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Introduction

Light can transfer momentum to a mechanical oscillator via the radiation pressure force. Conversely, the
mechanical oscillator can act back on the reflected light field, modifying its frequency and amplitude. This
dynamical back-action can be enhanced by the use of an optical cavity, where the optical interaction is
enhanced by every round-trip performed by the photons inside the cavity [1]. This light-matter interaction
is at the heart of the field of cavity optomechanics.

Cavity optomechanics has been implemented in a large variety of physical systems, including interferometer’s
suspended mirrors for gravitational wave detection [2], micromechanical membrane in a superconducting mi-
crowave circuit [3], photonic crystal nano beam [4] and cold atoms coupled to an optical cavity [5].

From this plethora of systems, several interesting applications arise, among which quantum control of meso-
scopic systems is of particular interest, as well as quantum control of optical fields via mechanics.

To achieve this quantum control, it is necessary to bring the mechanical oscillator to the quantum regime.
Then, one must be able to engineer the required quantum interaction. Finally, one must ensure that the
mechanical oscillator does not decohere too fast, such that the environment erases the quantum features of
the system.

Among the various optomechanical systems that aim at maximizing the decoupling from the thermal envi-
ronment (decoherence), levitated systems provide superior performance due to the complete suppression of

clamping losses. They are therefore ideal candidates to engineer long-lived quantum states [6].

In this thesis research, I took part in setting up from scratch the first levitated optomechanics experi-
ment at the University of Innsbruck, which has the ambitious long-term goal to prepare the center-of-mass
position of a nanosphere in a non-classical state of motion.

The system will be formed by a high-finesse optical cavity dispersively coupled to a glass nanosphere trapped
in an electrodynamic Paul trap. Moreover, the cavity light field will couple as well to a single calcium ion,

whose role will be to engineer non-linear interactions with the motion of the nanosphere [7]. This bold



assumption, however, relies on the feasibility of confining both the nanoparticle and the ion within the same
trap.

Paul traps are based on the ponderomotive mean force felt by a charged particle in a quadrupolar time-
oscillating electric potential, whose strength is weighted by the charge-to-mass ratio of the trapped particle.
As a result, a good trap for an ion will not provide good confinement for a nanosphere, which has a typical

charge-to-mass ratio ~ 107 times larger than that of an ion.

My work has consisted of investigating a novel proposal [8] to use a Paul trap driven by two frequencies
in order to confine two species with a very large charge-to-mass difference.
To assess the viability of this approach, we have re-scaled the system, as the relevant quantity is only on
the charge-to-mass ratios. We thus used nanometer- and micrometer-size silica spheres instead of ions and
nanospheres.
First, a test Paul trap for working in air was designed and built, together with an optical detection system
based on interferometric detection of particle motion. Afterwards, the single-particle behavior of both a
nano-and a microsphere has been individually characterized, in order to determine the best trap parameters
for each particle. Finally, both micro- and nanospheres were successfully trapped with a two-frequencies
field.
From a careful analysis of the trap parameters space, however, it resulted that air damping reduced the
two frequencies trapping efficiency. In the next future, the same investigations have thus to be carried in a
vacuum environment.

The manuscript is divided into four chapters, organized as follows:

e Chapter 1 Here I introduce the basic concepts of the optomechanical interaction and how this can
be used to cool down the center of mass of a mechanical oscillator in the semiclassical regime. Some
theoretical elements regarding the role played by the ion (here treated as a two level system, for

simplicity) will also be elucidated.

e Chapter 2 Here the theory of the functioning of a Paul trap is described. In the first section of the
chapter, the well-established theory about single-frequency trapping will be shown, while the second
section will cover the novel proposal of using two frequencies to optimize the co-trapping of different
species with a large charge-to-mass ratio mismatch. Afterwards, the use of a Paul trap as a mass

spectrometer will be briefly explained.

e Chapter 3 This chapter is dedicated to the description of the experimental apparatus used during my



thesis research. Each section describes part of the set-up, namely, the Paul trap, the various loading
methods used, and the detection system implemented, together with the data acquisition tools utilized

to store and analyze data from the experiment.

Chapter 4 This last chapter is devoted to presenting the experimental results that I have obtained in
the laboratory. In the first part, a characterization of nano- and microparticles will be given in terms of
charge-to-mass measurements and stability performance of the trap. Afterwards, a spectrum analysis
of the particles’ motion will shed light on the effects of air damping on the trapping mechanism. To

conclude, the first results on trapping two species of particles will be presented and discussed.






Chapter 1

Cavity optomechanics with levitated

nanoparticles

This chapter will provide a basic theoretical introduction to the field of cavity optomechanics, by means of
a system composed of a levitating dielectric nanoparticle dispersively coupled to an optical cavity.

In the first part of this chapter, the optomechanical coupling between a levitated nanosphere and a single
cavity mode will be shown.

Afterwards, the total Hamiltonian of the system will be modified by adding a two-level system (a single ion)
interacting with the same cavity mode, which will allow the implementation of the nonlinear interactions

required to prepare non-Gaussian states.

1.1 The optomechanical coupling

Optical cavity

The simplest picture of an optical cavity consists of two highly reflective mirrors separated by a distance
L. This geometrical configuration supports a series of longitudinal electromagnetic resonances, equally
separated in frequency by the so-called free spectral range Awpsgr = 77, where c is the speed of light in
vacuum. The intracavity field frequency w. has to be an integer multiple of Awgggr, namely,

e
o= m— 1.1.1

with m an integer.

In order for the cavity to be driven with an external field, one of the two mirrors has to be able to transmit
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some light and thus has to be not perfectly reflective, leading to transmission losses of the confined electro-
magnetic field at a rate k... Moreover, additional losses such as absorption, diffraction and scattering will
limit the average lifetime of the photons circulating inside the cavity [9]. These losses are taken into account

as an additional contribution (ko) to the total decay rate k = Kegt + Ko-

Cavity equation of motion

A quantum mechanical treatment of the cavity dynamics can be implemented by means of the input-output
formalism [10]. Here, the intracavity field oscillating at the cavity frequency w, is described by the creation
and annihilation operators &' and a.

The equation of motion for a cavity driven by external laser light at frequency wy, rotating at the driving

laser frequency, is [11]
X K, A A N A
a= —§CL—|—ZACL—|—\/He$tCLin—I—\/Kofin. (1.1.2)

Here, A = wy, — w, is the laser detuning, and a;, represents the creation operator for the field of the input
driving laser, which is related to the incoming laser power P;,, = ﬁwL<&l-Ln&m>, such that (&Indin> is the rate
at which photons enter the cavity.

The cavity amplitude decays at rate x/2, and vacuum fluctuations fm drive the cavity from the additional
input ports.

The output cavity field (here we are considering only one mirror as the input-output interface of the cavity,
see Fig. (1.1)) consists of the reflected driving field interfering with the losses from the intracavity field,
fulfilling the boundary condition

Gout = Qin — V Keztl. (113)

Since a typical optomechanics experiment works with a large number of photons inside the cavity, it is worth
to consider the steady-state evolution for the classical amplitude (G). For this purpose, by setting a=01in
Eq. (1.1.2), we obtain
N Rext <dzn>
a) = +——— 1.14
@ =Y (1.1.4
from which we can calculate the mean intracavity photon number

ex Pz
=@ = gt

AT (1.1.5)

Eq. (1.1.5) tells us that the average number of circulating photons and thus the intracavity power depends

on the detuning between the cavity and driving laser frequencies A = wy, — we.
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Figure 1.1: Schematic representation of a nanosphere oscillating in its trapping potential at frequency w.,, coupled
with the strength g (see text) to an optical cavity. Both the input (d;,) and the output (Gou:) light field use the same
semi-transparent mirror as coupling interface, which has a loss rate kez:. Other internal losses, such as scattering as

well as diffraction, are grouped together in k.

Coupling of a dielectric and a cavity field

We now consider a system composed of a levitating dielectric particle oscillating in a harmonic potential
inside an optical cavity, as sketched in Fig. (1.1). This particle confinement can be realized for example
by optical tweezers [12] or by a Paul trap [13], provided the presence of a net charge on the sphere (cf.
Chap. 2). At this stage, though, we are only interested in the particle motion as a harmonic oscillator whose

center-of-mass position x obeys the classical equation of motion
ma’i—i—mf‘mfc—kmwfnx = F.p4, (1.1.6)

where w,, is the mechanical oscillation frequency and TI',, its energy dissipation rate, and F,,; stands for
any other external applied force on the oscillator, like thermal fluctuations or an additional optical force (cf.
Chap. 4.3.1).

Eq. (1.1.6) can be solved in the frequency space: by introducing the Fourier transform z(w) = ffooo dt etz (t),

the response z(w) to the applied external force Fe.¢(w) is given by
z(w) = x(w)Fegt(w) (1.1.7)

where the susceptibility x is defined as

x(w) = (W — ) —imTw (1.1.8)

At this point, we have described how these two independent harmonic oscillators, one mechanical and one

optical, evolve independently. Now, we want to see how, via a dispersive interaction, an optomechanical
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coupling arises.

First, we consider the action of the particle on the light field.
When a dielectric object such a SiOs glass sphere is placed inside an optical cavity, it increases the effective
cavity length due to the higher refractive index of the dielectric medium. As result, the cavity resonance
frequency w, experiences a shift dw,. (so that w. — wep + dw,, where w.g is the unperturbed cavity resonance
frequency, i.e., in the absence of the particle) that can be calculated with the Bethe-Schwinger formula [14,15]

dwe 1 [d’dP(r)-E(r) 3V (e—1)

Weo 2 [d3reE*(r) T4V (e+2)

cos(2kx — 2¢), (1.1.9)

where dP(r) is the variation of the permittivity caused by the presence of the dielectric particle, E o
cos(kr — ¢) is the bare cavity mode profile (k being the wave vector with modulus k = 27 /A, where X is the
laser wavelength), V. the cavity volume, and € and V' being the electric permittivity and the volume of the
of silica sphere, respectively.

Assuming that the particle size is much smaller than the laser wavelength allows us to describe the particle
as a simple dipole P(r') & a;nqF(r)d(r —r’), where r is the center of mass position of the nanosphere (here
we are considering the motion along the cavity axis only, so that r = X) and «;,4 its polarizability.

For a nanosphere oscillating near « ~ 0, and assuming a cavity field phase of ¢ = 7/2 (for maximizing the
intensity field gradient at particle equilibrium position), the frequency shift becomes linear in x

3V (e—1)
4V, (e+2)

Swlin ~ 2krweo, (1.1.10)
provided the amplitude of nanosphere motion is smaller than the laser wavelength (k/(z?) < 1).

Eq. (1.1.10) tell us that the detuning A = wy, — w,. — dw™ changes linearly with the particle’s position on
the cavity axis. Combining (1.1.10) with (1.1.5) we see that the cavity frequency shift caused by particle

motion induces a change in the photon number and thus a change in the intracavity light intensity.

Next, we want to show the effect of the radiation pressure force of the cavity field on the particle motion.
For this purpose, we expand the Hamiltonian of the cavity field in a Taylor series for a small displacement

(compared to the laser wavelength) of the nanosphere motion x:

dw, it
Hogy = hwea'a = B(weo + 0we)ita = hweoala + hdi zata+ ...
X

=0 (1.1.11)

~ hweala —2kzhGa'a,
—— N—_———

Bare cavity Interaction
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where G = % E:;gwco. The nanosphere feel thus a radiation pressure mean force coming from the interac-

tion part of Eq. (1.1.11) (Hj,, = —2kzhGata)

Frad:

dH,; s
— 9 ata 1.1.12
T khGa'a ( )

that has to be integrated in its equation of motion.

To summarize, the trapped particle oscillations shift the cavity resonance frequency, modifying the intracav-
ity field as described by Eq. (1.1.2). Afterwards, the light field acts back on particle motion via radiation
pressure force (1.1.12), so that the particle motion is fed back on itself with a phase delay. This process is
known in the literature as dynamical back-action [15], and it is the basis of every experimental optomechan-

ical realization [11].

Optomechanics equations of motion
The evolution of the composite system cavity+nanosphere is obtained by solving the coupled equations of
motion for the complex cavity amplitude a (1.1.2) and the particle position z (1.1.6). Here we consider a

semiclassical regime, following [16]:
mi = —mT i — mw2,x + 2khGa 6 + Fopy (1.1.13)
i= —gd+i(A+2ka)a. (1.1.14)
The solution of this system is obtained by first linearizing both the cavity amplitude around a classical
steady state solution (see Eq. (1.1.4)) @ = & + da, and the nanosphere center of mass position x = T + dx,
obtaining
mdE = —mI',0d — mw?, 0z + 2khG (a*Sa + ada™) + Feyy (1.1.15)

86 = (i — g)(Sa + i2kGoza. (1.1.16)
Then we compute their Fourier transforms
—mw?dz(w) = —iwmI',dz(w) — mws,6z(w) + 2kAG (@ da(w) + ada™(w)) + Fegt(w) (1.1.17)

iwda(w) = (iA — g)éa(w) + i2kGadz(w), (1.1.18)

where A = A + 2kGZ is the new effective detuning caused by the displaced center of the nanosphere
oscillation due to the constant radiation pressure force.
Finally, by substituting the expression for da(w) as given by (1.1.18) in (1.1.17) we obtain a modified

susceptibility
1
m(w?, — w? —iwly,) + Sw)’

m

x(w) = (1.1.19)



16 1.1. The optomechanical coupling

where
S(w) = —2imwng® | — . S (1.1.20)
TN A —iwF R/2 A+ iw k)2 o
and we have also introduced the so-called optomechanical coupling strength g = 2 h_LGlal.

2Mmwm

By separating the imaginary and real part of the susceptibility, one can see that the optomechanical coupling
manifests itself by effectively changing both the spring constant and the mechanical dissipation rate of the
nanosphere center-of-mass motion by the amount I'y,: and éw,,, respectively, which, when evaluated at

W = W, are given by

1 Wm + A Wm — A
G = —Re[S(wn)] = megz((wm T ey W2)2> (1.1.21)
and
Tyt = ———Tm[S(wp)] = 25< ! - . ) (1.1.22)
ot = T NI o T D)2+ (/22 (wm — A2+ (522 ) o

Eq. (1.1.22) shows that in the red-detuned regime, when A < 0, the dissipation of the nanosphere’s motion
T'tot = 'y + D'ope increases, leading to cooling of the mechanical motion. Conversely, in the blue-detuned
regime, when A < 0, the dissipation decreases, with a subsequent increase in the particle fluctuations.

The optomechanically induced frequency shift (1.1.21) and the optomechanical damping (1.1.22) have both

41 N ]

Figure 1.2: Optomechanical damping rate I',p¢ as function of the detuning A for different cavity decay rate k.

been experimentally demonstrated in the framework of levitated nanosphere experiments [17,18].
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In comparison with the coupling to the thermal environment at 300 K (room temperature) via I',,, this
optical dissipation couples to a photon thermal bath that is effectively at Teyy = 0. Thus, in this case, the
dissipation does not add thermal fluctuations to the system as it would in a conventional thermal bath.

This allows us to define an effective steady state temperature
T =Tyath=—"""-" (1.1.23)

that can be related to a mean phonon number through the expression

kgT
= — 1.1.24

(n) = 32 (1.1.24)

where kp is the Boltzmann constant.

No research group, however, has yet been able to demonstrate cooling rates high enough to enter into the

quantum regime, i.e., reaching a phonon occupation number (n) < 1 [19].

Within our semiclassical derivation, one needs to work in the resolved sideband-regime w,, > « to reach

the minimum temperature, which is achieved for a red detuning of A = —w,,, and yields

92
Topr = 47—, (1.1.25)
K

The full quantum treatment provides similar quantitative results [11], as the linearization of the cavity field

carries away all the non-linear interactions that would result in the generation of non-classical states.

1.2 Cavity optomechanics assisted by a qubit

Novel cooling schemes and enhanced optomechanical coupling can arise as soon as a nonlinear element
such a two-level quantum system (qubit) is introduced in an optomechanical setup. Pirkkalainen et al. [20]
have coupled a Josephson junction qubit to their optomechanical system based on a microwave-regime
superconducting cavity, showing an increase by six order of magnitude in the radiation pressure interaction,
and nonlinear phenomena at single-photon energies scales. Moreover, a theoretical proposal suggests that
non-classical states of the mechanical oscillator can be prepared by engineering the environment of a tripartite
system consisting of the cavity, the mechanical oscillator and the qubit [7].

In our levitated optomechanics experiment, an interacting two level system can be engineered by coupling a
single ion to the same cavity mode as the nanosphere [21], exploiting the well established protocols used in

the field of cavity quantum electrodynamics [22].
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-
Q)
SN

Figure 1.3: Schematic representation of the system composed by an optical cavity coupled to both a qubit and

a nanosphere with coupling strength g; and g, respectively. The nanosphere is oscillating within its trap at the

frequency wm, and the internal energy states separation of the qubit is fiw;.

The planned system is depicted in Fig. (1.3). A single calcium ion is harmonically trapped in a Paul trap
and coupled to the cavity field via the Jaynes—Cummings Hamiltonian [23], so that the total Hamiltonian is
given by

wnt wnt

I:Itot = I;[nano + I;[ion + I:Icavity + I:I_nanofcav + ‘[A{jonfcav + I;[drive' (121)

The first term on the right-hand side represents the Hamiltonian of the bare mechanical oscillations of the
nanosphere ﬁmmo = hwmlAJTlA) with b and bt being the annihilation and creation operators of a phonon.
The second term is H,op = hw;6,, where hw; is the energy separation between the excited state |e) and
ground state |g) of the qubit and &, is the z Pauli matrix. The third term ﬁcm,ity = hweoa'a is the bare
cavity Hamiltonian. The optomechanical interaction Hamiltonian is derived in Eq. (1.1.11) as H e =
—2khGxzpMm (6+I;T)dT& , where we have replaced x with its quantum mechanical operator & = prM(lAH—lA)T)

with xzpy = /h/2mw,, being the mechanical zero-point motion of the nanosphere. The interaction

Hamiltonian between the ion and the cavity field is

Hion=cav — pgi(ast +ate™), (1.2.2)
where 6= = |g)e|] and 67 = |e)g| are the respectively lowering and raising operators that connect the

excited and ground states of the qubit, and g; is the atom-cavity coupling strength [24]. Finally, the laser
drive is taken into account by the term Hypvive = E(ae™rt +ate™wrt) where ¢ is the strength of the driving
field oscillating at the frequency wy,.

Pflanzer et al. [7] have suggested that in the regime where ¢;/|A — §| < 1, g/|A — wp| < 1, the cavity
mediates an effective interaction between nanosphere and ion [7]. Here § = w; — wy, is the detuning of the

qubit from the laser frequency. In this regime, the cavity degree of freedom can be eliminated from the
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description of the system (see [7] for the derivation), leading to the new effective Hamiltonian

- ho sro A .
Hepy = <02+ homb'b — hgi—m(67b+ 67bT), (1.2.3)

where § = 6§ — 292 /(A —6), Om = Wy —29%/(A —wp,), and the coupling rate between the nanosphere motion
and the ion is g;—m = §ig(2A — wy — ) /[(A — 0) (A — wp)]-

Eq. (1.2.3) is in the form of a Jaynes-Cummings interaction Hamiltonian (1.2.2), with the cavity light field
replaced by the amplitude of quantum oscillation of the nanosphere. In this regime, it thus appears possible

to prepare non-classical states like, for example, arbitrary Fock states [25].

Discussion

In this chapter, a basic introduction to the optomechanical coupling of an oscillating dielectric nanosphere
with a cavity field have been presented. Then we have derived the equations of motion for both the mechanical
oscillator and the cavity field. In the last part, we have written down the effective Hamiltonian that describes
the system when a qubit is incorporated into the system, and how this can be engineered to prepare non-
classical states of motion of the nanoparticle center of mass.

This thesis, however, will be focused on studying the trapping environment necessary to harmonically confine
the nanosphere and the single ion.

Since it carries electrical charges, the ion can be confined by an electrodynamic Paul trap. The next chapter
will provide therefore a basic introduction to Paul trap theory, along with a novel proposal to use the trap

for trapping both species together, the nanosphere and the ion.
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Chapter 2

Paul trap theory

The main requirements of building a levitated cavity optomechanics system are to implement a levitated
mechanical oscillator and to isolate it from the various sources of decoherence due to the surrounding
environment. The state of the art in current experiments is to use an optical tweezers or a Paul traps in
order to provide a trapping field for confine the nanoparticle inside a vacuum chamber. Since the planned
experiment in Innsbruck require the presence of a single calcium ion to assist the optomechanical coupling
(see Sec. 1.2), it is convenient for us to use a Paul trap for simultaneously confine both the nanosphere and
the ion.

Electrodynamic Paul traps [26] are based on the ponderomotive mean force felt by a charged particle in a
quadrupolar time-oscillating electric potential. The strength of the trapping potential is weighted by the
charge-to-mass ratio of the trapped particle. As a result, a good trap (that is, a deep trap) for a single
calcium ion could be at the same time a very shallow well for a massive object like a 100nm diameter
silica nanosphere, which has a mass of M4m0 ~ 10" Mioc,+. Charging methods for levitating dielectric
spheres, that includes ion or electron bombardment [27], electrospray ionization (see Chap. 3.2.1) and
corona discharge [27], can provide a typical charge of Qnano ~ 100 [28], that is not enough to solve the high
mismatch of the charge-to-mass ratios with the single calcium ion, that is assumed to have a single charge.
Therefore, the difference between the charge-to-mass ratios prevents stable trapping of both particles. To
circumvent this problem, a recent theoretical proposal [8] (endorsed by preliminary experimental results [29]
that show the effects of the second frequency field on the stability of a trapped calcium ion) suggests that
using a Paul trap driven by two frequency sources can effectively trap two ion species even if their charge-

to-mass ratios are very different.

In the first part of this chapter, the basic principle of ion trapping in a Paul trap will be introduced.
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Afterwards, the two-frequency approach will be studied with more detail in order to give a theoretical
estimation regarding possible sets of parameters, both for the goal of trapping a single calcium ion together
with a silica nanosphere and for a first experimental test within the framework of a rescaled system for a
preliminary assessment.

Finally, the operation of the Paul trap as a charge-to-mass spectrometer will be briefly explained.

2.1 The linear Paul trap theory

Figure 2.1: Equipotential lines of a two-

oo dimensional quadrupole electric potential.
When the voltage of two diametrically op-
>0 posed electrodes oscillates sinusoidally in
time, the resulting ponderomotive force

-0.5

can trap ions, regardless of the sign of their

/\ charge.
-1 ! ! .

-1 -0.5 0 0.5 1

A Paul trap consists of an arrangement of electrodes combined to form a non-vanishing quadrupole
moment (see Fig. (2.1)) of the electric potential ¢. The ideal situation can be achieved for any geometry

that satisfies the Laplace equation

Vip(z,y,2) =0 (2.1.1)
with
1 2 2 2
pla,y,2) = Uglaz® + By” +727), (2.1.2)

where x,y and z are the three orthogonal spatial coordinates, U is the applied voltage and «, 8 and y are
real geometrical constants characterizing profile and relative distances of the electrodes.
Since Eq. (2.1.1) imposes that

a+B+v=0, (2.1.3)

at least one of the coefficients has to be negative. This means that an applied electrostatic potential can

not provide a restoring force in every spatial direction'. A dynamical equilibrium is reached, though, if a

1This fact is also known as Earnshaw’s theorem, after the British mathematician Samuel Earnshaw who first prove it in

1842.
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sinusoidally oscillating part is added to the static potential [26]:
1 2 2 2 1 /1,2 /, 2 /.2
p(2,y,2,t) = Ug(aa” + By” +727) + Urp cos(Qt) 5 (e'a” + fy” + 7727, (2.1.4)

where Ugp is the amplitude of the AC field oscillating at the rf frequency 2, and o/, 8’ and ' are geometrical

factors that satisfy the same relation of Eq. (2.1.3), namely,
o +p8 ++ =0. (2.1.5)

We will see below how a particular choice of U, Urpr and €2 will lead to an effective restoring force in all
three spatial dimensions.
For a linear trap, the geometrical coefficients are chosen to be [30]

—(a+pB) =—204:'y:Zl(2)
(2.1.6)

1
-
o = ﬂ T(Q)’
where 2rg and 2zg are the distances between the radial and the axial electrodes (the latter are usually
referred as endcap electrodes), respectively (see Fig. 2.2 (b)).

In this fashion, dynamical confinement is used to trap on the zy-plane, and a static field along Z provides

axial trapping for charged particles.
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Figure 2.2: Typical realizations of a Paul trap: (a) ring Paul trap. The ideal geometrical coefficients for this
configuration are « = 8 = v = 0 and o' + 8 = —/, which give a full three-dimensional symmetric potential useful
for trapping a single particles. (b) Linear trap. The ideal geometrical coefficients for this configuration are given
in Eq. (2.1.6). By substituting the hyperbolic profile of an ideal trap with electrodes with a circular cross section,
the effective volume of the trap is reduced (see simulations in Fig. 3.3). In the four cylinders linear trap, two
diametrically opposite rods are driven with an oscillating voltage Urr cos(€2¢) plus a DC offset U, sy, while the other
two are grounded. The axial electrodes (endcaps) are held at the static voltage Ue.nd. To note that in the linear trap
geometry the zero of the RF field is along the whole 2 axis while in the ring trap is only the single point located at

the center of the trap.

Equation of motion
The equation of motion along the  axis for a particle of mass m and electric charge @ subject to the

potential (2.1.4) with the ansatz (2.1.6) is

; Oy Uena  Usry  Urr
__o% _ _,(_ _ _ 0 2.1.
mi - Q( 54— = - 5 ol H)e. (2.1.7)

where Ueyq is the static field produced by the endcap axial electrodes, and U, sy accounts for a possible DC
offset of the oscillating potential. For the moment, we have also neglected every source of damping.
Following [31], Eq. (2.1.7) can be recast in the form of a Mathieu equation [32]:

Az

w + (ag — 2g; cos(2t1))x =0, (2.1.8)
1
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where we have used the following substitutions:

4Q Uend Uoff
= (n 54+ ) (2.1.9)
2QUgF
T = 55 2.1.1
a mrgQ? ( 0)
Q
b= 7’5 (2.1.11)

Eq. (2.1.8) is indeed an approximation valid near the axis of a real linear Paul trap. Moreover, the non-
ideal shape of the axial electrodes is taken into account with the dimensionless factor s, which assumes its
maximum value x = 1 for hyperbolic endcap electrodes.

The equations of motion on the § and Z axes are of the same form as Eq. (2.1.8) with the parameters

4Q Uend Uoff
y) ay = 7m92 (KJ 2(2) - rg )7 Qy = —qx (2112)
SQUend
2= K——so5 ¢z =0. 2.1.13
z) a K mz(Q)QQ q ( )

The Mathieu equation of motion (2.1.8) is an ordinary differential equation (ODE) with periodic coefficients.

Floquet theory [32] can be used to express the solution of Eq. (2.1.8) in the form of an infinite series

o0 o
2(ty) = AeFPrt N " Cye® 4 BT N Cye (2.1.14)

r=—00 r=—00
where A and B are constants to be determined by the initial conditions of a particular problem, and [, is
a parameter that depends on the coefficients a, and g,.
The value of 3, governs the behavior of the solutions: the trap is stable (i.e., the motion is spatially bounded)
if B, is real and not an integer; the trap is unstable instead if the value of 3, is purely imaginary. The case
for which B, is an integer represents the boundary between stable and unstable motion.
By substituting Eq. (2.1.14) into the equation of motion (2.1.8), we obtain a recursive implicit equation for
Ba:

Car + D3y [Copgr + Cor—2] =0, (2.1.15)

with Do, = [q./(2r + 82)? — a,]. Therefore, the stability boundaries can be numerically calculated as the
integer isoline values of 3, within the domain of the a,q,-plane.
An analogous treatment can be done for the y component of the equation of motion, with the parameters
ay, Gy and By.

Fig. (2.3) shows the stability diagram of motion along z obtained with the code included in Appendix A.
In order to have stable confined motion along all three spatial axes of the trap, all members of the set of

parameters a; and ¢; with ¢ = {x,y, z} must lie within their respective stability zones. For a linear trap, this
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Figure 2.3: Stability diagram of the Mathieu equation, corresponding to the normalized dimensionless equation of
motion along the # axis for a charged particle in a linear Paul trap (see text). At fixed operating trap’s frequency
and without any applied DC offset on the RF electrodes (U, = 0), ¢ is proportional to the voltage of the RF field
Ugrr while a is proportional to the endcap voltage Uenaq. Stable (unstable) solution are obtained for a and ¢ lying in

the light (dark) area.

means that the system has to be in the intersection of the stable zone of just the x and y branches, since
the axial electric field is always confining (a, > 0, g, = 0).

The radially defocusing DC field induced by Ug,g is typically less strong than the radial confinement, for
two reasons: first, the axial endcap electrode separation 2z, is always larger than the radial distance 2rg
between the rods; second, the non-ideal axial quadrupolar field, quantified by the coefficient x < 1, reduces
the effect of the endcaps on the radial confinement. For these reasons, we can assume a, ~ —a,, meaning
that the stability diagrams of the z and y motion are mirror images of each other, as depicted in Fig. (2.4)
(B).

The region delimited by the intersection of the first stable branches of x and y (i.e., the common area between
the curves 8, = {0,1} and B, = {0,1}) is typically referred to as the first stability zone. As comparison,

the second stability zone (i.e., the common area between the curves 5, = {0,1} and 3, = {1,2}) is shown
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Figure 2.4: (A): first and second stability regions (purple) of the linear Paul trap. (B): zoom of the first stability

region of the linear Paul trap. The maximum stable g value is ¢maqz ~ 0.9.

in Fig. (2.4) (A). Due to the higher accessible parameters (namely, voltages and frequencies) suitable for
stable trapping, the first stability zone is preferred. Moreover, in the limit 3, , < 1, the motion inside the
trap becomes nearly harmonic, with frequencies w, , = 8;,/2 along x and y respectively. This can be

demonstrated by the so called pseudopotential approximation.

The pseudopotential approximation

Since in the typical experimental realization of a linear Paul trap, the a, parameter is always kept close to
zero, in the following calculations we will neglect it. This will also make the calculations easier.

With this in mind, the equation of motion (2.1.7) can been seen as a harmonic oscillator with a time

modulated frequency w(t) such that

w(t)? = cos(Qt) =

2
QU;F w2 oo (2.1.16)
0

The system has thus two characteristic frequencies: €2, the one at which the field changes polarity, and the
static part of w(t). The pseudo-potential approximation is based on a large separation between these two
frequencies, namely Q > /%4Q, ie., ¢, < 1. The two very different time scales suggest a subdivision of

the motion into a smooth, slow time varying path plus a fast oscillating amplitude [33]

2(t) = X (t) + £(X, 1) (2.1.17)
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Here X represents the mean displacement of the particle in a period T = 27/f2 of the fast oscillation,
meaning that for the fast varying term, (&)r = £ fOT E(t)dt = 0.

Another assumption that will be verified in the end of the calculation is that
¢ < X. (2.1.18)

For these reasons X is called the secular motion and £ the micromotion.

Following [34] we insert (2.1.17) into Eq. (2.1.7) (always neglecting static terms involving a,):

m(X +€) = —@ cos(Qt)(X + ). (2.1.19)

This equation contains both smooth and fast oscillating parts that have to be independently equal.

The fast term is

. 2
mé = — 4

cos(Q) X, (2.1.20)

where we have neglected the smallest term proportional to £ because f ~ £22¢ is a large quantity.

From Eq. (2.1.20) we obtain for the amplitude of micromotion

¢ = % cos(Qt). (2.1.21)

Putting this value for the amplitude back inside Eq. (2.1.19) and averaging over one period of the fast

oscillation, we get the equation for the slow secular motion

mX = —%(QZQ)QX (2.1.22)

which corresponds to a harmonic oscillator with the secular frequency

22
Wy = . 2.1.23
W ( )
Thus the complete equation of motion now can be written as
z(t) = X + & = Acos(wyt) (1 + %I cos(Qt)) (2.1.24)

where the fast micromotion oscillations at the driving frequency {2 are over imposed on a slow secular
harmonic oscillation at frequency w,, with an amplitude A which depends on the initial conditions.

Since we work with ¢, < 1, the amplitude of micromotion is low, and this is consistent with the initial
assumption (2.1.18). Eq. (2.1.22) could be rewritten in terms of an effective potential

_Oery
0xX ’

mX = (2.1.25)
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Figure 2.5: Secular motion and micromotion inside a Paul trap obtained thanks to the pseudopotential approxi-

mation valid in the ¢ < 1 regime.

with

1
Geff = §mw§X2. (2.1.26)

Finally, we can calculate the pseudopotential depth D, of our trap, within the approximations made so far,

as

X:To 2.2 2
D _/ Opert gy — ™70 > QUir (2.1.27)

T v 0X 16 &7 amr20z

An analogous treatment can be done with the y component of the equation of motion. Since in the linear

trap g = —@y, the oscillatory motion along § occurs at the same frequency w, = w,, and thus the effective
potential is radially symmetric.

For the axial motion along 2, the presence of a DC field alone implies

2QUen
5 = o 2Uend (2.1.28)
mzg§

that is, a harmonic oscillator with frequency w, =,/ £2QUcng
mzo

Discussion

We have shown how a linear Paul trap can lead to a stable or unstable motion depending on the particular
choice of the driving voltages and frequencies of the electrodes. We have also demonstrated that within
the first stability zone and with a ~ 0, ¢ < 1, the trapped charged particle oscillates harmonically along

each spatial axis at the secular frequencies w,, wy, and w,, with small residual motion called micromotion



30 2.1. The linear Paul trap theory

superimposed at the drive frequency €.
In experiments with single or a few trapped atomic ions [35,36], typical parameters used to confine the ions
harmonically are a = 0 and ¢ $ 0.4. In this regime, one is sure not to induce parametric resonances [37]

that could heat up the trapped ions.

2.1.1 The effect of damping on the stability diagrams

Figure 2.6: (A): stable solutions (colors) of the Mathieu equation in the presence of various damping strength. (B):
first and second stability regions for stable trapping in the linear trap with different value of the damping strength.
While the damping increases, the stable trapping zone get larger and shifted compared to the b = 0 case. Moreover,

after the value b = 1.5 the second stability region become incorporated with the first one.

Mean viscous drag force resulting from collisions with background gas can be taken into account in the
equation of motion of a trapped particle by means of a damping term. Moreover, a damping term can also
effectively describe, for example, laser [38] and buffer gas cooling [39] of the ion, and feedback and cavity
cooling of the center-of-mass motion of a silica nanosphere (cf. Chap (1.1)) [18,40,41].

Thus, it is worth rewriting the z component of the equation of motion (2.1.7) to include a viscous friction-like

term proportional to the particle’s velocity [42]:

U U U
mi = —~i + (Q end | QUoss | QUrr cos(Qt))x, (2.1.29)
20 0 0

where +y is the coefficient describing a characteristic damping mechanism.

Even if v # 0, Eq. (2.1.29) can be recast in the form of a Mathieu equation: we first perform the usual
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substitution (2.1.9), obtaining

2
o ol

e T + (az — 2q, cos(2t1))z =0, (2.1.30)
1

where we have set

Y
b= —. 2.1.31
ms) ( )

Then, using the transformation @ = uexp(—bt;) we get

du 9
@ + (az — b® — 2q, cos(2t))u = 0, (2.1.32)
that is, a Mathieu equation with the parameter a, replaced by a, — b2.
The same formalism of Sec. (2.1) can thus be applied, and the new stability diagrams can be calculated
with the code presented in Appendix A.
Fig. (2.6) shows what happens for different increasing values of b. As one would expect, higher damping

means larger stable regions. At the same time, however, stable zones are shifted in position [43], potentially

giving unstable character to an otherwise stable point of operation with b = 0.

2.2 Paul trap driven by two frequencies

Paul traps have been typically used to investigate the properties of trapped objects such as a cloud of ions.
For a system like an ion cloud with many degrees of freedom, an additional quadrupole field with lower
amplitude than the primary one can be scanned while fluorescence of the ions is registered, leading to the
appearance of various mechanical resonances. These resonances are mostly due to parametric excitations of
the secular frequencies, higher-order modes of oscillation and nonlinearities of the trap potential. Thus, in

these kinds of measurements, the second oscillating field is used to probe the system.

To understand the effect of this second field, we rewrite Eq. (2.1.29) taking into account a second driving
with a different frequency and amplitude but with the same field geometry.

The equation of motion is now given by:

U, U U U.
mi — —’}/:C + (Q ;nd + Q gff + Q21 COS(Qlt) + Q722 COS(QQt))-T, (221)
20 20 Ty 70

where « is the damping constant, m and ) are the mass and the charge of the trapped particle and U;, §2; for
i = {1, 2} are the amplitude and the frequency of the first and the second oscillating potential, respectively.
In order to simplify the calculations, we consider the second frequency 25 to be a harmonic of the first one,

so that o = n); with n an integer. For this reason, € and Qs will be called the slow frequency and the
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fast frequency, respectively.

With the same transformation used in Eq. (2.1.9), we can recast the above equation of motion (2.2.1) as

d?x dz
——5 + 201 — + (az — 2q, cos(2t1) — 2p, cos(2nty))x = 0, (2.2.2)
dty dty

where we have additionally used

20U,

= 2.2.
Pa mriQ3’ (2.2.3)
QQ = TLQh (224)

and where the index in b; emphasize that we have rescaled the time with respect to the slow frequency such
that by = v/(m) (cf. Eq. (2.1.9)).

Eq. (2.2.2) is a second-order linear ordinary differential equation with periodic coefficients, generally known
in the literature as the Hill equation [32], of which the Mathieu equation (2.1.8) is just one particular case
involving a single frequency.

As was done for the Mathieu equation (cf. Chap. (2.1)), we use Floquet theory to find an analytic solution
to Eq. (2.2.2) in terms of an infinite series expansion: by substituting the ansatz (2.1.14) in (2.2.2) we get

a recursive relation for find the 3, parameter, namely
Cor + Doy [027"4-2 + 027-—2] + Py, [027'-1-271 + CQT—Qn} =0, (2.2.5)

where Do, = [q./(2r + B2)% — a,b3] and Fy, = [p./(2r + B:)? — as + b3].

Eq. (2.2.2) has bounded and unbounded solutions in time, just as its single-frequency counterpart does, and
these solutions depend on the particular values assumed by its 3, parameter. The boundary between stable
and unstable motion is represented (for a fixed value of damping) by the isosurfaces at integer values of 3,
in the three-dimensional parameter space spanned by (aw, Gz, px).

A slice in the a, = 0 plane (that is, when no DC offset is applied to the trap electrodes) for different values
of the frequency ratio n = /€ is depicted in Fig. (2.7). The 3, parameter was evaluated with the code
found in Appendix (A). Fig. (2.7) shows how the fast frequency €3 induces n — 1 tongues of subharmonic
resonances that cut the stability zone down to the ¢ = 0 axis.

For high value of n, these instabilities become denser and narrower. However, the finite resolution of the
numeric code acts as an effective damping [44], limiting the visibility of the resonances near the horizontal

axis.



2.2. Paul trap driven by two frequencies 33

0.2 . 0.2
n=5
015} 0.15
o 01} o 0.1
Unstable zone
0.05 0.05
0 0
0 0.2 0.4 0.6 0.8 1
p p

0.2 T T T T 0.2 T T T T

n=41

0.15 0.15} : 1

0.05 0.05}

Figure 2.7: Stability diagrams for a two-frequency-driven Paul trap along the a = 0 plane. At a fixed operating
frequencies, p is proportional to the strength of the field oscillating at the fast frequency Q2 while ¢ is proportional
to the strength of the field oscillating at the slow frequency €1 = Q2/n. The slow field induced n — 1 parametric
resonances which makes the trap unstable. The width of instability exponentially decay in reaching the ¢ = 0

axis [44], making them difficult to resolve.
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Discussion

The motional instabilities inside a Paul trap arising from parametric resonances induced by a second fre-
quency have been studied in various experimental and theoretical works [45-47]. Recently, the two-frequency
scheme was applied to the completely different task of stably trapping two ion species with a very large dif-
ference in their charge-to-mass ratios [8]. This theoretical proposal is gaining the attention of experimental
groups that work with multiple ion species or larger charged objects in a Paul trap [29,48]. The following
section will provide a basic theoretical treatment for our case of interest: trapping a calcium ion together

with a charged silica nanosphere.
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2.2.1 Trapping two particles with one frequency

If one is interested in seeing some kind of local interaction between two different trapped species inside a
Paul trap, it is desirable to put the the two objects as close together as possible. This situation arises for
example in sympathetic cooling of atomic ions [49], or of even larger systems such as proteins [50].

Here, we are interested in trapping (A) a charged silica nanosphere and (B) a single “°Ca™ ion. Their

respective typical charge and mass values are shown in the following table.

Species Mass (u) Charge (e)
A) 100 nm silica sphere 6 x 108 100
B) 40Ca™ single ion 40 1

We assume the silica sphere to have a diameter of 100 nm, with an electrical charge of?> 100 e [28]. Hence,

we obtain

95 @4, (2.2.6)
mpg ma

The main disadvantage of working with a single-frequency-driven Paul trap is that the resultant secular
frequency (cf. Eq. (2.1.23)) felt by both particles is directly proportional to their charge-to-mass ratio:

w; ox L (2.2.7)
i
where i = {A, B}. This leads to species-dependent spring constants x; = m;w? oc Q?/m;. In other words,
the particle with the lowest @) /m value will experience a lower restoring force. Therefore, assuming thermal

equilibrium at temperature T" between the two species
kpT = ki(x?), (2.2.8)

where kp is the Boltzmann constant, the nanosphere position fluctuations 4 = \/(x%) will be

ma Qp

~ 107 5. 2.2.9
mp Qa B ( )

TA=1ITpB

Thus, a Paul trap driven with parameters (namely, voltage and frequency) optimized only for a single ion
would lead to very large fluctuations in the nanosphere displacement, which would lead to the latter escaping

the trap.

2As we will see later in the experimental part of the thesis (cf. Chap. (4.1.1)), this value of the charge for the nanosphere is
larger than what we can achieve with the current loading techniques of our setup. In future work, it is planned to investigate

adaptations of the loading technique as well as separate charging methods.
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2.2.2 Trapping two particles with two frequencies

If we now drive the Paul trap with two frequencies at two differ-

ent voltages optimized for individually trapping the nanosphere Q /

« Qo

and the ion, the spring constant ratio no longer depends only Nanosphere Calcium ion
on the charge-to-mass ratio, but also on the frequency and volt-
age used to obtain independent stable trapping of both species, &
namely

k maw? Ua 21\2 Q%/m

o A o (AE) Qa/ma (2.2.10)

ke mpwyg D Up/ Q%/mp

Trap's drive

where we are supposing that the nanosphere is affected mainly frequencies

Q, » Q

Figure 2.8: Due to the large charge-to-mass

it is possible to balance the spring constants xa/kp ~ 1 by ratios separation between the calcium ion and

by the field oscillating at Qo with amplitude U4, while the ion
is confined by the € frequency with amplitude Ug.

Thus, even if the charge-to-mass ratio of each species is fixed,

tuning the two sets of frequencies and voltages. a typical charged nanosphere, the fast fre-

quency €21 is used for trap the calcium ion
Choosing the right voltage for the right frequency while the slow frequency (22 is used to trap the
We consider the fast driving frequency ; as a harmonic of the nanosphere.

slow frequency {29, namely

with n an integer. The values of the two voltages and frequencies that make the spring constant ratio in Eq.

(2.2.10) equal to one are not arbitrary. We impose on them two requirements:
e Each individual particle must be stably confined inside the trap;
e Parametric resonances induced by the slow trap frequency must be avoided.

First, in order to obtain a stable trapping inside the trap, we have to ensure that the ¢ parameter for both
species is

ga,p S 0.4. (2.2.12)
This requirement together with Eq. (2.2.10) fixes the drive frequency ratio, since

ka _ maw? _ m,4(0.492)2 1 (2.2.13)
ke mpwh mp(0.49,)°
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where we have used Eq. (2.1.23) to express the secular frequency w as a function of ¢. Substituting the
values for the masses of the species, and using a typical fast frequency for the calcium ion confinement of
Q1 ~ 1 MHz, we get n ~ 103.

Second, once we have chosen the driving frequency ratio n, the voltage ratio has to be chosen in order to
avoid parametric instabilities, like those shown in Fig. (2.7).

With such a high frequency ratio (n ~ 10%), it becomes very difficult to resolve all n — 1 parametric
resonances. However, we have seen in Chap. (2.1.1) how damping enlarges the stable region of operation
of the trap. Thus, adding a damping mechanism such as the damping force arising from Doppler cooling
cause the bottom tips of the instability tongues to lift up from the horizontal axis. Foot et al. [29] have
shown how the threshold voltage of the slow field Us that can excite a parametric resonance is related to
the dimensionless damping coefficient by (cf. Eq. (2.1.9)) and to the fast field voltage U;. They found that

Qs

= U2 (1by) /™ 2.2.14
meTLzQ%Tg i(mhy) /™, ( )

U,

where p = 0.54 is a constant, rg is the separation between the particle and the radial electrode in a linear

trap (see Fig. (2.2) (b)), and the order number m is

2wp _ ngp
="~ —= ~0.28n, 2.2.15
9 \/§ ( )

where in the last equality we have used ¢ = 0.4.

Thus, a suitable damping force on the ion, arising from a Doppler cooling mechanism or the pressure of the
residual gas in the vacuum chamber, is sufficient to avoid instabilities that could limit the lifetime of the ion

in the trap.

2.3 Paul trap as a mass spectrometer

Finally, we want to provide a basic introduction to the operation of a linear Paul trap as a charge-to-
mass spectrometer, which will be a useful tool for understanding the nanosphere loading mechanism with
the electrospray ionization technique (cf. Chap 3.2.1), the latter being known to generate a broad charge
distribution among the launched particles (cf. Chap 4.1.1).

Let us consider in this regard a linear Paul trap, with frequency 2 and voltage Urp. Then we know from
Chap. (2.1) that confinement of charged particles occurs only within certain zones of the ag-plane, called
stability regions.

Let us zoom into the first stability zone shown in Fig. (2.4) (B). Limiting our attention to the a = 0 axis, the

highest reachable g-value is located at ¢4 = 0.9. On the other hand, in the limit ¢ < 1 the pseudopotential
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approximation (cf. Chap. (2.1)) applies, and a trapped particle here oscillates in a potential well of depth
shown in Eq. (2.1.27).
Assuming that the particle is in thermal equilibrium with the environment at temperature T', the trap depth

D should be at least [51] D > 10kgT. Combining the thermal and equilibrium requirements, we find

4r2Q)2 Q r2Q32
10kgT—2— < 2 <9 09 2.3.1
B UIQQF ~m ~ 2UgrFr ’ ( )

where )/m is the charge-to-mass ratio of a confined particle.

The trap thus acts like a band-pass filter for the charge-to-mass ratio of the particles launched through the
trap volume.

By scanning the voltage and/or the driving frequency, we can modify the acceptance criteria of the trap.
Furthermore, if we know the exact damping factor associated with the environment and its relation with
Gmaz [52], the absolute value of Q/m of a trapped object can be experimentally evaluated by increasing Ugp
or decreasing € until ¢4, is reached, at which point the particles will be driven out of the trap by motional
instability.

This method has been successfully used to estimate the charge-to-mass ratio of nanospheres in different

configurations [53, 54].

Discussion

In this chapter we have derived the basic working principle of a Paul trap driven with one frequency. Then
we have extended the derivation to the case of two frequencies in order to optimize the confinement for two
different species with a charge-to-mass ratios that differ by six orders of magnitude.

The goal of the experiment consists of a silica nanosphere trapped together with a single calcium ion within
the same Paul trap. Next, the addition of an optical cavity, with the trapped particles aligned along its axis,

will form the optomechanical system (cf. Chap. (1)).

At the beginning of this project, however, I started with an empty laboratory with no equipment.
Taking into account the complexity and the expected time to realize a typical ion-trap experiment(see for
example [55]), we decided that the fastest way to verify the two-frequency trapping scheme would be to
use a simpler, rescaled physical system composed of a nanosphere and a microsphere, instead of a single
atomic ion and a nanosphere, as the physics described above just depends on charge-to-mass ratios and not
on actual masses.

The following chapters will thus be devoted to showing how stable trapping in a Paul trap of both a

nanosphere and a microsphere have been obtained in an air environment.



Chapter 3

Experimental apparatus

A theoretical framework on ion trapping has been presented in the last section. In this chapter, the experi-
mental apparatus will be introduced.

First, the design, fabrication and assembly of the Paul trap are presented. Second, a description of the
silica nano- and microspheres used as samples in our experiment will be given. Third, the different methods
to load particles into the trap will be presented. The last part of the chapter will be devoted to particle

detection, using both an interferometric scheme and direct imaging of the scattered light.

3.1 The linear Paul trap realization

3.1.1 Design and fabrication

@ Figure 3.1: Section view of the four-

rod Paul trap. Two diametrically opposed
R cylindrical electrodes (with radius R’ sep-
arated by a distance 2R) are connected to

the RF source, while the remaining two are

grounded through the optical table.

In Fig. (3.1) the general idea of the trap is sketched based on a simple quadrupole mass filter: two
dielectric holders support four cylindrical electrodes for radial confinement and two additional smaller rods

placed as end caps for axial confinement.
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Three additional rods are included, to which DC voltages can be applied in order to compensate for stray
electric fields that can displace the particle from the RF minimum, causing excess micromotion. These rods

are known as compensation electrodes.

Holders

All of the trap’ electrodes are fitted in the dielectric holders, which the only parts that required custom
design and fabrication.

The holder is a dielectric slab with holes that match the electrodes’ diameters. It keeps the electrodes parallel
while ensuring the stability of the trap and providing a clamping mechanism for the system.

The design of the holder is shown in Fig. (3.2). Given the fixed radius of the rods (R’), the separation of

@4
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Figure 3.2: CAD drawing of one of the two identical holders for the Paul trap. All lengths are expressed in mm.
The holes are: four 4 mm diameter holes for RF/ground electrodes; one 0.4 mm diameter center hole for the endcap
electrode; two M4 threaded holes to accommodate screw connections with a post; three additional 0.8 mm diameter

holes for compensation electrodes.

the electrodes (R) was chosen according to reference [56] and is shown in Fig (3.1)

R' = 1.03R. (3.1.1)
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The electric field profile arising from this geometrical arrangement of electrodes has been studied through

finite element simulations®. For these simulations, the pseudopotential ¢pscudo(T,y) can be written as [57]

_Q
4m?

drive

@pseudo(xay) = ‘E((an)|2 (312)

where Q and m are respectively the charge and the mass of the trapped particle and Qgpje is the drive
frequency of the trap. The confining potential will be harmonic only within the region where the square of
the electric field depends quadratically on the radial coordinates x and y. This occurs for distances from

the center of the trap less then ~ 0.4 mm, as determined from the simulations shown in Fig. (3.3). A ratio

x10% (Vimy? 14 - : . . T T T T T
4.5 [ ]
120 .
4 ¢ r/\)? direction
35 Q 10+ o ® 1
£ .
3 = 8L ' L ] i
> .  JPAr
25 pa + & udirection |
o 6 (%S ’
2 = ° \ L4
8 4 / .
1.5 E \ 0.4 mm ,’
1 21 oo goupleny L |
05 0 L L L L I - L L L
0 25 2 15 -1 05 0 05 1 15 2 25
Radial direction (mm)
(a) (b)

Figure 3.3: Electrostatic simulations of |E|? arising from the geometrical configuration of Eq. (3.1.1), with 1V
applied on the two RF rods. The resulting pesudopotential can obtained with the help of Eq. (3.1.2). Figure (a)
shows a contour plot of |E|? on the z=0 plane. It can be seen how the radial symmetry manifests itself just near
the center of the trap. Figure (b) shows that radial symmetry is achieved within a radius of ~ 0.2mm from the
center. Below that distance, a multipole expansion fit showed that anharmonic terms became smaller than ~ 1% of

the quadratic term.

of R'/R = 1.147 would have led to a larger area of harmonicity of the trap [58]. However, this would have
implied a shorter distance between the cylindrical electrodes, compromising the fabrication process for the
holder holes, and the optical access for imaging detection.

The holders have been fabricated with a precision of 0.02 mm by the mechanical workshop of the University
of Innsbruck’s Institute for Experimental Physics.

The holders are made of polyoxymethylene (POM). POM is a polymer able to sustain up to 15kV mm™*
DC fields before dielectric breakdown [59]. We have never encountered breakdown problems while working

between DC and 30kHz and voltages applied to the rods (minimum separation of 1.5mm) up to 1kV.

LComsol Multiphysics
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Electrodes

The electrodes were made from commercially available components.

The four RF electrodes (RF and ground, see Fig. (2.2)) are stainless steel assembly rods of a commercial
cage system?, 4mm in diameter and 50 mm in length.

The endcap electrodes are dialysis needles made of stainless, chromium-nickel steel®, 0.4 mm in diameter
and 25mm in length. Three additional needles, 0.8 mm in diameter and 120 mm in length, were used as

compensation electrodes.

Position of endcaps and compensation electrodes
The endcaps are placed in the center of the RF and ground electrode holes.
In order to minimize the distortion of the quadrupole field potential, the compensation electrodes are smaller

than the RF and ground rods and they are positioned further from the center.

Trap assembly
Fig. (3.4) shows the final form of the trap.

Figure 3.4: The trap assembled in ver-
tical configuration. The bottom holder is
clamped via an M4 screw to a post and
is 25 mm away from the top holder. The

endcap separation is 8.22 mm.

An M4 threaded hole was machined on the holder in order to clamp the assembled trap to its mount and
align the trap on the optical table using standard optomechanical components.

The electrodes are tightly fit into the holder by pressure, allowing the separation of the endcaps to be
regulated manually. This also makes it easier to unmount and remount the trap for cleaning. After several
particles’ loading sessions, in fact, the electrodes became dirt with the particle’s solution (a detailed loading
mechanisms description is given in Sec. 3.2).

Each electrode is connected to its power source via cables directly soldered onto it. The trap is mounted

via a post to a one-axis translation stage can be finely adjusted (see Fig. (3.5)) so that its lateral position

2 ThorLabs SR2
3Braun
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Figure 3.5: Trap mounted on the optical table. The electrical connections of the electrodes are a) for the top
endcap (green wire) and b) for the bottom one (green wire) as well as the rods (red wires for the RF and black for
GND). The bottom holder is fixed via an M4 screw to a post ¢), which is clamped to a linear translation stage d)

for alignment of the trap with respect to the detection laser beam.

with respect the detection laser beam (cf. Chap. (3.3)). A Plexiglas box covers the whole trap, protecting

it from air flow.

3.1.2 Driving the trap
As described in Chap. (2), the Paul trap needs to be driven by a combination of AC and DC fields.
DC source

The endcaps and compensation electrodes are driven by DC fields. This static voltage is generated by a

high precision HV module?(Iseg box) which can provide up to +6kV with low current (a fraction of a

4EHS 60x from Iseg
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microampere).

AC source

As shown in Fig. (3.1), the RF rods across from one another are driven with the same AC voltage. The
ground electrodes are grounded to the table.

The RF field is generated by an arbitrary waveform generator (AWG)® and then amplified by a voltage
amplifier®. The AWG has two independent outputs that give a maximum of 5 VPP per channel when both
are switched on and 10 VPP if just one is used.

The amplifier can reach a maximum amplitude of 1.4kV DC or AC, with an output current range from
0 to £50mA. The maximum output voltage depends on the capacitive coupling obtained with the trap.
The gain of the amplifier is tunable with a knob up to 300. The input channel supports up to 20 VPP AC.
To match the load impedance of the trap, the dynamic adjustment knob located on the front panel of the
amplifier is used.

The output is monitored with a voltage divider that gives 1/200th of the output signal.

A power splitter was used in order to feed the amplifier (which has just one input) with the sum of two RF

fields, allowing us to investigate the behavior of the trap driven by two frequencies.

Remote control system

Due to the number of control knobs in the experiment and the fact that high voltage is involved, it is useful
to control the experiment hardware remotely. In our experiment, this is done with the Trapped Ion Control
Software (TrICS).

TrICS is developed by the Quantum Optics and Spectroscopy Group of the University of Innsbruck, and

allows users to control different hardware devices via their specific libraries or through an user API.

3.2 Particle preparation and loading methods

The measurements reported here have been carried with two different sphere sizes. Hereafter we will refer
to the largest ones (21.8 0.9 pm from Micro particles GmbH) as microparticles, and to the smallest ones
(0.10 £ 0.03 um from Polysciences Inc.) as nanoparticles.

Both are stored as a solution (5% mass concentration) of nonporous SiOs in NaOH-enriched water.

The stated densities are 1.85g/cm? for the microparticles and 2g/cm?® for the nanoparticles. With these

values, the average mass of a nanoparticle and of a microparticle are estimated to be ~ 1 x 10718 kg and ~

5 AFG3000C from Tektronix
6Trek PZD700A
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Figure 3.6: Electrospray working principle. A static voltage is applied between a capillary filled with the liquid
solution and a counter electrode. When pressure is maintained on the plunger, the capillary will eject a spray of
ionized particles grouped inside droplets of solvent. After the solvent has evaporated, the charged particles escape

from the droplets, as they are accelerated by the electric field towards the counter electrode

1.0 x 107! kg, respectively.

In order to be trapped in a Paul trap, the particles need to be electrically charged and launched inside
the trap’s volume. For these first tests, setting up an apparatus without a vacuum chamber provides two
important advantages: first, the possibility to test, in a relatively short time, several of the various trapping
methods proposed in the literature, and second, the viscous damping of air, which slows the particle velocities
and makes them easier to trap.

Among the schemes tested, the electrospray ionization technique turns out to be the most efficient and
reproducible way of launching and charging the nanospheres. For the microspheres, a different approach is
required. In the following, I will outline the basic theory behind the two methods and then explain how they

have been implemented in practice.

3.2.1 Electrospray ionization of nanoparticles

Electrospary ionization (ESI) is a technique used to obtain charged particles from a liquid solution. Fig.
(3.6) is depicted how ESI works. Solution is pumped through a metallic capillary needle, which is subjected

to a high potential difference with respect to a counter electrode. The dissolved particles become charged via
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the triboelectric effect arising from the friction between the particles and both the walls and the polarized

solvent!. Once a certain threshold voltage is reached, the pressurized liquid exits from the needle and forms

the so-called Taylor cone, named after the theoretical work of G. I. Taylor [62,63].

A spray of droplets is observed beyond the Taylor cone. These droplets are charged, and thus they are

accelerated by the electric field toward the counter electrode. In the meanwhile, part of the solvent in the

droplets evaporates. This leads to a decrease in the droplets’ volume and a subsequent increase of surface

charge density. When the electrostatic pressure exceed the surface tension, the droplets break into smaller

ones, with a cascade effect that stops with droplets containing a single charged nanoparticle.

Implementation in the lab

A basic ESI system has been built for loading the nanospheres into the Paul trap.

A medical syringe is fixed on a post and placed near the trap, pointing between the
rods. The syringe’s needle is connected via an alligator cable to the Iseg voltage
source. The counter electrode is one of the two grounded rods of the trap itself. The
syringe is filled with 10 pL of nanoparticle solution diluted with 0.5 mL of ethanol
(this is a quite standard trick, used to obtain a faster evaporation of the solvent).

Applying little pressure by hand (enough to feed the small droplet at the tip of the
syringe) and a voltage of 3kV to the needle, a Taylor cone starts to appear (see Fig.
(3.7)). Hluminating the trapping region with a collimated laser beam (A = 650 nm),
we can observe the trapped particles with naked eye (see Fig. (3.8)) and register

their motion with a camera.

3.2.2 Charging and launching of microparticles

After several tests, we figured out that the method used for the nanospheres does not
work with the microparticles. Therefore we decided to follow a different approach.
A small volume of the microparticle solution diluted with ethanol is applied on a
thin flat electrode connected to a Van de Graaff generator. The thin electrode is
clamped on a post and placed close to the trap.

Once switched on, the Van de Graaff generator produces a voltage difference of hun-

Taylor cone

Figure 3.7: Our elec-
trospray at work. A
Taylor cone appears
just after a threshold
voltage of 3kV is ap-
plied to the syringe

needle.

dreds of volts by accumulating charges on the thin electrode. Some of these charges become attached to

11t remain an open question and topic of both physics and chemistry research how ion formation actually takes place.

Rayleigh discharge [60] and field-induced droplet ionization [61] are the most investigated techniques.
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the surface of the dielectric spheres, which in turn are expelled from the electrode surface via electrostatic
repulsion.

The difference between this method and the one used to charge the nanospheres is that the charging of mi-
croparticles is based only on the triboelectric effect, and does not involve evaporation of the solvent. Indeed,
we also trapped from a dry powder of microspheres initially deposited on the tip electrode, demonstrating
that friction with the electrodes is sufficient to charge the particles.

It should be noted that the presence of residual ethanol in this case is unavoidable since the microparticle
solution takes a long time to dry completely (~ 1h). This turns out to be an advantage as it seems easier

for the particles to become charged and expelled in a liquid emulsion than in a dry surface.

3.3 Detection schemes

Figure 3.8: Photograph of scattered light from a trapped microsphere. A red laser beam (A ~ 650nm) is focused

on the particle’s position inside the trap. The scattered light from the particle can be seen even with naked eyes.

Even a simple LED torch is able to reveal the particles’ position inside the trap. Nevertheless, we require
a more accurate detection technique to obtain quantitative information about the particle motion. In our
case, we are interested in the amplitude and frequency of the motion of the trapped particles. For this
purpose, we have chosen to use back-focal-plane interferometry, which is characterized by high temporal and
spatial resolution [64]. Moreover, we use standard imaging to detect the relative position of the particles
inside the trap. The aim of this section is to present the theory and implementation of these detection

schemes.
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3.3.1 Laser and spatial filter

Figure 3.9: Transverse laser mode at the input a) and output b) of the spatial filter imaged on a beam profiler.
A symmetric mode is important to guarantee equal efficiency in the detection of the lateral motion of the trapped

particle in both transverse directions.

The laser used to illuminate the particles is a red diode laser at 650 nm. The intensity profile at the
output of the laser head is spatially multimode (see Fig. (3.9)). In order to obtain a Gaussian profile, we
assembled an optical spatial filter: this consists of two lenses (f=30 mm and f=200 mm) set in a confocal
configuration. At the beam focus we place a 15 pm pinhole. After the spatial filter, the laser output power

is reduced from ~ 5mW to ~ 2mW.

3.3.2 Back-focal-plane interferometry detection

a)

Scattered light Unscattered
< font Figure 3.10: Laser light is focused on the
trapped nanosphere. a) The unscattered
light (in red) leaving the focus is shifted in
phase by the Gouy phase (see text) with
respect to the scattered light from the par-

b) ticle (in blue). b) The interference of the

Trapped particle
Objective lens Condenser lens BFP

/J I~ PD alyzed with a photodiode (PD) at the back
( V / focal plane (BFP) of a condenser lens.

Incoming
collimated light

Back-focal-plane (BFP) interferometry is widely used for the detection of levitating particles ranging

scattered and unscattered light fields is an-
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from nanometers to micrometers in size. This technique offers high resolution both in the time domain and
spatial domain, allowing extremely precise measurements. In the optical tweezers community, for instance,
it permits forces to be determined down to the piconewton scale [65] in all three dimensions [66]. This
techique relies on the scattering of part of the light field illuminating the object we want to measure, and the
subsequent detection of the interference pattern between scattered and unscattered light in the back focal
plane of a condenser lens. A quadrant detector [67] or a position-sensitive photodiode [68] determines the
intensity change of the pattern and converts it into an electric signal that is then recorded and analyzed.
The goal of this section is to give a simplified theoretical explanation of the resulting interference pattern
and to show how useful information about the trapped particle’s motion can be extracted from it.

The imaging beam is focused in the middle of the Paul trap, where the particle is trapped. We use a lens
with a focal length of 40 mm. A fine adjustment of the focal spot is achieved by maximizing the visibility of

the interference fringes in the back focal plane (see the inset in Fig. (3.10) (b)).

Interference and lateral displacement detection

BFP detection is based on the interference pattern created by a Gaussian beam and a scatterer placed at its
focus. In the following, we will develop the basic tools to show the dependence of the detected signal on the
particle displacement. We will first derive the equation for lateral displacement (i.e., for the case in which
particle remains in the focal plane), and then for an axial displacement. The present derivation follows the
work of Gittes et al. [69]. The starting point is the description of both the incoming and the scattered light
field. We assume that:

1. A > d = 2a, where X is the wavelength of the laser, d is the diameter of the particle, and «a is the
radius of the particle.
This is the so-called Rayleigh or electrostatic approximation, as we consider the incoming field as
constant within the volume occupied by the sphere. This allows us to calculate the polarizability of
the sphere within the approximation of a uniform field (see Eq. (3.3.3)).
In our case, A = 650nm. It follows that the relation A > d is only valid for the nanosphere. The
case of the microsphere, where A\ < d, requires a different approach and will be discussed later in Sec.

3.3.2.

2. The laser beam is well described as a paraxial Gaussian beam.
The measured beam waist after the spatial filter is w;, = 2mm. Since the beam is focused by a f =
40 mm lens, the half angle at the focus is ~ 2°: thus, the small-angle approximations sin § ~ tanf ~ 6

is reasonable.
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Beam focus

2w,

Beam intensity
profile

(a) light field coordinates (b) particle coordinates

Figure 3.11: a) Coordinate systems used in the text for the far electric field (photograph of the trap plus a
representation of the focused beam): r is the distance from the focus, 6 is the polar angle with respect to the optical
axis z, and ¢ is the azimuth angle. b) Coordinate systems used for the particle lateral position: d is the particle

diameter, a its radius, x its lateral displacement from the optical axis z, and wo is the beam waist.

Taking the beam focus as the origin of the coordinates system (see Fig. (3.11) for the definitions of the
light’s and the particle’s coordinates), the amplitude of the unscattered beam in the far field (r > wg) can

be written as [9]:
—ikwoI/?

E(r) = r(megc) /2

exp(ikr — k*wg6?/4), (3.3.1)

Here k = 27 /); €p and ¢ are the permittivity and the speed of light in vacuum; I is the intensity of the input
beam and wy is the beam waist. The —i factor appears due to the Gouy phase that adds an overall phase
—m /2. This phase is absent in the scattered field, which is crucial for the emergence of interference.

The scattered field in the far field corresponds to a conventional dipole radiation pattern. For a small lateral

displacement x, the electric field at the particle position is:

2]1/2

E(x) = 172 exp(—z?/wp). (3.3.2)

wo(Tege

This field induces a dipole moment P = 4wegaE of the particle, where « is the polarizability of the sphere

calculated in the static field approximation [70]

w N

-1
+2’

n

a=ad (3.3.3)

n

w N

where ng is the refractive index of the sphere. The induced dipole oscillates at the laser frequency, emitting

a dipole radiation pattern that can be approximated in the far field as:

’ ka . ka ) )
E' ~ — E(x)exp(ik|r — ry|) = — E(z) explik(r — xzsinf cos ¢)], (3.34)
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where we are using the spherical coordinate system depicted in Fig. (3.11) (a).
The condenser lens collects the scattered and unscattered fields. The interference of these two fields produces
an intensity difference, when compared with the unscattered field only:

€pC

o =—-[IE+ E'|> — |E|*] = ecRe|EE"], (3.3.5)

where the term |E’|? is neglected (|E'| < |E|).
By substituting Eq. ((3.3.1)), Eq. ((3.3.2)) and Eq. ((3.3.4)) into Eq. ((3.3.5)) and considering small angle
0, we obtain the relative intensity change in the back focal plane:

6I(x)  2k'a
I 7

ze "/ fcosp e w0 /4, (3.3.6)

Equation ((3.3.6)) describes the interference pattern of the reference laser beam and the scattered light of
the particle in the beam’s focus and displaced by x from the optical axis, observed at angles (6, ¢). In the
limit of small displacements (x < wyp), the intensity of the outgoing light is proportional to the particle
motion along x.

A photodiode is used to traduce the light intensity in a voltage signal. The detector response is obtained
integrating equation ((3.3.6)) on the sensor area. Because of the cos ¢ dependency, the contribution from
angles —7m/2 < ¢ < /2 cancels with the contribution from 7/2 < ¢ < —m/2. Therefore is convenient to
split the integrated intensity into 61 = 01 + §I_, with

51y ) +7/2 Omaz .
—=r / qu/ 0I(x)sin6d6. (3.3.7)
I Fr/2 0

Experimentally this is achieved by placing a D-shaped mirror after the condenser lens, oriented in such
a way that the beam is divided in two halves, each of which will be detected by an identical photodiode.
Then, subtracting the signal of one photodiode from the other (balanced configuration) we obtain the signal
corresponding to 61y —dI_. In this way, when 2 > 0 (Fig. (3.12) left) one photodiode measures the positive
lobe of the interference, while the other measures the negative one. The situation is inverted when z < 0
(Fig. (3.12) right). Fig. (3.13) shows the relationship between the coordinates used in this chapter and the
ones of the Chap. 2 used for describing the motion in the Paul trap.

Thanks to the simplifications made so far, it is possible to get an explicit analytic solution [67] for the
response of the photodiode. For condenser optics with a low numerical aperture, the paraxial approximation
gives

oLy —ol- mmG( x ) (3.3.8)

I N w2\ woy
where G(u) = e=2%° Iy e~¥’dy. The quantity (61, — 6I_)/I is plotted in the left part of Fig. (3.14) as a

function of the lateral displacement x. The difference in voltage between the photodiodes exhibits a linear
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Figure 3.12: When the nanosphere is displaced by = > 0 (left figure), the scattered light intensity relative to the
incoming laser beam on the upper half 61, is positive, while is negative for the lower half. The situation is inverted
when the particle is displaced by = < 0 (right figure). The difference between the upper and lower intensity patterns
can be converted into a voltage signal by a vertical split photodiode (dashed line) aligned with the optical axis, giving
a direct measure of the lateral nanosphere displacement.

behavior near x = 0 with a slope proportional to ~ )\d—:g.

This linear regime holds for lateral displacements up to approximately v/2wg. For larger lateral displace-

ments, the intensity of the field scattered by the particle decreases as E ~ e~ (*/ wo)?,

Axial displacement detection
When the particle moves along the optical axis z, it will experience a field [9]

2[1/2

E(rs) = E(Z) = ’UJ(Z)(7T6()C)1/2

exp(—ikz + i((2)), (3.3.9)

where 2o = w3 /) is the Rayleigh length, w(z) = wo+/1 + (2/20)% and ((z) = arctan(z/z9). We proceed
now as we did for the lateral displacement, substituting Eq. (3.3.9) both in the expression for the induced
dipole moment and for the scattered field Eq. ((3.3.4)), always in the far-field regime.

We thus obtain a relative intensity change in the back focal plane due to the presence of a particle [71]:

2k*
ﬁ cosf exp(—k*wi6?/4),  (3.3.10)
0

01(z) 2k3a

T = InZeZ sin(kz + arctan(()) cos 0 exp(—k*w(6?/4) ~
w2eqr

where the last linear approximation holds for z &~ 0. Note that §I(z) here no longer depends on the azimuthal
angle ¢.

The right part of Fig. (3.14) shows the relative detector response versus the axial displacement z.
For the parameters chosen in the experiment, wg =~ 4pm and zy ~ 80um, the sensitivity of the lateral

displacement is ~ one order of magnitude higher than the sensitivity of the axial displacement.



8.3. Detection schemes 53

Trap's rods /\ Endcap
b) I

P —
oq
N_
n
<

/
\

Figure 3.13: Relationship between the orthogonal coordinates {x’,y’, 2’} used for describing particle motion in the
Paul trap as used in Chap. 2, and the particle detection system coordinates {z,y, z}. a) A section view;b) a lateral

view of the relative position of the detection beam and the Paul trap.
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Figure 3.14: Relative detector response for lateral (A) and axial (B) particle displacements obtained within the
paraxial approximation. The plots were obtained for a 100 nm diameter particle in a 650 nm laser beam with an

incoming beam waist of wo = 2mm focused with a f = 40 mm lens.
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Back focal plane detection of microparticle motion

As the microsphere has a diameter of d = 21 pm > ), it cannot be considered under the Rayleigh ap-
proximation, and to find an expression for the scattered fields, one should find the Mie scattering term [15].
Fortunately, this regime (d > \) allow us to use a simple ray optics picture [51,72] in order to see how
the incoming rays focused by the lens are deflected by the microsphere and how the photodiode’s response

relates to the particle movement. For a positive lateral displacement of the microparticle (Fig. (3.15)), the

Figure 3.15: When the microsphere is

Objective lens
laterally displaced from the optical axis, it

X deflects the incoming laser beam. A D-

shaped mirror can distribute the deflected
Condenser Lens

PD1 light to a pair of photodiodes (PD1 and

D-shaped mirror PD2). The difference of the signals de-
tected at the photodiodes gives a direct
measurement of the lateral particle dis-

PD2
placement x.

incoming light is mostly deflected towards the first photodiode (PD1). On the other hand, when the particle
moves to the left of the optical axis, the majority of the light follows a straight path to the second photodiode
(PD2). Therefore, the difference of the signals PD1-PD2 encodes the lateral motion x of the microsphere.

Figure 3.16: Axial displacements of the
microsphere shift the detection beam fo-
cus, changing the outgoing beam collima-
tion. The figure shows positive (a) and
negative (b) displacement of the particle
in the axial (z) direction. An iris placed
. after the condenser lens filters the amount
Iris of light detected by the photodiode, which

gives a signal proportional to the particle

axial position along.

Fig. (3.16) depicts the case of displacement along the optical axis. The focus in the absence of the
particle lies on the plane z = 0. When the particle moves below it (z > 0, Fig. (3.16) (a)), the focus is
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shifted in the same direction and light emerges out of the particle with a smaller divergence. As consequence,
the collimated beam after the condenser lens gets smaller in diameter. In a similar way, for displacements
in the opposite direction (z < 0, Fig. (3.16) (b)) we obtain a collimated beam with a larger diameter. An
iris placed after the condenser lens blocks part of the collimated beam. In this way, the intensity of the light
reaching the photodiode is larger when the particle is at z > 0 and lower for z < 0. Therefore, the total
intensity of the light at the photodiode in Fig. (3.16) is proportional to the particle’s displacement along
the optical axis.

Since axial detection is based on the blockade of the outer part of the collimated beam, the more the
aperture of the iris is reduced, the higher the sensitivity. Conversely, lateral detection takes advantage of
the outermost part of the beam. As a result, for large particles it can also be convenient to split the signal

into different detectors.

3.3.3 Camera detection

/Top endcap

Figure 3.17: Image of a trapped micro-

sphere taken with the CMOS camera with

Mlcrosphere a resolution of 1024x1024 pixels.

\Bottom endcap

In addition to interferometric measurements, we used a CMOS camera’ to detect the position of the
particles inside the trap. A typical image of a trapped particle taken with the camera is shown in Fig.
(3.17). The camera is able to detect both nanospheres and microspheres. A nanosphere’s image typically
extends for ~ 3 pixels, a microsphere is ~ 18 pixels in diameter instead (see Fig. (3.18)). In order to optimize
the image quality, various settings of the sensor, including pixel rate (up to 41 MHz), exposure time and

frames per second (up to 250 fps), are adjusted via the software of the camera.

"DCC1545M from Thorlabs
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(a) (b)

Figure 3.18: Nanosphere (a) and microsphere (b) scattered light recorded with the camera. For a comparison of
their effective sizes, these images were taken with the same camera settings (exposure time, pixel rate, intensity gain,

resolution).

Since the trap is mounted in the vertical position, the two orthogonal directions for optical access both
lie on the table’s plane. The camera was thus placed in the direction perpendicular to the laser beam (Fig.

(3.19)), given that the principal axis is used for interferometric measurements with the photodiodes.
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Figure 3.19: Schematic of the entire setup. The 650 nm laser for imaging enters in the spatial filter that select the
TEMgo mode only. Then, the light is focused by the objective lens (L1) into the trapped particle. The scattered
light from the particle is collected by the camera, which is placed at right angle with respect to the optical axis at the
same altitude of the Paul trap. The sum of the scattered and the unscattered light is collimated by the condenser
lens (L2), and then equally splitted by a D-shaped mirror. Each of the two beams leaving the D-shaped mirror goes
to a pair of photodiodes (PD1 and PD2), which work in balanced configuration. An iris placed before the D-shaped

mirror reduce the beam’s diameter, ensuring the axial motion detection of microsphere (see Sec. 3.3.2).

Distance calibration

After a proper calibration, camera detection allow us to infer the absolute equilibrium position of the
trapped particle within the electric field of the Paul trap, which in turn provides useful information about
the charge state of the particle (cf. Chap (4.1.1)). Fig. (3.20) shows a pixel intensity profile along the
vertical axis of the trap that intersects the endcap electrodes and the trapped microsphere. The distance
calibration is made possible by the known size of the endcap electrodes (diameter of 0.4 mm). In this way,

we can calculate the conversion factor between pixels and millimeters C:

di .
¢ — _endeap diameter in (mm) 006 40 0001 mm /pixel (3.3.11)
endcap diameter in (pixels)

3.4 Data analysis tool

The electric signals coming from the photodiodes of the imaging system are connected to a Field Pro-

grammable Gate Array (FPGA) board®. The two inputs of the board sample the analog inputs at a rate

8Red Pitaya STEMlab 125-10 board
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Figure 3.20: This plot shows the pixel intensity (au) as a function of the pixel position along a vertical line passing

on the two endcaps. The graph is taken from the camera software.

of 125 Msps with a resolution of 14 bit; the maximum input voltage is 20V. The card is equipped with
an open-source software package that provides an oscilloscope and a spectrum analyzer [73] that we use to

compute the power spectral density of the trapped particle motion.



Chapter 4

Experimental results

Once different species of charged particles can be loaded into the ion trap systematically, it becomes possible
to study their motion and relate their behavior to the stability parameters.

This chapter will be devoted to showing how the quite different sizes and charges of the nanospheres and
microspheres lead to a substantial difference in their motion inside the trap. Finally, an implementation of

a trap driven by two different RF fields to trap the different species will be presented.

4.1 Characterization of the trap and loading methods

We first want to identify the parameters that influence the number of charges on the particles. This will
allow us to find a protocol to load particles in a reproducible and systematic way.

Nanospheres are loaded using electrospray (cf. Chap. (3.2.1)). Both the electrospray launch and capture by
the Paul trap act as charge filters. Particles launched by electrospray are loaded with a variable number of

elementary charges depending on various factors, mainly:
e Needle voltage
e Distance between needle and trap
e Initial concentration of the solution
e Shape and dimension of the particle

After launching, a broad distribution of charged particles is accelerated toward the trap by the electric field

202
of the needle. However, not every particle gets trapped since Eq. (2.3.1) requires that 101§BT45‘)2Q
R

< Q <
< =<

F



60 4.1. Characterization of the trap and loading methods

202
;&ZF 0.9 (for particle stability and minimum trap depth). Thus, the trap works as a charge-to-mass filter.
Since it is possible to modify the trap acceptance by varying the RF field parameters, one can reconstruct

the initial charge distribution of the electrospray source in terms of the trap parameters.

4.1.1 Charge over mass measurements

After loading the trap with a single species, we measure its charge-to-mass ratio by scanning the endcap
voltage while monitoring the axial position of the particle with the camera. Due to its charge, the trapped
particle acts as a sensor of the static electric field produced by the electrodes, positioning itself where the

electric force balances the gravitational pull:
mg = QE(z¢,) (4.1.1)

where g is the gravitational acceleration constant and E(z.,) is the value of the static electric field produced

by the endcap evaluated at the trap equilibrium position z.q. The electric field generated within the trap has

5 5
4 — - 4
3+ - 3
ol 1
g 1+ -1
=
D o -0
E
= 1 -
=
< 2+ -2
3 . . -1-3
e Simulation
-4 — -4
-5 . 5

-2 1 0 1 2

Axial electric field strength (10* V/m)
Figure 4.1: Computer simulation of the axial electric field of the trap with an endcaps voltage of 15V.
been calculated from computer simulation®, and it is shown in Fig. (4.1). If 2, is subsequently determined

from camera imaging (cf. Chap.(3.3.3)), the charge-to-mass value of single particle can be extrapolated from

Eq. (4.1.1).

Charge of the microsphere

We find that our charging and launching technique (cf. Chap. (3.2.2)) can provide microparticles with

1Comsol Multiphysics



4.1. Characterization of the trap and loading methods 61

Microspheres launching

14 T T T

f,=290Hz

10 .

Trapping occurrences

0 A I S I

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Charge over mass ratio (C/Kg)

Figure 4.2: Microsphere charge-to-mass ratio distribution obtained with the Paul trap operating at the drive

frequency fq = 290 Hz.

~! (see Fig. (4.2)), corresponding to~ 10°

a charge-to-mass ratio distributed around the value of 0.04 Ckg
positive elementary charges (cf. Chap (3.2) for particle volume), where the sign of the charge is manifested

by the fact that particles are trapped when positive voltages are applied on the endcap electrodes.

Charge of the nanosphere

In contrast to the case of the microsphere, two distinct charge populations of nanosphere have been found
from the electrospray launching technique. As depicted in Fig. (4.3), one peak of loading is observed for
particles with a charge-to-mass value of ~ 10 Ckg™! for trap parameters ' = 27 x 2kHz and Uy ~ 800 V.
The second peak arises at the charge-to-mass value of ~ 30 Ckg™! for trap parameters )’ = 27 x 10kHz

and Ufp ~ 500 V. Both nanosphere populations are positively charged.

To summarize, it has been found that our experimental apparatus can trap at least three well defined
charge-to-mass species: one microsphere with Q/m|, ~ 0.04 Ckg™' and two nanospheres with respectively
Q/m|n1 ~10Ckg™! and Q/m|, 2 ~ 30Ckg™.

These charge-to-mass values are comparable with those determined from other experiments results [74,75].
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Figure 4.3: Nanosphere charge-to-mass distributions. Different drive frequencies f4 of the trap produce different

populations.

4.2 Stability diagrams

To trace the boundaries of the stability diagram of our system, we study the particle motion using camera
imaging (cf. Chap (3.3.3)). Fig. (4.4) shows two camera frames of a particle trapped with a different RF field
in each case. As soon as the parameters of the trap (voltages Urp and frequency §2) exceed specific threshold
values, a transition occurs that causes the amplitude of motion of the particle to increase. The system is said
to be unstable whenever its elongated orbit start to slowly drift out of the trap. Several trapping sessions
showed that after this point is reached, the chances of losing the particle increase substantially. The set of
all the observed points in the parameter space that give rise to instability form the stability boundary. The
nanospheres and microspheres elongated orbit’s extensions close to their respectively stability boundaries is
not constant in pixels number, so that the error associated with a single point in the stability diagram is
estimated on a case by case basis.

The stability boundary from the Urp — 2 space can be mapped into the more familiar a — g space (see Chap.
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Figure 4.4: Unstable (a) vs. stable (b) motion of a microsphere inside the trap captured by the camera. The
measures of voltage and frequency that label an unstable point is taken whenever the camera shows an increased

orbit in pixel of about 10 times the stable case.
2) via the linear trap equations of motion. Here a and ¢ stand for

4Q (U, Uen
o=- 29 (gt Ze).
mQ\ g 25

_ 2QUrr
mr%Q

(4.2.1)

where Ugrp is the AC voltage that drives the rod electrodes, which oscillates at frequency Q; Ue,q and
U,y are, respectively, the endcap voltage and the DC offset voltage applied to the rods; o and zy are geo-

metric parameters of the trap; and @ and m are the charge and the mass of the trapped particle, respectively.

In order to determine the stability diagram, the following procedure has been adopted for both nanospheres

and microspheres:
1. A single particle is loaded into the trap.
2. The charge-to-mass ratio of the trapped particle is measured.

3. Starting from a stable configuration, the offset voltage of the rod electrodes U,y is increased until an

instability is reached.
4. The offset voltage U,y is then lowered towards the next unstable boundary.

5. Points 3 and 4 are repeated with several different values of the driving voltage Ugp.



64 4.2. Stability diagrams

The stability diagram is then obtained by transforming the set of all the instability coordinates in the plane
Urr — Ussy to the ag-plane via (4.2.1).

The reason why the scanning is performed for U, sy instead of U4 is that a is proportional to ~ Uy, ys/ r2 +
Uena/28: Since the endcap separation zp is larger than the distance ro between rods, a larger range of a
can be covered by scanning the offset voltage rather than the axial field of the endcaps. Moreover, it has
been found that the amplitude of the driving voltage accessible with our experimental setup cannot entirely
cover the first stability zone (see Sec. 3.1.2 for the voltage amplifier characteristics). This problem was
circumvented by adjusting the drive frequency of the trap: because of the 1/Q? dependency of both a and

q, lowering the frequency allows us to reach higher a and ¢ values.

4.2.1 Stability diagram of the microparticle

0.3+
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0.2

Stable region
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Figure 4.5: Measured stability diagram of a single 21.8 + 0.9 pm microsphere trapped in air at a fixed frequency
Q = 27w x 290 Hz. Here the experimental data U,ss and Urr corresponding to unstable behavior were rescaled via
Eq. (4.2.1) to their dimensionless parameters a and ¢q in a way such that the charge-to-mass value of the microsphere
(Q/m)y fits the theoretically calculated stability boundary (red solid line) for the case of trapping in air (b is obtained
from Eq. (4.2.2)). For each point in the diagram, the error bar is estimated individually by observing whenever the
trapped particle starts to slowly drift out of the trap. Precedent trapping sessions showed that after reaching this

point the particle escapes from the trap.

The stability diagram of a trapped microsphere is depicted in Fig. (4.5). This microsphere has a

measured charge-to-mass ratio of Q/m|ffm“l““°” = 0.021 £ 0.001 Ckg~! and was loaded and driven into
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the Paul trap at the drive frequency of Q = 27w x 290 Hz. The shown data are obtained from the values
of Uss¢ and Ugp corresponding to unstable behavior of the particle, then rescaled via Eq. (4.2.1) to their
dimensionless parameters a and ¢ in a way such that the charge-to-mass value of the microsphere Q/m/|, fits
the theoretically calculated stability case of trapping in air. For this purpose, the dimensionless damping
factor by, (cf. Chap (2.1.1)) used for calculating the theoretical stability boundary has been calculated from

the Stokes formula

6mnr,

=0.23+0.02 (4.2.2)

bmicro =
m, 2

where 7, is the radius of the particle, n = 1.8 x 107°kgm ™' s7! is the dynamic viscosity of air at ambient
pressure, and the error has been calculated from the uncertainty of the particle radius (see Sec. 3.2 for
a detailed description of the physical properties of the particles). A good matching between data and
theoretical prediction is reached with Q/m/, = 0.028 Ckg™!, confirming the goodness of the independent
estimate upon the electric field simulation inside the trap.

The diagram shows the typical shape of the first region of stability, due to the overlap of the stable operation
parameters in both the x and y directions (cf. Chap. 2.1). The symmetry with respect to reflection across
the a = 0 line suggests that the same instabilities occur if we either change the polarity of U,¢¢ or if we
apply the offset voltage to the other diagonal pair of rod electrodes. The latter is a consequence of the linear

trap symmetry (cf. Chap. 2.1).

The maximum ¢ value belonging to the stable region of air trapping in Fig.(4.5) is larger than its vacuum

vacuum

counterpart g,

~ 0.9. This is indeed a consequence of the air damping, which causes the enlargement

of the stable region of the trap (Chap. 2.1.1).

4.2.2 Stability diagram of the nanoparticle

The stability diagram of a nanosphere with charge-to-mass ratio of @ /m|3imulation — 10 + 1 Ckg~! trapped
at Q7 = 27 x 10kHz is shown in Fig (4.6). The nanosphere has a larger charge-to-mass value than the
microsphere, which leads to the possibility to explore higher values of ¢. In fact, the plot never shows a
closed path to a maximum ¢ value.

Since the size of the nanospheres (radius of 50nm) is comparable with the mean free path of air molecules
at ambient pressure, I, s, = 68 nm, kinetic theory corrections to the Stokes damping formula (4.2.2) have
to be used.

According to the results of Beresnev et al. [76], the dimensionless damping parameter is given by,

6mnr 0.619
brane = — P 1 — 89 + 4.2.
Q) 0619 + fon (L T er) = 89453 (423)
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Figure 4.6: Measured stability diagram of a trapped nanosphere at frequency w” = 27 x 10kHz. The red solid line
represents a theoretical stability boundary calculated with a dimensionless damping factor b = 89. The experimental
values of Uysy and Urr have been rescaled to their dimensionless counterparts a and ¢ via Eq. (4.2.1), obtaining a

match with the theoretical prediction by using @/m|, = 0.4Ckg™".

where Kn = l,,,f,/7p is the Knudsen number, cx = (0.31Kn)/(0.785 4+ 1.152Kn + Kn?) is a small positive
function of Kn, and m and r, are the mass and the radius of the nanosphere, respectively. The very large
uncertainty in b4y, reflects the factory declared uncertainty in nanosphere’s diameter 2r, = 0.10 £ 0.03 pm.
As it was done for the microsphere case, the experimental points shown in Fig. (4.6) are rescaled in a
way such that the data are superimposed with the theoretically predicted stability boundary for the case of
b, = 89. The match was obtained with Q/m/|, = 0.4 Ckg~!, in strong disagreement with the charge-to-mass
ratio calculated upon the axial electric field simulation, which doesn’t need a measurement of the particle

radius in order to be performed, and thus results more precise.

4.3 Power spectral density of particle motion

Secular trap frequencies can be measured through evaluation of the power spectral density (PSD) of the
particle motion.
We have seen how air drag is responsible for enlarging the stability domain of the trapped particles, partic-

ularly for the nanosphere. Another effect of damping is to suppress the harmonic secular oscillations. The
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dynamics of a trapped particle is therefore driven by thermal fluctuations, superimposed with the effect of

the driving field, which forces the charged particle to oscillates at its frequency (micromotion).

4.3.1 Overdamped regime of the equation of motion

The equation of motion for a trapped particle in air is derived here in terms of a Langevin equation, where the
surrounding thermal environment is taken into account as a source of stochastic white noise [77]. The particle
therefore experiences Brownian motion in the presence of a confining potential. For a simpler derivation,
we consider only the harmonic regime of the external applied potential (pseudo-potential approximation,
cf. Chap (2.1)), neglecting the time-varying driving force of the trap that would lead to the ineradicable
presence of micromotion [68,78].

The equation of motion of a trapped particle along the z axis of the trap is
mi(t) + v (t) + kex(t) = F(t), (4.3.1)

where v = 2mQb is the damping coefficient, k, is the spring constant of the trap related to its secular
frequency w, by k = mw?, and F(t) is the Gaussian random force associated with the thermal environment
(analogous equations for the y and z axes are obtained by replacing their secular frequency respectively).
The background here has a double role: It provides damping, coming from a fluid description of the medium
surrounding the particle; and it acts as a source of chaotic motion, due to the kicks that air molecules
randomly give to the particle. These two aspects are linked by the fluctuation-dissipation theorem [79].
The random force F(t) has moments

W) =0 (4.3.2)

(FO)F(t')) = 29ykpTo(t —t'),

where T is the room temperature and kp is the Boltzmann constant. The average (...) is taken over the
distribution of all possible realizations of the stochastic variable F'(¢). Since the mean effect of air drag is
already considered in the term &, F'(t) has zero average, and its strength is related to the environment
temperature T' by the equipartition theorem. The delta distribution in the second moment of F(¢) means
that thermal fluctuations have no memory, i.e., that there is no correlation between impacts of air molecules
and trapped particle at different times ¢ and ¢’ (Markov process).
In the case of ambient pressure, the small Reynolds number allows us to neglect the inertial term in Eq.

(4.3.1). In this regime, the equation of motion becomes

YE(t) + Kkex(t) = F(2). (4.3.3)
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Taking the Fourier transform of Eq. (4.3.3)
L T Y
277’}’(lf + %)x(f) =F(f), (4.3.4)

and using the second relation of equations (4.3.2), we find the PSD of the particle motion

kgT

~ 2 o
B = s

(4.3.5)

Eq. (4.3.5) is an overdamped Lorentzian with cut off frequency f. = k. /(277).

Therefore, the secular frequency of the trap along the x axis is given by

_2my e
ws =4/ o (4.3.6)

4.3.2 PSD of microparticle
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Figure 4.7: (a) Experimental long-time trace of microparticle motion along the z direction (obtained with the
photodiode detection, see Chap. 3.3.2) and its histogram (b) unveiling its Brownian particle nature. The signal from

the photodiode is not calibrated for give the real particle’s displacement in pm.

Interferometric back-focal-plane detection (cf. Chap.(3.3.2)) is used to obtain the PSD of nanospheres
and microspheres. Fig. (4.7) (a) shows the time trace of the scattered light from a trapped microsphere
reaching the photodiode. The trap is driven with a voltage of Ugrr = 355V, at a drive frequency of
fa = 290Hz. The trapped microsphere has a charge-to-mass ratio (extracted from z equilibrium position,
cf. Chap. (4.1.1)) of Q/m|, = 0.021Ckg~'. With these parameters, the theoretically predicted secular
frequency along the radial plane of the trap is w!*¢® = 27 x 56 Hz.

The power spectral density extracted from the time trace of Fig. (4.7) (a) is plotted in blue dots in Fig.
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Figure 4.8: PSD of the microsphere motion (blue dots). Air drag is responsible for the disappearance of a secular
frequency peak. Instead, the peaks related to the driving field frequency f; = 290 Hz and its first harmonic at 2f,
are still present, suggesting the presence of micromotion. An overdamped Lorentzian fit (red solid line) with cutoff
frequency f. = 6 Hz is superimposed on the data. The fit range doesn’t take into account the data set belonging to

the micromotion peaks.

(4.8). The first sharp peak at f; = 290Hz is due to the driving field frequency. The secular frequency
peak is completely absent, confirming that the motion is in the overdamped regime. Furthermore, the
overdamped Lorentzian shape is almost entirely hidden by 1/f noise. A second harmonic is also visible at
frequency 2f; = 580Hz. The appearance of this peak is most likely related with the detection scheme (cf.
Chap.(3.3)): Fig. (4.9) shows how frequency artifacts could arise in the spectrum whenever the amplitude
of the particle oscillations become larger than the beam transversal size, or when the beam direction itself is
not well centered on the particle mean position. In fact, with a laser waist of wg ~ 10 um (cf Chap. (3.3.2))
at the focus of the beam, even a little air movement in the neighborhood of the trap can easily push the
trapped particle out of the beam, altering the computed PSD. Moreover, there are other small contributions
to the second and higher harmonics of the microsphere motion from the non-ideal paraboloid shape of the
pseudopotential (cf. Chap. (3.1.1)), as well as from harmonics of the carrier frequency f; supplied by the
function generator and the amplifier (the characteristics of the function generator and the amplifier will be
discussed in the next section 4.4).

The limiting factor in acquiring a spectrum with sufficiently high resolution at low frequencies came from
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Figure 4.9: Experimental time trace of
" a microsphere (blue) with a superimposed
sketch of the laser beam lateral profile
(red). Whenever the particle motion am-
plitude inside the trap exceeds the detec-

tion beam size (here represented by the
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dashed black line), the time trace becomes

Detected amplitude

\ truncated in amplitude, and its PSD will

< exhibit higher harmonics with respect to

Laser beam
the fundamental trap frequency.

the large amount of memory needed to take a long time trace. Moreover, even small air currents present in
the room can substantially affect the motion of the trapped microsphere during a long measure. In order to
mitigate this problem, a plexiglas box defends the trap from the larger air flows present in the room. The
red line in Fig. (4.8) is an overdamped Lorentzian fit with a cutoff frequency of f. = 6 Hz. The range of
frequency values used for the fit goes from 1 Hz to 200 Hz, cutting the data set related with the trap driving
frequency. Substituting the found value of f. into Eq. (4.3.6), we estimate the radial secular frequency to be
w™eas = 21 x 20 Hz, less than one half of w!"*°. Tt is common among ion trap experimentalists to treat this
discrepancy between the measured and the calculated secular frequency by means of a geometrical correction

factor 1 included in the ¢ parameter [56,80,81], that now reads

2Q‘/rod
- 43.7
1= 20z (4.3.7)

This correction factor incorporates deviations from the ideal hyperbolic electrodes used in deriving the
equation of motion for the trapped microsphere.
We thus obtain n = w™?/wihe° = (0.36. However, given the problems just described above, conclusive

results about trap frequencies cannot be obtained, and a more isolated environment from air seems necessary.

4.3.3 PSD of nanoparticle

The PSD of the nanosphere is plotted in Fig. (4.10). As for the case of the microsphere, the relevant
peaks on the graph are due to micromotion at the drive frequency and higher harmonics. The nanosphere
is trapped with a voltage of Ugp = 500 V,, at the drive frequency of f; = 2kHz.

Whenever the amplitude oscillations of the nanosphere are larger than the wavelength A of the laser (A ~

650 nm), the sensitivity of the photodiode to the axial motion goes out of the linear regime (see Fig. (3.14)
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Figure 4.10: PSD of the nanosphere. The high damping of air suppresses the secular frequency of oscillation inside

the Paul trap. Moreover, higher harmonics of the trapping drive frequency are present.

(b)). This leads to the appearance of higher harmonics in the axial spectrum, even if the motion is fully

confined within the laser spot.
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4.4 Two-particle results

The stability diagrams found in Sec. 4.2 give us the upper bounds on the voltages we can utilize in driving
the trap (at fixed frequency) for confining the single species. Now it will be described how we tried to confine
both species together, with the trap working with two drive frequencies. We are interested in working with
just one particle per species (one nanosphere plus one microsphere), in order to work with as few degrees of
freedom as possible.

Table (4.1) shows the voltages and frequencies used to individually trapping particles, and that are thus

being used to drive the two frequency field.

Species Voltage (Vpp)  Frequency (Hz)
Microsphere 264 330
Nanosphere 800 3000

Table 4.1: Set of parameters used to trap nanosphere and microspheres together

4.4.1 Second particle loading

The following is the procedure used for loading both the microsphere and the nanosphere inside the trap:
1. A single microsphere is loaded at fi = 330 Hz, and the value of Q/m/|, is measured,;
2. The second field at fo = 3kHz is slowly switched on and ramped up to its target value;
3. The electrospray is turned on, and one or more nanospheres are trapped.

A camera shot of both species trapped together is shown in Fig. (4.11). We decided to trap the microsphere
first since it behaves more stably inside the trap, and thus it can resist the flow of nanospheres coming from
the electrospray (the latter is aimed as far as possible from the trapped microsphere).

Several nanoparticles are typically trapped from the loading mechanism. In order to reduce this only to one,
a DC offset voltage is added to the RF rod electrodes such that some particles reach an unstable parameter
zone and then leave the trap. Once the trap is populated with just a microsphere and a nanosphere, the value
of Q/m|, of the latter can be estimated given the axial electric field distribution F,(z) from simulations
(Fig. (4.1)) and the distance d between the nanosphere and the microsphere from camera imaging. The

axial equation of motion for the nanosphere at its equilibrium position z., is

_ QuQln
Mpg = QnE.(zeq) + Imeod?’ (4.4.1)
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Figure 4.11: Camera image of a microsphere trapped together with multiple nanospheres. Here the Paul trap is

driven with two frequencies.

where g is the gravitational acceleration, @), is the charge of the microsphere obtained knowing the micro-
sphere mass (cf. Chap. (3.2)) and ¢ is the vacuum permittivity.

Solving Eq. (4.4.1) for Q/m,,, we get

= g : 4.4.2
@ (Ez(zeq) + 4£§d2) ( :
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4.4.2 PSDs of particle motion

In order to obtain a PSD analysis for each species, the objective lens and the laser beam height (cf.
Chap.(3.3)) are moved in such a way to address only a single particle.

Fig. (4.12) (A) shows the power spectral density of the nanosphere motion along the radial direction of the
trap. The two peaks at the driving frequencies are clearly resolved. Since the PSD at f; is higher at fo than
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Figure 4.12: A: Nanosphere motion spectrum in the presence of two driving frequencies. A new feature of the
graph with respect to the PSD taken with just one drive frequency (Fig. (4.10)) is the appearance of new peaks
at frequencies fi, = fo & hfi, with h an integer. B: Driving field spectrum measured from the voltage divider of
the amplifier (see Sec. 3.1.2 for the voltage amplifier characteristics). The spectrum shows sidebands and other

harmonics of f1 and f2. The suppression of the highest harmonic is fi — 2f1 = 70dBm/Hz).

at fi1, we can infer that the motion of the nanoparticle is mostly driven by the same low frequency originally
meant to confine the heavier microsphere. In fact, after measured the PSD we switched off the fast field fo
and observed that the nanosphere remained stably trapped, together with the microsphere. This is indeed

another proof of the significant role played by air damping in the dynamics of nanosphere motion.
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Figure 4.13: Calculated region of stability for a nanoparticle with Q/M = 1Ckg™" with U,;; = 0 and trap drive
frequencies f1 and f2. The fast frequency f2 is set as an integer multiple of the slow frequency (f2 = 10f1 = 3.3kHz)
for an easier evaluation of the plots. The plot in A is obtained with no air drag contribution (b1 = 0 in Eq. (2.2.2)),
while the one in B is calculated taking into account the presence of a background gas at air pressure (b1 = 269,
see Eq. (4.2.3) for the frequency dependence of b). The effect of the pressure increase leads to an enlargement of
the stable operating zone of the trap. As a result, the range of voltage parameters achievable by our setup (C) is

completely absorbed in the stable regime, where no parametric resonances can be excited.

Fig. (4.13) shows how the parametric resonance branches induced by a second frequency field are com-
pletely canceled with the high damping factor of the nanosphere at ambient pressure (cf. Chap (4.2.2)).
Moreover, we have not been able to load high charged nanospheres (see Fig. (4.3)) at fo = 10kHz. This is
probably due to the fact that the slow background field already filters the flow of particles from the electro-
spray, resulting in an environment that is more stable for nanosphere with a low charge-to-mass ratio (see
Chap 2.3 for a description on how the trap works as a charge filter).

Therefore, within the accessible range of trap parameters (cf. Chap (3.1.2)), the second frequency field is
not necessary in order to stably confine the lighter particle.

The microsphere PSD is shown in Fig. (4.14). The fast field peak at fo = 3kHz is suppressed by —40 dBm/Hz
relative to the slow field peak at f; = 330 Hz, confirming that adding a second fast field has little effect on

the particle motion.
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Conclusions and outlook

Summary

We have presented the realization and tests of a setup for levitating nanospheres and microspheres, based
on an electrodynamic Paul trap. This setup will be the basis for a future optomechanics experiment. This
work aimed to demonstrate the feasibility of trapping two particles with a very large charge-to-mass ratio
difference, by means of a two-frequency electric field.

We have first illustrated how a test linear Paul trap was designed and fabricated. Then, the methods used
to charge and load the different particles inside the trap were shown.

We then proceeded to characterize the working trap. Two main procedures were used to measure the charge-
to-mass ratio of trapped particles: one direct, by means of measuring the particle equilibrium position within
the electric fields of the trap and extracting the ratio from computer simulations, and one indirect, by fitting
the measured stable regions of the trap operation to the theoretical prediction. With these methods, we
were able to reconstruct the charge-to-mass distribution resulting from two different launching techniques,
and to find a main difference between nanosphere and microsphere of (Q/m),/(Q/m), ~ 103. Afterwards,
we have shown how the interferometric detection system measurements revealed the overdamped regime of
the trapped particles.

Finally, we tried to use the two frequency approach to simultaneously trap nano and microsphere. Here,
however, we came up against the limits of our system, namely, both the high air damping felt by the
nanosphere and the limitations of our voltage and frequency supplies with regards to the accessible parameter
space. As a result, within our accessible experiment regimes, the second field was found to be unnecessary
for trapping both species. Further investigations will have to remove the effects of air drag by inserting the

whole system in a vacuum environment.



Next step: loading nanospheres in vacuum

During the period of my thesis research, other work was being carried our
in parallel in the optomechanics laboratory.

A crucial requirement that the new system will have to fulfill is to allow the
launching and trapping of nanospheres at the ultra-high vacuum (UHV)
level, that is, at ~ 107! mbar. This is the threshold pressure level that

ensures stable operation of a Paul trap with a single trapped calcium

ion [82]. Thus, I had the great opportunity to assist in the design and the
Figure 4.15: Scanning electron assembly of the vacuum chamber for testing UHV loading of nanoparticles.

microscope image of nanospheres Currently, the group is testing laser adsorption loading of nanospheres.
deposited on the aluminum foil. This technique consists of a layer of nanosphere solution evaporated on

one side of a substrate (a thin metal foil, with thickness from 10pm to
300 um), which is placed in vacuum and irradiated by a pulsed laser. The laser can induce an acoustic wave
in the substrate, which travels through the material and desorbs the nanospheres on the other side. In this

way, a beam of nanospheres is expected to be formed.

This system is now mounted in the vacuum chamber, and as a first preliminary result, we were able to trap

Figure 4.16: Vacuum chamber for testing the ablation loading of nanospheres.

particles down to pressure of ~ 10~° mbar.
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Appendix A

Numerical code for the stability

diagrams

A numerical code for the evaluation of the stability diagrams shown in the main text was written using the
software Matlab.

Sfunction beta = beta_p(a, p, q)

n =3;

h = 10;
d=2xh+2x(n—2)+5;
r=(d-1)/2;

A = eye(d) — q. x diag(1./(a — (2% (—r : 7 — 1)).2),1) — q. * diag(1./(a — (2% (—=r + 1 : 1)).2),—=1) — p. *
diag(1./(a — (2% (=7 : 7 —n)).2),n) — p. x diag(1./(a — (2% (—=r +n :7)).2), —n);

det s = det(A);

if(mod(sqrt(abs(a)),2) == 0)

beta = 1/pi*acos(2xdet(eye(d) —q.*diag(1./(a— (1+2%(—r : r—1)).2),1) —q.xdiag(1./(a— (1+2% (—r+1:
r).2), —=1) —p.xdiag(1./(a— (1 +2% (=7 : 7 —n)).2),n) —p.xdiag(1./(a — (1 +2x (=r+n:7)).2),—n)) — 1);
else

beta = 2/pi * asin(sqrt(det 4  (sin(pi/2. * sqrt(a))?)));

end

end

T = [0 :0.05: 50] : Y%arange
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y = [0:0.05: 25]; %grange
forh =1 length(zx)

forj =1:length(y)

mat(j, h) = betap(z(h), 0, y(4);
end

end

[X,Y]| = meshgrid(y, z);
figure;

[C, 7] = contour(X,Y, real(mat’), k');
w = r.Level List;

r.Level List = [1,0.001];

holdon
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