed transitions for laser cooling and detection [11]. Since
particles must be su ciently cold and isolated for their quantum mechanical nature to be observed, other
techniques must be used in molecular quantum control. Furthermore, most state detection methods used
for molecules involve state-destructive processes, like photodissociation or chemical reactions, thus restricting
molecules as a platform for quantum technologies. Both issues can be solved by co-trapping molecular and
atomic ions and utilizing their Coulomb interaction for cooling and state detection. This technique, called
quantum logic, is widely used with atomic pairs and was demonstrated to be e ective in the cooling of the
external degrees of freedom in molecules [5] and for non-demolition state detection [7].

A pre-requisite to molecular quantum control via quantum-logic is the ability to trap and manipulate a
single atom. Using RF Paul traps [12], atomic ions can be stored for days, and can be manipulated with
exceptionally high operation delity [13]. For a Paul trap to facilitate quantum control and quantum logic,
it must be su ciently tight [14]. This condition, called the Lamb-Dicke regime, ensures that the motion of
the ion in the trap will not cause decoherence. Moreover, the ion's modes of motion inside a trap tuned to
the Lamb-Dicke regime are crucial in the application of quantum-logic.

This thesis presents the mapping of the parameter space of an RF Paul trap, by measuring the trapping
frequencies of a single Ca ion. These measurements allow us to properly tune the Paul trap in our
experimental setup into the Lamb-Dicke regime, setting the stage for quantum control, rst in4°Ca* atomic
ion, and later in N;’ molecular ion. The measurements are compared with the theoretical values, revealing
interesting deviations from it, some due to structural asymmetries and some due to coupling between the



trapping electrical elds. The latter has yet to be fully understood.

Two additional projects are presented. The rst presents the investigation of the stability of the radial
trapping frequencies in our Paul trap, along with e orts to stabilize them using digital proportional integral
derivative (PID) control. The PID control relied on the corelation between the induced RF power and the
value of the radial trapping frequency. Although it is not fully operational, the insights gained along the
PID implementation processes were useful to our daily experimental routine. The second project presents the
design and construction of the optical setup around our ion trap, considering the constraints imposed by the
vacuum system, in which the trap is placed.



Goals

In MoleQuLab, we wish to create a MoleQubits - an isolated two-level system in a molecule with preparation,
detection, and coherent control capabilities - to study molecules’ quantum mechanical nature and to utilize
them for future technologies. We will use quantum-logic as the primary technique for cooling and state
detection. In this technique, a logical ion is co-trapped with the qubit ion in a radio-frequency (rf) trap,
such that the qubit is being manipulated by the logical ion[15]. To facilitate the quantum-logic, we've built
a linear Paul trap and trapped a single Cd ion that is cooled via Doppler cooling.

The goal of this work was to bring a functional ion trap into the Lamb-Dicke regime, allowing it to
facilitate quantum control operations. We aimed to characterize the trapping frequencies as a function of
various trapping parameters to identify optimal conditions for di erent applications, such as ion loading
and quantum control. For that, tickle measurement was implemented and validated in our setup. The
measurements were compared with theoretical calculations for further study of our Paul trap.

As a new lab, an additional goal was to transition our experimental setup from temporary rooms to our
permanent lab. Our aim was to design and construct the apparatus in its complete form, accounting for
future setups as well. This work lays the foundations for molecular quantum control.



Methods

Linear Paul Trap

Earnshaw's theorem teaches us that nature does not allow a fully electrostatic trapping potential. To overcome
this challenge, Wolfgang Paul presented the idea of time-dependent electrical elds as the basis for ion traps
[12], an idea that won him the 1989 Noble Prize. This type of traps, now known as Paul traps, use static
electric potential - Vpc and a time-dependent electric potential -Vgrg to allow trapping. In its linear form,
the trap potential is

1 x2 y? 1. x2+y2 272
Viin = =V 1+ cos( rt —\Vpc———
in = 5 Vre 2 ( rt) 5 Vbe 2z

Here, i is the RF frequency, andrg and zy are geometrical parameters of the trap. Using Newton's second
law, one can write the equations of motion of a charged particle in the trap for each axis as

d?x  Z X X
— = — Vpc—= Vgecos( (t)—
gz~ m Yoz VR ( of )rcz)
d?y _Z

y y
-5 = Vboc =5 + Vrr COS( t) 5
gz - m Vbegzt Ve (o )r% ,

and
d?z_  z., 2z
a2~ m'Cz
Here m is the particle’s mass, andZ is the particle's electric charge. From now on, we will useZ = e as
the charge of our ion € is the elementary charge) - as this is the case in our experiment.
By de ning the dimensionless parameters

_ 4eVDC . _ 2eVRF .
" m 222 7 m 2r2 @)
rf <0 rf' 0
we can rewrite the equations of motion in the form of the well-known Mathieu equation [16, 17]-
201
Zuz' +[ai +2qg cos(2)]u; =0:
For ui = [x;y;z], & =[ a;, a2a], g =[qg; q;0], and the dimensionless timescale = (t. In the limit

jaj ¢ 1 the trajectories of the particles are
1
ui(t) uocostit) 1+ 5gcos( nt) |

where, r
1 o
i= 2 a+
i 2 rf i 2
The trajectory of the ion is composed of two terms. The rst, called the secular motion, involves

harmonic oscillations with large amplitude corresponding to the pseudo-harmonic potential of the trap. Here,



the frequency of the secular motion in each axis is given by ;. For the trap to be stable, the condition
j2aj < g2 must be satis ed (otherwise, ! ; is imaginary). The second term, called micromotion, consists of
fast oscillations with a small amplitude that are superimposed on top of the secular motion. It is essentially
the driven motion of the ion caused by the oscillations of the RF eld. We note that since the amplitude
of the micromotion scale with g, the ion does not experience micromotion at the axial axis, agy, = 0. In
an ideal trap, the minimum of the pseudo-harmonic potential is located at the center of the trap, along the
axial axis, where the RF-eld nulls. In the lab, stray electric elds shift this stable point, causing excess
micromotion (EMM). Applying an opposite eld can negate this e ect and reduce the EMM to a minimum.
The linear Paul trap has cylindrical symmetry:

(= a=a)! Iy=1y
As discussed later on, this symmetry may raise challenges for the laser cooling process. In order to break
this symmetry, one can add a bias DC quadrupoleV,, in the radial plane similar to the RF quadrupole,
resulting in an asymmetric potential

1 x2 y? 1., x2+y? 222 1 x2 y?
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This con guration gives rise to three non-degenerate modes of motion: axial! (), low radial (! .), and high
radial (! +) modes. Measuring these frequencies can be done using "tickle" - exciting an ion in one of the
mods via an oscillatory force at a frequency that resonates with the mode.

Lamb-Dicke Regime

In order to perform sideband cooling and state detection via quantum logic, we must be able to resolve the
ion's sidebands and drive their transitions [15, 18]. To do so, we will work in the Lamb-Dicke regime, in
which the ion is localized in the trap relative to the laser's wavelength x . In this regime, the motion
of the ion in the trap does not cause Doppler broadening, as the ion cannot accumulate a signi cant phase
relative to the laser, and its motional sidebands are resolved. To see this, let us look at the Hamiltonian
describing the system following [14, 19]. In the following discussion, we will focus on the axial axis since we
plan to use only the axial modes in our upcoming experiments. Moreover, the trapping potential in the axial
axis is purely harmonic such that the treatment is more exact.

The Hamiltonian of our system is

b= RE s gmy go.
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where |
Iq (e) = hIEAz;

and 1
R = hi,&a, + 5):

The rst term, H(®, is the electronic Hamiltonian with h! the energy gap between the ion's ground and
excited states, and , the Pauli z matrix. The second term, Iii(m), is the Paul trap Hamiltonian in the axial
axis, which is a harmonic oscillator Hamiltonian sinceq, = 0. The axial trapping frequency is! ;, and &,
and &2 are the annihilation and creation operators respectively. The last term, the interaction Hamiltonian,
is given by

B0 = %(A+ +7 ) (ei(k2 t) 4 e i(k2 !t)):

Here, is the ions Rabi frequency,k is the laser wave vector (assuming it propagates along the direction),
and N are its internal state's raising and lowering operators. Using the interaction free Hamiltonian,
Ho= B + KB(® we can write the interaction Hamiltonian in the interaction picture,

Rine = 03RO,
- h?(,\+ glot pn gl ot)e}%ﬁ(m)t(ei(kz ) 4 g i(k2 l))g LRmy
- 7("+ e%ﬁ(m)t(ei(kz (1ot 4 g ike (! +!0)t))e LR Mt
LA eﬁﬁ(m)t(ei(kz (t+1o)t) 4 g ike (! !o)t)))e H(nﬂt;
Lot

by de ning Op= e & and denoting the laser frequency with! 5. Following [14], we can perform the rotating
wave approximation to neglect the fast oscillating terms,! + ! o, as they hardly a ect the time evolution of
the system, and keep only the slowly varying terms,! !y = . This approximation is possible assuming
that the laser is close to resonance with the ion's energy levels !.

We note that erf! ™ tek2e #H™ is the transformation of €k into the Heisenberg picture. In the Heisenberg
picture, the position operator 2(t) can be written in terms of the creation and inhalation operators,

2(t) = z0 e "t +ae et

_h
2m! ,

interaction picture as, h i
h : , . _
Hint (1) = > s expi (ae ' t+ave ) e !t + hic;

where zp = is the spread of the ground-state wavefunction. Therefore, we can writed () in the

with the dimensionless parameter
= Kzo;

known as the Lamb-Dicke parameter.
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Working in the Lamb-Dicke regime, z ) 1, we can expand the exponents in a Taylor series and
keep only terms of rst order in

h ) . . .
Hip = 5 o[+ (ae a2ty oyl 2hle 1t + hic

The interaction Hamiltonian in the Lamb-Dicke regime, H,p, consists of three terms. The carrier Hamiltonian,

h . .
|qcarz 5 o(*+e 't A elt);

which gives rise to transitions of the typejnijgi $j nijel with Rabi frequency o, and do not cause any
change in the motional state. The red sideband Hamiltonian,

=y

Iqrsb =i (ars e I+ttt ayn (! Z)t);

N

which gives rise to transitions of the typejnijgi$j n 1lijei with Rabi frequency ¢ pﬁ. This transition
is driven by the laser when = ! ,. Last, the blue side Hamiltonian,

Ppsb = ig o (ar €0 1t aya e 10 12,

which gives rise to transitions of the typejnijgi$j n+ 1ijei with Rabi frequency o P n+ 1. This transition
is driven by the laser when =1!,. The red and blue sideband transitions entangle the internal state of the
ion to its motional modes. Therefore, working in the Lamb-Dicke regime allows us to excite unique states
with higher or lower motional states by simply changing the detuning of our laser.

In a Paul trap, the Lamb-Dicke parameter can be generally modied by changingVit ; Vbc, where only
Vpc will e ect the axial Lamb-Dicke parameter,

h .
2m!

Increasing the trapping frequencies tightens the trap, causing the ion to be more localized and the Lamb-Dicke
parameter to decrease. Increasing the trapping frequencies will also shift the sidebands away from the carrier
transition, allowing them to be resolved. Increasing! ; even further will eventually make it hard to see the
sidebands, as the transition will grow weak with smaller and would require large , making it di cult to
excite. Therefore, experimental setups would require small that is not too small, usually aiming for 0:1.

The Ca* lon

The subject of our research will be the N molecule. Since it lacks a closed transition for laser cooling and
state detection, a logic atomic ion will be co-trapped with it, serving as our probe. For that purpose, we will
use a Cd ion. Like all other alkaline earth ions, it has a single valence electron, thus a hydrogen-like energy
level structure. Moreover, it has no nuclear spin [ = 0), simplifying its energy structure even further [20].
In addition, because the masses of Ca(40amu) and N; (28amu) are comparable, they can be co-trapped
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with ease.
In the following description of the Ca" energy level structure, we will use the standard notation:

2S+1 LJ .

Here, L =0;1;2;::: is the quantum number for the total orbital-angular-momentum of the electrons and is
denoted by capital letters S; P; D;:::. The quantum number for total electron spin is S, and J is the quantum
number for the total angular-momentumJ =L+ S; L+ S 1;::;jL Sj.

A schema of the Cd energy-level structure is shown in Figure 1 [20, 21], depicting the transitions in
use and their corresponding wavelengths. Starting with a neutral calcium atom, it is being ionized via a
two-photon process: rst, it is excited from the ground state 'Sy into P; by absorbing a 422nm photon,
then by absorbing a 375nm photon the electron is excited to the continuum.

Once ionized, the Cd can be trapped and manipulated in the Paul trap. The cycle used for Doppler
cooling involves both the 397nm and the 866nm transitions. The ion is excited from its ground state 2S;-,
into 2P;—, by a 397nm photon. From 2P,-, the ion can spontaneously decay either back to the ground state
or into the meta-stable state D5, - both dipole allowed. Since the lifetime of?Ds-, is relatively long, a
866nm laser is used to excite the ion back into’P;—,. Note that the absorption of a 397nm photon, may
cause an o -resonance excitation from the ground state intdPs-,, from which the ion may decay into another
meta-stable state -?Ds_,. Despite its low probability, the e ect of this cycle is noticeable and negated by
re-exciting the ion from 2Ds-, to 2Ps-, with 854nm laser.

The dipole forbidden transition 2S,-, | 2Ds-, induced by 729nm laser will be used as the qubit transition.
Once excited to the?Ds_,, it can be quickly de-excited to the ground state, through the?Ps-,, thus minimizing
the duty cycle of future experiments.

Figure 1: Scheme of Ca and°Ca* energy levels used for ionization, Doppler cooling and uorescence
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Experimental Setup

The Trap

Figure 2: Picture of the ion trap

The linear Paul trap stands at the heart of the experimental setup (see Figure 2). Currently, we are using it
to trap “°Ca’ ions, which will be used in the future as the logical ions in the quantum-logic protocol. Our
homemade ion trap features eight blade-shaped electrodes that generate the trapping potential, along with
three rod-shaped electrodes used for micromotion compensation (MMC) and tickle, all housed in a ceramic
body. A schema of the electrodes' setup is shown in Figures 3a,3b. The trap is placed in an ultra-high
vacuum chamber @  1:5 10  mbar) to extend the ion's lifetime by minimizing the probability of collisions
with background gas particles.

All direct current (DC) electrodes are connected to an SRS-PS350 high-voltage power supply (PS) that was
set to either Vpc =40V for loading ions to the trap or to Vpc =320V for reaching the Lamb-Dicke regime.
These voltages corresponds to axial trapping frequencies of 256 KHz and 749 KHz respectively. We note that
in the theoretical description of the Paul trap, the equations are written using the angular frequencied ;
and  with units of rad/sec as commonly used in the literature. Experimentally, the measured quantities are
the frequenciesf; = '2—' given in units of Hz. The RF voltage is induced on the RF electrodes via a helical
resonator (Q 350 for impedance matching and ampli cation of the 143MHz RF signal. All RF signals
(trapping and tickle) are generated using Quantum Machines' OPX+, which is easily controlled using Python.
The OPX+ allows us to precisely control the timing of RF signals provided to various tools relative to the RF
signal phase. The radial frequencies of the trap can be adjusted for various purposes by changing the output
RF amplitude from the OPX+. The measured radial frequencies for a weak trapf| = 400 KHz f}, = 622 KHz,

14



(a) The trapping electrodes (b) Solidworks sketch of the trap

(c) Picture of the Calcium oven

Figure 3: The ion trap electrodes design.a) Eight blade-shaped electrodes create the trapping potential: 1)
RF electrodes - induce the oscillating eld in the radial axis, Vt. 2) RF ground - set the reference voltage for
Vi¢. Applying a bias eld, V,, on the RF ground allows for the breaking of the traps' radial symmetry. 3) DC
electrodes - induce the DC voltagevpc which generates the axial trapping potential. b) Solidworks sketch of
the trap and its ceramic mount in which the trapping electrodes are shown together with the three additional
electrodes. 1) MMC electrodes - allow DC voltage to be applied for MMC purposes. 2) Tickle electrode -
allows oscillating voltage to be applied to excite the ions' modes of motion in the trap. 3) Ceramics body -
the frame to which the electrodes are screwedc) Picture of the Calcium oven.
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and for a tight trap f; =1914KHz f}, = 2002KHz. In the tight trap con guration, for wavelength of 729 nm
as the standard qubit transition in Calcium ions, the Lamb-Dicke parameter in the axial axis ; = 0:11 which
satis es the Lamb-Dicke condition, and is comparable to other similar setups [3]. The bias voltage is applied
through the body of the resonator using a DC PS.

The MMC electrodes are connected to a DC PS, which induces up to 25V on each electrode. The typical
MMC valuse were found to beVy 29V and Vy =73V for Vpc =40V, and Vx93V and Vy, 162V
for Vpc = 320V. Since the compensation voltages are higher than the PS maximal voltage, an array of 9V
batteries was added on top of the PS as a steady voltage source. Since the MMC electrode circuit is open, no
current is running, and the batteries are expected to be a long-lived and cheap solution. The power supply
allows easy control and small adjustments, as the compensation voltages may change due to outside noise or
modi cations in the system.

Measuring the Trap Frequencies

The measurement of the trap frequencies is an essential step in the characterization of any ion trap. To do
so, we applied an oscillatory force to the ion. Only when the oscillating force is in resonance with one of
the trap modes, namely when! ;e !, oscillation of the ion can be observed. This is called tickle. The
tickle force was applied using two di erent methods: Amplitude modulation (AM) of the RF amplitude and
through an external electrode.

Amplitude Modulation: First, we modulated the amplitude of the RF eld to excite the ion's modes of
motion, with modulation of the form,

VRr(t) = Vitocos( «t)[1+ cos( amt)]:

Here,  is the trapping RF frequency, ! am « is the modulation frequency, and is the modulation
depth. We note that there is no phase between the carrier signatos( (t) and the envelope signakos( amt)
thanks to the precise timing the OPX+ allows. The force applied on the ion due to the modulation is double
the modulation's frequency! e =2! am - TO understand that, let us look at the force applied to the ion

X
F= e Vih(t)= eVr r—zy cos( t)(L+ cos amt))+ er (Mpc(XY;2)+ V(X y));
0

where Vji, is explicitly written in Eq. 2. The applied force consists of two terms: The rst is the trapping
force

X
Firapping = €WRr rzy cos( t)+ er (Vpc + W)
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which gives rise to the trapping properties of the Paul trap. The second is the tickle force, applied by the
modulation

X
Fam e Vgr rTy cos( rt)cos( amt)

e Vge Xrgy (cos(( 1+ ! am))+COS(( ! am)D):
The tickle frequency is the beating frequency of the two cos functions, which is double the modulation
frequency ! ke = 2! am -

This method turned out to be limited. First, for high trapping frequencies, the modulation signal decays
as it passes through the helical resonator. Second, since the modulation applies only to the RF trapping eld
and is only in the radial plane, the excitation of the axial mode requires very high modulation depths.

External Electrode: To overcome the limitations of the AM method, we've used an external electrode (see
Figure 3b) to apply the RF eld for the tickle. This method is much more robust, as it is not limited by the
helical resonator, and the tickle amplitude can be ampli ed using an external ampli er if needed. Furthermore,
by using an external electrode and keeping the trapping potential constant, we ensure the dynamics of the
system remain as simple as possible, eliminating the risk of observing non-linear e ects, such as parametric
excitation.

Loading ions
Loading a Ca" ion to the trap is done in a few simple steps:

1. Heating Ca grains to create neutral Ca atoms ux Inside the vacuum chamber lays the calcium oven.
A picture of the oven can be seen in Figure 3c. The oven is made out of a Titanium tube2mm in
diameter, lled with small calcium grains. Running 1:3A current through the Titanium tube causes it
to heat up, releasing Ca atoms ux directed to the center of the trap [22].

2. lonizing the Ca atoms via two-photon processTwo laser beams (422 nm and 375nm) pass through the
axial axis of the trap, ionizing the neutral Ca atoms according to the scheme presented in Figure 1.

3. Cooling the ions using Doppler cooling 397 nm and 866 nm laser beams pass through the center of
the trap at an angle of 45 to the axial axis with equal projections on both radial axes. This allows
for Doppler cooling both in the axial and radial axes. These lasers scatter photons on a closed cycle
transition in the ion (see Figure 1), causing it to uoresce, thus enabling us to detect the ion using an
imaging setup and a CCD camera, much like Figure 4.

4. Reduction of excess ions In case multiple ions were trapped, turning the RF voltage o for a short
duration may eject some ions while keeping others trapped. The required duration depends on the trap
depth, the number of trapped ions, and the quality of the MMC. The dynamics of this ion reduction
process and the role of these factors are not yet fully understood. Further study of this process will be
bene cial for future experiments and may reveal unknown features of Paul traps.
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Executed properly, these steps allow trapping a single Ca ion within 5min. Most of the time is
spent waiting for the oven to heat up from room temperature. Since we have only a single oven in the
vacuum chamber, we take precautionary measures, such as limiting the current running through the oven
and implementing an external timer that limits the oven operation to 10 minutes. The second most time-
consuming step is the reduction step. However, after some experimental trial and error, one can perform this
task relatively fast (below 1 minute). The typical lifetime of a trapped ion is  1lday

Figure 4: Photo of a single trapped ion

Optical Setup

Second only to the Pual trap, lasers serve as our primary instrument for the control and manipulation of ions.
Currently, our optical setup enables the ionization, cooling, and detection of calcium ions. In the future, we
plan to implement additional laser lines to achieve coherent quantum control over the charged atom-molecule
pair, enhance cooling to reach the motional ground state, and incorporate additional MMC methods. The
design of the optical setup integrated into the trap is illustrated in Figure 5. The output wavelengths are
written in nm next to their corresponding collimators. Wavelengths written in black correspond to operating
laser lines, while orange labels represent laser lines that have not been implemented yet.

All Ca-related laser beams in use are produced using commercial lasers (Toptica DL PRO) and placed in a
designated laser room (with the exception of the 375 nm laser, which is a Toptica iBeam-smart model and is
located next to the ion trap setup). In the laser room, a small percentage of the laser power is collected into
HighFinesse WS8-10-VIS wavemeter, which is used to lock and control the lasers. All beams are transported
to the main experiment via optical bers.
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Figure 5: Optics design around the ion trap's vacuum chamber. The wavelength of each laser is stated in nm
next to its corresponding input collimator. The wavelengths of laser lines in use are written irblack , and the
wavelengths of future lines are written in Orange . Each laser beam was assigned a distinct color for clarity.
The 422nm and 375nm lasers ionize the calcium atoms. The897nm and 866nm are used for Doppler cooling
and combined with the 854nm laser, enable continuous uorescence of the Caions. Due to the wide range
of wavelengths, the models of each mirror and Iter are stated next to it, corresponding to Thorlabs and
Semrock catalogs. Waveplates and polarizing beam splitters (PBSs) allow control over the light's polarization.
The ipping mirrors are usually open, allowing the light to enter the trap. In case re-alignment of the beam
is necessary, the ipping mirror can be shut closed, re ecting the light into a designated pinhole that acts
as a reference point.

The present setup consists of two groups of lasers, each with a di erent function:

" lonization - The natural calcium atoms are ionized vial+1°resonance-enhanced-ionization scheme. The
422 nm laser excites the atoms into a high electronic state, and the 375nm laser excites the electron
into continuum [23]. By tuning the wavelength of the 422 nm laser, we can selectively ionize the desired
Ca isotope [22]. The beams' optical path prior to the trap is used to create an overlap between the
beams, increasing the e ciency of the process. The lasers propagate along the axial axis of the trap
orthogonal to the oven's ux direction, thus, minimizing Doppler shifts in the ionization process.

Cooling and uorescence -In Doppler cooling, an atom is exposed to a laser beam that is slightly
red-detuned from an atomic transition. As the atom moves antiparallel to the propagation of light,
the laser is blue-shifted relative to the atom due to the Doppler e ect, shifting the laser closer to
resonance. Atoms that are moving parallel to the propagation of light, shift the laser away from
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resonance. Therefore, atoms that are moving opposite to the k vector of the laser are more likely to
be excited. Upon excitation, the atom absorbs the photon, receiving its momentum. Since the photon
usually carries momentum with an opposite sign to the atom, this absorption results in the deceleration
of the atom. As the atom de-excites, it releases a photon in a random direction. Over many excitation
cycles, this e ect cancels out, and the atom is being cooled [24].

In our system we use the?S;-, ! 2P,-, transition for the Doppler cooling, induced by the 397 nm laser
and by the 866 nm laser as a repump (see Figure 1). The full description of the Doppler cooling cycle
is given in the section regarding the Ca energy level structure. The 397 nm wavelength photons that
were scattered as a by-product of the Doppler cooling are collected into a CCD camera for detection of
the ion. Usually, one laser beam can Doppler cool only one axis of motion. Here, the ion's motion is
dictated by the Paul trap; hence, cooling can be done using only one beam that is not perpendicular to
any modes of motion in the trap. We note that this is only possible when the degeneracy of the radial
trapping frequencies is lifted. In the degenerate casey(=0 Eq. 3), the ion's momentum perpendicular
to the laser beam remains unchanged as there is no energetically preferred axis for its motion.

Three additional laser systems will be implemented in our setup, enabling coherent quantum control over
the Ca" and N;, which are not part of the work described in this thesis:

Ca* qubit transition - The two energy states we will use as the Ca qubit states are its ground state
2S,-, and the metastable state’Ds-,. The qubit transition will be induced by the 729 nm laser beam,
and the 854 nm will allow fast quench from?Ds-, to the ground state through a third, unstable, energy
level (°P3-,). Both lasers are aligned with the trap's axial axis, since we wish to couple the internal
state of the trapped ions only to the axial modes of motion.

N> lonization - The molecular-beam machine produces a ux of internally cold, neutral N molecules
into the trap's vacuum chamber. Then, the molecules are ionized by the 202nm and 375nm lasers in
a 2+1' ionization process. These laser beams enter the trap perpendicular to the molecular ux to
minimize Doppler shifts in the ionization process, similar to the Ca ionization.

N> state detection and coherent control- Once the C& and N, ions are co-trapped, their common
modes of motion must be coupled to the § internal state to enable state detection and coherent
control. We will use the 1113nm and 1469 nm laser lines to apply a state-dependent force on the N
ion, which will realize this coupling. Once again, we will align the lasers along the trap's axial axis, as
we wish to utilize only motional modes in this axis.
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Results

Trapping Frequencies

In this project, we've characterized the trapping frequencies as a function of the various trapping parameters:
Vit; Vbc; Vb f, Starting from a shallow trap and moving up to a tight trap which is in the Lamb-Dicke
regime. The frequencies were measured using tickle, induced either by modulating the RF eld amplitude
or by applying an external eld. For every set of trapping parameters, we've scanned the tickle frequency,
ficke = !tickle =2 , and measured the ion's response. Signicant response was measured when the tickle
frequency matched one of the trapping frequencies (see Figure 6a and 6b), and no response was measured
otherwise. The results from onef e Scan are shown in Figure 7.

For each tickle frequency, a picture of the ion was taken using our imaging system, with an exposure
time of 0:5sec. According to [25], the intensity prole of a 1D oscillating ion is

Z,

(0= loexp [ X X0 AcOStiokeD)”
0

22

Jdt + Bg: (5)

This function describes the ion's intensity pro le as a Gaussian with intensity amplitude | 9, center position X,
and standard deviation (std) , which oscillates with amplitude A and frequency! ke - the tickle frequency.
The background intensity is denoted by By. During the measurement, the oscillations are averaged over, as
the camera exposure time is much longer than the cycle time of the oscillations.

@) (b)

Figure 6: Tickle measurement for! e !-. (@) Picture of an ion oscillating in the low radial mode. The
red rectangle marks the area used to calculate the 1D intensity prole.(b) The ion's average intensity along
the picture's x axis (green circles). The 1D intensity prole was tted to 5 (purple line) to determine the
response amplitude of the ion.

Our imaging system aligns with the axial mode of the trap (Z-axis in Figure 6a) and a projection of the
two radial modes of the trap (X-axis in Figure 6a). For that, oscillations in all three modes can be seen on
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the 2D image - axial oscillations along the Z-axis and both radial oscillations along the X-axis of our imaging
system (Figure 6a). To obtain a quantitative measure of the ion's response, the ion's 1D intensity pro le
was calculated for each picture, according to the measured mode. To do so, the pictures were rst sliced in
the adjacency of the ion, perpendicular to the measured mode (Z-axis in Figure 6a for radial oscillations and
X-axis in Figure 6a for axial oscillations) and then averaged along the complementary axis (X-axis in Figure
6a for radial oscillations and Z-axis in Figure 6a for axial oscillations). Once calculated, the 1D intensity
prole was tted to Eq. 5, as shown in Figure 6b. As the ion oscillates, its amplitude along the image
plane grows, thusA increases. In addition, oscillations in the radial modes involve motion in and out of the
imaging plane, which causes the focusing and de-focusing of the ions image, increasingTherefore the ion's
response amplitude was de ned as 2+ A2. The ion's std and oscillation amplitude were calculated using
the t, and the trapping frequencies were found by looking for their maximal values (Figure 7).

Figure 7: Scan of the low radial mode of a trapped ion using tickle.(a) Plot of the ion's response as a
function of the tickle frequency. The measured data (green dots) was tted to a Lorentzian (purple line) to
interpolate the location of the maximal response, which corresponds to the low radial trapping frequency. In
this section, the resonance frequency values were extracted by eye. In the next section, where we discuss
the stability of the radial frequencies, we utilized the enhanced precision enabled by the t.(b) Heat map

of the 1D averaged ion intensity (Fig. 6a) for dierent tickle frequencies.

The measured trapping frequencies at various DC voltages were plotted in Figure 8 and compared with

the theory. Starting from Vpc = 40V, the axial trapping frequency is low ! ;=2 =256kHz and , 0:2.
As we increaseVpc, the trap becomes tighter until the Lamb-Dike condition is satised with , 0:11 and
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! ,=2 =716kHz. For each data point, optimal parameters were found for the MMC and laser cooling. The
MMC parameters showed high dependence on the DC voltage, meaning that the DC electrodes are the main
source of drift voltage, which shifts the trapped ions from the center of the trap.

The theoretical values were extrapolated from a single data point, according to Eq. 3. We note that direct
calculation of a, b, and g cannot be done since and zg are unknown, as(ro; zg) are not the dimensions of our
linear trap but that of an ideal trap with hyperbolic-shaped electrodes. Therefore we've calculatedye; using
a reference axial frequency that was measured in a reference voltayf ecf and used it to calculate %qzef Bret
at a reference radial frequency! '®'. The frequency can then be calculated by scaling umes proportionally
to Vpc according to Eg. 1. This naive extrapolation is plotted as the yellow curves in Figure 8. Clearly,
there is a mismatch between the naive extrapolation and the measured values. Therefore, we've taken a
phenomenological approach in order to adjust the ideal theory to our experimental setup. The results of the
modi ed extrapolation are plotted as the purple curve, showing good agreement with the measurements. In
the following, we will explain this phenomenological approach we have taken.

Recall that the potential of the linear Pual trap (Eq. 2) is true for the ideal case of perfectly symmetric
quadrupoles, in which both Vit; V, are symmetric to in nite translations in the Z-axis, and Vpc has perfect
radial symmetry. In our trap, both symmetries are slightly broken: the rst due to the nite size of the trap,
and the second because the DC electrodes are placed in tk; z) plane (see Figure 3a), distinguishing the
X and Y axes. Therefore, the general potential of the realistic Paul trap will be of the form

1+ )x* (@ )y* 2z°?
2

1
Vlgen = évrf(t) 1+

n

ro
1., (@+"x?+@ ™My? 222 1,1+ x> @ )y 2z2?
EVDC 2 7Vb 2 '
z5 2 rg
With ; ;" asymmetry factors. This form can be further simplied using two assumptions. First, since

both the DC electrodes and the RF ground electrodes\{,) lie in the same plane and are subject to the
same geometry, we assume = ", meaning that both quadrupoles experience the same symmetry-breaking
factor. Second, as the RF electrodes\{s) are longer than the RF ground electrodes V) by approximately
an order of magnitude, reducing the e ect of the translational symmetry breaking, we assume =0. Hence
the realistic potential of our trap is

x? y2 1, (@+"MxF+@ My? 222 1, (1+")x2 (1 ")y? 2'z?
5Voc 5Vb ;
2 2 2
rg 2 z§ 2 rg

Vi = Jve(t) 1+
with the modi ed dimensionless parameters:
G=[a; a;0Fa=[ (1+"a (1 "a2a;b=[ (1+")b;(1 ")b;2"b]: (6)

As before, the trapping frequencies are calculated according to Eg. 3, using the modi ed parameters.
Extrapolating for the asymmetric case, we've managed to measure asymmetry factor

" 0:135
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Figure 8: Trapping frequencies as function ofVpc=V{{&l. In each gure, the measured values are plotted
(green circles), and compared to both naive (yellow line) and realistic (purple line) extrapolations. The
di erence between the extrapolations and the measured values (! ;) is plotted under each gure, using the

corresponding color. Acknowledging that the trap's structure induces small symmetry breaking invpc and

Vp, allows for more accurate extrapolations. We note that the measured radial frequencies Mpc =V = 4

are lower than the realistic extrapolation prediction. This may be caused by uctuations in the resonator
output power, a ecting both radial frequencies in the same manner.

In the same manner, the trapping frequencies were measured and extrapolated using both symmetric and
asymmetric potentials for di erent input RF amplitudes, as shown in Figure 9. The axial trapping frequency
measurement (right plot) shows that it is independent of the RF voltage, as both naive and realistic models
predict. This result conrms our prior assumption that the RF quadrupole in our trap can be treated as
symmetric.

24



Figure 9: Trapping frequencies as function of¢=V!®'. In each gure, the measured values are plotted (dotted
green curve), and both naive (yellow curve) and realistic (purple curve) extrapolations. The di erence between
the extrapolations and the measured values (! ) is plotted under each gure, using the corresponding color.
The axial frequency (right plot) does not change with Vi, verifying that g, = 0. The extrapolation for both
radial frequencies fails to predict the measured values, expecting (! +) to be higher (lower) than measured,
for small values of V= r;‘*f, meaning that g is smaller than expected relative tob.

In the radial frequency case, both extrapolation methods fail to calculate the measured values. Choosing
the highest RF input voltage as the extrapolation reference point, we observe that ad/s decreases, the
di erence between the two radial modes, ! =1, | | increases faster than predicted. This indicates that
the measured values ofy decrease more quickly, making the e ect ofb more signi cant. It is worth noting
that the linear dependence of the RF trapping amplitude on the input RF amplitude has been measured and
veri ed.

This unexpected behavior of the radial frequencies, in uenced by the interplay betweei and b, becomes
even more evident when measuring dependence inV,. As seen in Figure 10, the radial frequencies
follow an avoided-crossing behavior, suggesting a coupling betweepand b. An experimental study of this
phenomenon was recently done by R. Saito [26], showing that structural asymmetries in the trap may cause
this avoided-crossing behavior and that by changingv, the principle axes of the trap can be rotated. Using
the asymmetric model (Eq. 6) to calculate the radial frequencies in our trap, we see that asymmetry alone
cannot explain the observed avoided-crossing, as it predicts the existence lofor which ! , =! . An ongoing
work in our group, done together with Tali Shemma, suggests that only when the bias quadrupoleVf) is
rotated relative to the RF quadrupole (Vit), asymmetric traps will experience coupling betweerb and q that
will lead to the avoided crossing.
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Figure 10: Radial trapping frequencies as function oV,. The measured values (green dotted lines) follow
an unexpected avoided-crossing behavior, implying coupling betweeg and b. By plotting an illustration of

the expected measurement outcome (purple solid lines), we see that the asymmetry of the trap shifts the
crossing point from zero toVy, = 0:13V, but cannot explain the avoided-crossing. To plot the illustration,
data points for large V,, values were estimated and assigned to each curve based on the expected outcome of
the measurements before tting to Eq. 3.

Comparing the results of measuring! as a function of Vs and V,, we observe that in both cases,
the di erence between the two radial frequencies is greater than expected. The gap betweén and! is
governed by the interplay betweeng and b; hence, we assume that the e ect of the proposed coupling between
g and b appears in both measurements. Further theoretical work is required to develop a mathematical model
that incorporates this coupling and verify our assumptions.

Lastly, the trap's dependence on ;¢ had to be studied to obtain a complete picture of our parameter
space. Recall that a helical resonator ampli es the RF voltage and serves as an impedance-matching element
between the OPX+ (RF source) and the RF electrodes. Small deviations from the resonator's center frequency
will cause a dramatic decrease in the transmitted RF power, hence smaller RF voltage on the electrodes.
Therefore, the values of s are constrained by the resonator.

Taking this constraint into account, we measured the low radial frequency! (green circles), the trans-
mitted RF power (red line), and the re ected RF power (pink line), as a function of small changes in the
RF frequency, starting from the point of minimal re ections (see Figure 11). The maximum value of!
is reached at the same ; as the peak transmitted power, in which the RF amplitude on the electrodes
is indeed maximal. ldentifying this value is crucial for future experimental work, as it corresponds to the

point where the radial frequencies are least sensitive to variations in , satisfying = 0. This makes

. . . . I . . I . rf

it a favorable operating point, since variations in  are equivalent to variations in the resonator's center
frequency. As discussed in the next section, the resonator is a primary source of noise in our system. It is

interesting to note that the maximal transmission and minimal re ection points do not overlap.
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Figure 11: The e ect of small changes in  relative to the minimal re ection point on the following: Low
radial frequency - data as green circles and quadratic t as green line, RF re ected power - pink dashed
line, and transmitted power - red dashed line. The values of =2 are plotted on the left Y-axis, while the
transmitted power is plotted on the right-most Y-axis, and the re ected power is plotted on the middle-right
Y-axis. The power values are normalized to their respective maximum measured values for clarity. The
maximum of !  was extracted using a quadratic t and occurs at ¢ = 3:5kHz. This maxima agrees
well with the point of maximum transmitted power as compared to the clear deviation from the point of
minimal re ections.

Radial frequencies stability

During our daily experimental work, we observed signi cant drifts in the radial frequency values for a xed set
of trapping parameters, making it di cult to compare measurements taken on di erent days and introducing
noise into long-duration measurements. After investigating the issue, we identi ed that the cause of this
instability was the helical resonator, which induces the RF voltage on the trap's electrodes. To verify this,
we measured both the output power of the resonator and one of the radial frequencies over several hours. As
shown in Figure 12a, the drift in frequency and transmitted RF power follow the same trend. By plotting the
normalized frequency against the normalized power, in Figure 12b, their correlation becomes evident. This
correlation remains consistent across measurements taken over three days, as shown in Figure 12c.

This insight led us to implement an RF lock - a digital PID mechanism that locks the RF power at a
constant value by adjusting the input voltage. The RF lock runs on the lab PC via a Python script, which
reads the RF power every 1sec and adjusts the voltage output of the OPX+. By default, the OPX+ outputs
RF pulse signals, limited to pulse length of 655 sec. Therefore, the trapping RF signal was de ned
as a sticky element - an internal de nition of the OPX+. Sticky elements allow for the generation of
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Figure 12: Correlation between the radial frequencies and transmitted RF power(a) Measuring the values
of the RF power (orange dots, left Y-axis) and low radial frequency (blue dots, right Y-axis) over the course
of three hours shows that both follow the same trends(b) Normalized! against the Normalized RF power
showing the correlation between the two parameters(C) Daily averaged! against the transmitted power,
as measured on three consecutive days (green dots) and their linear t (red line), showing that the correlation

between the radial frequency and the power is consistent.
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continuous signals and for online adjustments of its amplitude and frequency. With this, digital RF power
locking became possible in principle.

However, any change to the amplitude of a sticky element is represented in the OPX+ by a oat with
a resolution of 16 bits, such that the RF amplitude is discretized. This discretizations cause a discrepancy
between the actual RF amplitude and the variable for the RF amplitude in the lab PC. This is because
the amplitude of sticky elements can be modied only through adding or subtracting from their current
amplitude. Thus, the value of the RF amplitude is modi ed di erently in lab PC and in the OPX+. This
discrepancy grows with every adjustment done in the locking procedure, making the RF lock unusable within
about an hour.

This issue can be solved by synchronizing the lab PC and the OPX+ regularly, which involves restarting
the phase or the amplitude of the RF signal; both cause abrupt changes in the RF signal. Wise integration
of these solutions may allow their implementation such that the precision of our future measurements will
not be aected. For example, restarting the input RF amplitude faster than the resonator's response may
not a ect the trapping RF amplitude, provided that the signal's phase remains unchanged. Another solution
is to match the resolution of the lab PC to that of the OPX+, which requires a better understanding of the
OPX+ oat to binary mapping.

Although the RF locking mechanism is not fully operational yet, the progress made so far has been
valuable and it was used, e.g, in [27], to better control and adjust the radial trapping frequencies. Sticky
elements are a central tool in our lab as the majority of RF signals (including the Paul trap and AOMs) are
controlled in this manner. Gaining a better understanding of them is bene cial for our future work.

Moving to the new Lab

Pioneering scientic work, as we're aiming to achieve, must begin in known and familiar realms. In our
case, these realms were the mostly unused labs of existing groups in our department, leading to our setup
being split between two rooms the ion trap in one and the molecular-beam machine in the other. In this
temporary state, the majority of the experimental setup was constructed and tested, and the group's rst
ions were trapped. However, the transition to the permanent lab needed to be carefully planned, along with
the required upgrades for integrating the ion trap with the molecular-beam machine and future laser lines.
Here, we describe the design of the ion trap table and breadboard, which facilitates the optical setup.

When designing the table for the trap's vacuum chamber, we had to account for a few constraints imposed
by the molecular beam machine's design. First, the height of the trap's vacuum chamber had to match that
of the molecular beam machine to ensure proper connection between the two setups. In addition, since the
molecular beam machine was mounted on a designated rack to facilitate its transport between the temporary
and permanent labs, the trap's vacuum chamber must remain xed relative to it. This ensures that the
molecular beam stays aligned and prevents structural damage, meaning that active vibration damping cannot
be used. Therefore, we chose a rigid table frame{:5 high) and placed a Nexus honeycomb breadboard
(4:3 high) on top of it, to maximize the vibration damping while ensuring the total height does not exceed
that of the molecular beam machine.

Due to the vacuum chamber, the trap is elevated byl0 above the optical table. Therefore, all incoming
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laser beams must match this height, requiring the necessary optical elements to be raised accordingly. Looking
at Figure 5, one can see that many optical elements are required. As a result, a large breadboard is preferred to
t the current design while leaving room for additional unplanned optical lines if needed. However, increasing
the size of the breadboard makes it harder to lift and support.

The nal design is presented in Figure 13. We are using two 24 36 0.75 solid aluminum breadboards,
which were cut to t tightly around the trap's vacuum chamber. Using two breadboards allowed for easy
assembly and for custom adjustments made by the department's workshop. Each breadboard is supported by
eight posts, each with al:5 diameter and a height of 8 . The posts are screwed to the optical table below
with four screws via PB1 pedestal', providing greater resistance to torque compared to the standard clamping
fork. The breadboards are attached to the posts using clamping forks screwed to their underside, allowing
for quick assembly and disassembly. Finally, unique pins placed on three of the posts of each breadboard
(highlighted in red) de ne the exact position of the breadboards, ensuring that temporary removing them
for maintenance will not cause signi cant misalignment in the optics. Notably, in the optical con guration
design (Figure 5), the laser lines do not cross from one breadboard to the other, minimizing the impact of
potential drift or relative vibrations.

Figure 13: Design of the breadboards around the trap.

!PB1 in Thorlabs catalog

30



Once the transition to the permanent lab was completed, the optical setup had to be assembled and
aligned to re-trap ions. The minimal requirement for re-trapping ions is functional and well-aligned trapping,
ionization, cooling, and imaging systems. Since these setups had already been tested and used to trap ions
in the temporary lab, only re-alignment was necessary. The main challenge in the alignment was estimating
the ions' position in the trap and initially having to direct the laser beams and imaging system blindly. To
do so, a dierent approach was taken for each system.

In the ionization setup, the 375nm and 422nm laser beams propagate along the axial axis of the trap,
according to Figure 5. The trap's ceramic frame (Figure 3b) features two designated holes along the axial
axis, allowing the laser beams to enter and exit the trap. Maximizing the laser beams' power at the far side
of the trap ensures proper alignment.

Using the trap's electrodes as a reference, the imaging system can be directed to the center of the trap,
providing a reasonable estimate of the ion's position. However, this process is not straightforward, as the
imaging system's eld of view cannot capture all six trapping electrodes in a single frame (see Figure 3a).
Therefore, we used the translational mount of the imaging system to shift its position until we observed the
gap between the DC electrode and the RF ground electrode, as shown in Figure 14a. We then moved the
imaging system along the electrode to locate the opposite gap between the RF ground and the second DC
electrode. By measuring the translation required to shift from one gap to the other, we estimated the center
of the trap as the midpoint of this translation. This procedure was repeated for each axis, using the relevant
electrodes as reference points. When aligning the imaging system, it is important to maximize its eld of
view, use minimal gain to prevent potential damage, and adjust the 397 nm laser such that its scattering
from the electrodes is visible but not blinding.

The cooling setup is the most dicult to align, as it requires the highest accuracy but lacks clear
reference points. A rough alignment to the trap's center can be done by minimizing the 397 nm scatter from
the electrodes. Fine alignment, however, is performed using the ions as a reference. Therefore, a large number
of ions are trapped, creating a spread-out cloud that increases their cross-section with the laser beams. A
mirror, common for 397 nm and 866 nm laser beams, is then used to scan their intersection with the trap.
The initial alignment is complete once the ion cloud is observed, similar to the image in Figure 14b.

Once ions are observed, ne-tuning can be done to optimize the alignment.

31






	Abstract
	Acknowledgments
	List of Abbreviations
	Introduction
	Goals
	Methods
	Linear Paul Trap
	Lamb-Dicke Regime
	The Ca+ Ion
	Experimental Setup
	The Trap
	Loading ions
	Optical Setup


	Results
	Trapping Frequencies
	Radial frequencies stability
	Moving to the new Lab

	Discussion
	References

