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Abstract

Trapped ions in a Paul trap can experience micromotion on top of the wanted
secular motion. Micromotion can for example cause Doppler shifts in spectroscopy
measurements, making it important to know the amplitude of the motion. In
this master thesis we use the correlation between RF driving the trap and photons
emitted by a single Beryllium ion during the fluorescence detection to determine the
micromotion. This method also allows us to investigate the effect on micromotion
from a phase mismatch between RF electrodes.

The photon correlation method is compared to measuring the micromotion by
taking the ratio between the micromotion sideband and the carrier transition, and
also to a simulation of the residual RF fields in the trap by a finite element method.

Finally, we vary the path length of RF lines, to tune the phase on individual
RF electrodes. The result is that the phase mismatch effect is more than an order
of magnitude less than expected from theory.

Sammanfattning

F̊angade joner i en Paul-fälla upplever mikrorörelse utöver den önskade sekulära
rörelsen. Mikrorörelse kan till exempel orsaka Dopplerförskjutning i spektrosko-
pimätningar, vilket gör det viktigt att veta amplituden av rörelsen. I det här ex-
amensarbetet använder vi korrelationen mellan RF som driver jonfällan och fo-
toner utsända fr̊an en enskild berylliumjon under fluorescens-detektion, för att
mäta mikrorörelsen. Den här metoden till̊ater oss ocks̊a att undersöka effekten p̊a
mikrorörelse fr̊an en fasförskjutning mellan RF-elektroder.

Fotonkorrelationsmetoden jämförs med en mätning av mikrorörelse genom att
ta förh̊allandet mellan mikrorörelse-sidobandet och bärar-överg̊angen, och ocks̊a
med en simulering av RF-fälten i jonfällan med en finit element-metod.

Slutligen varierar vi längden p̊a RF-kopplingen, för att justera fasen mellan
individuella RF-elektroder. Resultatet är att effekten fr̊an fasförskjutningen är mer
än en storleksordning mindre än vad teorin förutsagt.
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Chapter 1

Theory

In this chapter I give a short introduction to the theory behind ion trapping in Paul
traps, with special focus on micromotion. The methods for detection of micromo-
tion used in this thesis are explained and some useful equations derived.

Trapped ions have been used for atomic clocks, high-precision spectroscopy of
ions and molecular ions and is proposed as a good platform for quantum compu-
tation. In all these areas micromotion can contribute significantly to uncertainty
in transition frequencies. Two causes of micromotion are stray electric fields in the
trap, and a phase mismatch between RF electrodes. [1]

The work of this master thesis is done on a trapped ion setup with the goal of
doing precision spectroscopy on H+

2 . The micromotion causes a Doppler shift of
the frequency to be measured and it introduces a systematic offset, which has to be
understood and quantified. The goal of the project is to measure the micromotion
amplitude and investigate the contribution from an RF phase mismatch.

A model for the effect of a phase mismatch is presented in [2], together with
methods of measuring micromotion. These methods have been used in many other
setups [3–5]. In [1] and [3] a contribution from a phase mismatch within the mea-
surement resolution is not seen. However, tuning the phase mismatch requires a
setup where it is possible to change RF path length, and the effect on micromotion
with a phase tuning has not yet been investigated experimentally.

1.1 Ion in a Paul trap

The physics of ion traps is explained following [6] and [2]. Trapping a charged
particle with an electric field requires a confining potential in all three directions of
space. However, a typical potential in three dimensions of the form

Φ = U
1

2

(
αx2 + βy2 + γz2

)
(1.1)

1



2 Chapter 1. Theory

will not work, because it has to fulfill Laplace’s equation. Here U is a voltage
α, β, γ some parameters, and x, y, z the directions in space. With

∇2Φ = 0. (1.2)

we must have

α+ β + γ = 0, (1.3)

and the potential will not be confining since at least one parameter needs to be
negative, making the potential anti-confining in this direction.

In a Paul trap the potential is made confining in all three directions by including
an oscillating electric field. The potential can then look like

Φ = U
1

2

(
αx2 + βy2 + γz2

)
+ URF cos (ΩRF t)

1

2

(
α′x2 + β′y2 + γ′z2

)
. (1.4)

The oscillating field is often referred to as RF field, where RF is short for radio
frequency, since the required drive frequencies are typically in the radio frequency
bands. The RF field has frequency ΩRF , voltage URF and parameters α′, β′, γ′.
Because Laplace’s equation needs to be fulfilled at every point in time, the require-
ments for the parameters are

α+ β + γ = 0, α′ + β′ + γ′ = 0. (1.5)

In a linear Paul trap this potential is implemented with four electrodes around
the trap center in a quadrupole configuration. These are the RF electrodes where
the oscillating voltage is applied. A sketch of the electrode configuration for the
trap used in this master project can be seen in figure 1.1. The directions from the
trap center towards the RF electrodes are referred to as the radial directions, and
the direction along the trap axis is called the axial direction. In the axial direction
there are also electrodes where the static voltage is applied. The exact geometrical
shape of the trap will determine the parameters {α, β, γ, α′, β′, γ′} in the potential.

The equation of motion for the ion can be written into a Mathieu differential
equation,

üi + (ai + 2qi cos (ΩRF t))
Ω2

RF

4
ui = 0, (1.6)

where u⃗ is the position of the ion and i the three directions in space, in a coordinate
system that decouples equation 1.6. For a linear Paul trap

ax = ay = −1

2
az = − 4QκU

mZ2
0Ω

2
RF

, (1.7)

and

qx = −qy =
2QURF

mR2Ω2
RF

, qz = 0, (1.8)
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Figure 1.1: Sketch of the trap used in this master thesis project. A Beryllium
ion and an H+

2 are trapped together. The green areas show the electrodes where
static voltage is applied, and the orange and blue rods are the RF electrodes. The
green endcaps are split vertically to be able to tilt the axial direction of the two ion
crystal. The radial directions x, y and the axial direction z are also marked.

where κ is a geometrical factor, Q and m the charge and mass of the ion, Z0 the
distance from the trap center to the axial electrodes and R the distance from the
trap center to the RF electrodes. An approximation of the solution to first order is

ui(t) = u1i cos (ωit)
[
1 +

qi
2
cos (Ωrf t)

]
. (1.9)

The first term describes what we refer to as the secular motion. If this term
is dominating, the movement can be described as a harmonic oscillation with a

frequency of ωi =
1
2ΩRF

√
ai +

1
2q

2
i and an amplitude of u1i. The other term has a

lower amplitude and a faster frequency of ΩRF and is typically referred to as the
micromotion.

We would like to work in a regime where the micromotion can be assumed to be
small and the ion’s movement can be treated as a harmonic oscillator. The secular
amplitude can be reduced by laser cooling and sideband cooling, but this does not
have a direct effect on the micromotion, since it is driven by the RF field.

In a perfect trap if the ion is in the center of the trap there will be no micro-
motion. However, real traps have small imperfections in the geometry, causing the
RF fields to never cancel out completely, and no RF null point existing. Since the
micromotion is driven by the RF field these effects will introduce micromotion. It
is often called the intrinsic micromotion because it comes from the trap itself.

Other effects can also cause more micromotion, called excess micromotion. One
example of this is if there are stray electric fields in the trap. This will displace the
ion from the center of the trap. The Mathieu equation can then be written

üi + (ai + 2qi cos (ΩRF t))
Ω2

RF

4
ui =

QE⃗dc · ûi

m
, (1.10)
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with E⃗dc a static electric field. The new solution is

ui(t) = (u0i + u1i cos (ωit))
(
1 +

qi
2
cos (ΩRF t)

)
. (1.11)

The term

u0i =
QE⃗dc · ûi

mω2
i

, (1.12)

shows the displacement and the dependency of the micromotion amplitude on an
electric field.

A simple model of the trap would also suggest that excess micromotion can occur
if the voltages at RF electrodes are out of phase. An estimation of the contribution
from this is given in [2] as the following. For a phase difference ϕi, between two
diagonal electrodes the voltage on the respective electrodes can be written

URF+ = URF cos (ΩRF t+
1

2
ϕi), (1.13)

and

URF− = URF cos (ΩRF t−
1

2
ϕi). (1.14)

For a small phase this becomes

URF± = URF cos (ΩRF t)± URF
1

2
ϕ sin (ΩRF t). (1.15)

The electrodes are approximated as two parallel plates separated by a distance of
2R/α, where 2R is the actual distance, and α a compensation factor for the approx-
imation, which can be determined numerically [7]. With the potential difference
URFϕ sin (ΩRF t), an electric field between the electrodes is

ERFi =
URFϕiα

2R
sin (ΩRF t)ûi. (1.16)

Solving the Mathieu equation again with this field included gives

ui(t) = (u0i + u1i cos (ωit))
(
1 +

qi
2
cos (ΩRF t)

)
− 1

4
qiRαϕi sin (ΩRF t). (1.17)

The total micromotion consists of the two parts caused by stray fields and by a
phase shift. By assuming that u0i ≫ u1i we can look at only the micromotion, and
it gets the form

u′
i = Ai sin (ΩRF t+ δi)ûi, (1.18)
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where

Ai =

√(u0iqi
2

)2
+

(
qiRαϕi

4

)2

, (1.19)

and

δi = arctan

(
2u0i

Rαϕi

)
. (1.20)

A laser incident on an ion with micromotion will experience a modulation be-
cause of the first order Doppler shift with modulation index β. If the laser has a
wave vector k⃗, then the modulation index is defined by

k⃗ · u⃗′ = β sin (ΩRF t+ δ) (1.21)

Two methods to measure β are described in section 1.3. It should be noted that
this only gives information on the micromotion in the direction parallel to the laser.

With this theory of micromotion we can look at the effects it has on spectroscopy.
The second order Doppler shift for an ion is

∆νD2 = −1

2

⟨v2⟩
c2

ν, (1.22)

where v⃗ is the ion velocity, c the speed of light and ν the targeted transition
frequency. Along direction i the contribution of micromotion from a stray field
E⃗dc is (

∆νD2

ν

)
i,stray

≈ −4

m2c2

(
QqiE⃗dc · ûi

(2ai + q2i ) ΩRF

)2

, (1.23)

and from a phase ϕ (
∆νD2

ν

)
i,phase

≈ − (qiRαϕΩRF )
2

64c2
. (1.24)

1.2 Resonators for ion traps

Driving the RF for Paul traps typically require voltages in the order of 10-1000V,
and frequencies of 30-100MHz. In this section one option for achieving high voltages
for these frequencies is explained.

An electronic resonant circuit has the property that it amplifies an RF input
voltage at the resonance frequency, and suppresses inputs of all other frequencies.
In ion traps this is used for generating RF signals with high voltages, and filtering
out frequencies that are not desired and could cause excitation of motional modes
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of the trapped ion. One approach to build a resonant circuit is to use discrete
components on a printed circuit board (PCB), which is a good option for the
frequency and voltage range used in ion traps. [8] In chapter 2 I explain the design
of the resonator PCB used in the setup for this thesis.

The energy alternates between being stored in the electric field of capacitors
(C) and magnetic field of inductors (L). This includes capacitance and inductance
that is not on the PCB, but coming from the trap itself and the RF connections
leading to the trap. For a simple circuit with the elements in series the resonance
frequency is

ω =
1√
LC

. (1.25)

The quality factor Q is a value for characterizing resonators, and a measure of
how many cycles it takes to dissipate the energy stored in a resonator. A lower
dissipation in the circuit gives a higher gain. A high Q-value is therefore desired
for a resonator. Dissipation in the circuit comes from the resistance, for example
the resistance of the circuit wires and the inductor’s coil. Another important thing
to consider is the impedance matching between the input source, which often has
the impedance 50Ω, and the circuit, which is typically not 50Ω. If the impedances
are not matched power will be reflected back from the resonator at the input.
Impedance matching can be achieved by adding a matching network of capacitive
or inductive elements to the resonator circuit. For a resonator that is impedance
matched it can be shown that the Q-value is

Q =
2ω

∆ωV
, (1.26)

where ∆ωV is the −3 dB-voltage-bandwidth. [8]
The voltage gain of a resonator connected to an ion trap will depend on the load

introduced by the trap, and the connection to the trap. Since it is difficult to predict
the voltage gain, it is convenient to have a way of measuring the RF amplitude at
the trap. Connecting a measuring device directly to the resonator contributes with
a significant load, and will completely change the resonator’s behavior, making it
impossible to understand anything about the resonator. A solution to this prob-
lem, presented in [9], is using a capacitive divider, where a smaller capacitance C1

makes the connection between the resonator and the measuring device, and a larger
capacitance C2 is connected to ground. The voltage measured after the capacitive
divider is a pick-off given by

Vout =
C1

C1 + C2
Vin. (1.27)

If C1 is small compared to the load of the rest of the resonator, typically 1 pF or
lower, it will not influence the resonator. We choose C2 such that a few percent of
the RF is picked off.
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In combination with the capacitive divider, a rectifier can also be used when
measuring the RF amplitude in the trap. The output of the rectifier is a DC
voltage proportional to an AC input voltage. This makes it a good tool for actively
stabilizing the RF amplitude, which increases the motional coherence of the radial
modes. [10]

1.2.1 Dual phase drive

In figure 1.2 two different schemes for applying voltage to the RF electrodes are
shown. The first option, in figure 1.2a, is to apply RF to two diagonal electrodes,
while the other two are grounded. The other option is to drive both electrode-pairs
with RF, but with with one pair 180◦-out of phase to the other, which is seen
in figure 1.2b. The advantage of this is that the same radial confinement can be
achieved with less voltage. [11]

(a) RF applied to two electrodes, with the
other two grounded.

(b) RF applied to all electrodes, with oppo-
site phase to neighboring electrodes.

Figure 1.2: Sketch of two options for applying voltage to the RF electrodes. The
view of the electrodes is in the axial direction of the trap, with an ion depicted in
the center. The arrows show the RF potential.

1.3 Theory of micromotion detection

In this section two different methods of measuring micromotion are explained, the
sideband method and the photon correlation method.

1.3.1 Photon correlation method

The photon correlation method uses the correlation between photon scattering rate
and the RF cycle. With a detection device capable of single photon detection with
a high time resolution, it is possible to measure this correlation. Figure 1.3 gives
a visualization to why this correlation occurs. When the ion moves towards the
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Photon correlation

23.09.2022 8

RF+ RF-

RF+RF-

Laser

At fixed time 𝑡 in the RF-cycle

𝑘 ⋅ 𝑢 = 𝛽sin Ω𝑅𝐹𝑡 + 𝛿

𝑆0 + Δ𝑆 cos(Ω𝑅𝐹𝑡 + 𝜙)

(J. Keller et al., Precise determination of micromotion for trapped-

ion optical clocks, 2015)

Figure 1.3: A sketch of an ion in two different positions in the trap. A cross section
of the trap is shown, with the axial direction out of plane. The RF electrodes are
the orange and blue circles, with the directions of the radial modes shown as the
dotted lines. The laser also has a component in the axial direction, and what is
seen in this figure is the projection onto the radial directions. The arrows for the
ion show the velocity at a specific point in time of the RF cycle, and that this will
be the opposite depending on which side of the RF null along the radial directions
the ion is placed.

laser, the laser frequency is Doppler shifted in the frame of the ion such that the
excitation probability of the transition increases. The effect of the Doppler shift
can be seen as the laser modulation −k⃗ · v⃗′, where v⃗′ is the micromotion velocity.
From equation 1.21 this is

−k⃗ · v⃗′ = −βΩRF cos (ΩRF t+ δ). (1.28)

The opposite happens when the ion moves in the other direction, and because the
velocity is driven by the RF, the scattering rate of photons from the ion will also
vary with the RF cycle.

The correlation contains information about the phase. When the ion is moved
across the RF null it will at one specific moment of time experience the opposite
force from the RF field to what would have been the case on the other side of the
trap. However, the RF field in equation 1.16, caused by a phase mismatch at the
RF electrodes, does not change the direction that it pushes the ion when it crosses
the RF null. This gives a way to distinguish micromotion from stray fields and
from phase mismatch.
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The following derivation of the method follows [1]. The motion is approximated
as a harmonic oscillator, with a frequency response of

A (ω − ω0) =
1

2

Γ
2 − i (ω − ω0)

(ω − ω0)
2
+
(
Γ
2

)2 . (1.29)

The oscillator is excited by the electric field of the laser, which is written in the
frequency domain as

E(ω) ∝ J0(β)δ(ω − ωL) + J1(β) (δ (ω − ωL − ΩRF )− δ (ω − ωL +ΩRF )) . (1.30)

The fluorescence is proportional to the power of this excitation. In the time domain
this is

S(∆, t) =

∣∣∣∣∫ ∞

−∞
A(ω − ω0)E(ω)eiωtdω

∣∣∣∣2 ∝

J2
0 (β) |A(∆)|2 + J2

1 (β)
(
|A(∆ + ΩRF )|2 + |A(∆− ΩRF )|

)
+2J0(β)J1(β) |A∗(∆)A(∆ + ΩRF )−A(∆)A(∆− ΩRF )| cos (ΩRF t+ ϕ)

+2J2
1 (β) |A(∆ + ΩRF )A

∗(∆− ΩRF )| cos (2ΩRF t+ ϕ′),

(1.31)

where ∆ = ωL − ω0 is the detuning of the laser frequency. The last term can be
neglected if β ≪ 1. The fluorescence then has the form

S0(β) + ∆S(β) cos (ΩRF t+ ϕ). (1.32)

By measuring the density of arriving photons correlated to the RF period, it is then
possible to detect micromotion amplitude. An advantage of this method is that we
also gain information about the phase of the micromotion, which can be used to
detect a possible phase mismatch between RF electrodes.

1.3.2 Sideband method

The sideband method compares the photon scattering rate from the ion when the
laser is detuned to the micromotion sideband and the carrier transition. This
derivation of the sideband method follows [2], where a laser with amplitude E⃗0,

wave vector k⃗, frequency ωL and phase φL is used to excite a cycling transition of
the ion with linewidth Γ. The electric field of the laser is written as

E⃗ = E⃗0 exp
(
ik⃗ · u⃗− iωLt+ φL

)
≈ E⃗0 exp

(
ik⃗ · (u⃗0 + u⃗′)− iωLt+ φL

)
, (1.33)

where the approximation is valid if the amplitude of the secular motion u⃗1 is small.
With a Bessel function expansion for small secular motion amplitudes of u⃗′ from
equation 1.18 and 1.21, this can be written as

E⃗(t) = E⃗0 exp (ik⃗ · u⃗0)

∞∑
n=−∞

Jn(β) exp (−iωLt+ φL + in (ΩRF t+ δ)). (1.34)
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The excitation probability for the transition coupled to this light field is given by
the optical Bloch equations. The population of the excited state is given by the
steady state solution

Pe ∝
∞∑

n=∞

J2
n(β)

(ω0 − ωL + nΩRF )
2
+
(
1
2Γ
)2 , (1.35)

where Γ is the linewidth of the transition, and ω0 the resonance frequency. The
excited state population is also proportional to the scattering rate of photons from
the atom. The micromotion modulation index β can then be found by scanning
the detuning of the laser frequency, recording the number of photons on a detector,
and fitting this to equation 1.35.

1.3.3 RF amplitude modulation

Before this project started another method for minimizing micromotion was already
used in the setup. If the RF amplitude is modulated at the frequency of the secular
radial motion, the motion will be excited only if the ion is not in the trap center.
When the ion is excited the photon counts are reduced. The ion is moved radially
in the trap by applying a DC offset to the RF electrodes during the RF amplitude
modulation. It is left in a position where the fluorescence is maximal. This is done
separately but interleaved for both radial directions, until the position converges,
which should be at a position of minimized micromotion amplitude.

RF amplitude modulation can also be used in combination with photon corre-
lation. This method is described in [12], and uses an RF amplitude modulation
frequency scanned around the frequency of the secular motion. The arrival times of
photons are correlated to the excitation frequency, with the resulting signal strength
proportional to the amplitude of induced secular motion, which in turn depends on
the amount of excess micromotion. Because secular motion can be excited in all
directions, depending on the frequency of the modulation, this method is sensitive
to all components of micromotion, and can be used for micromotion compensa-
tion. This is an advantage compared to previous described methods that can only
measure the micromotion amplitude along the laser direction. The disadvantage
is that it is not sensitive to micromotion from an RF phase mismatch, and it can
only detect relative strengths of micromotion amplitude without giving an absolute
value. Since these last two points are both an important part of the project, this
method was not used.



Chapter 2

Setup

This chapter explains the design of the RF resonator, and the RF line from the
resonator to the trap, with the components that are important for the project.

2.1 Overview

An overview of the RF line with the components discussed in this chapter can be
seen in figure 2.1.

R
es

on
at

or

Rectifier + 
Capacitive divider

4x Phase shifter

Ad
ap

te
r

To trap

DC bias

RF in

Figure 2.1: Photo of the resonator and connection to the vacuum feedthrough, with
the pieces discussed in this chapter marked. An RF signal generator is connected
to the resonator, with four phase shifters attached at the output. Then the signal
goes to an adapter, before it is connected to the vacuum feedthrough.

The experiment uses a monolithic linear Paul trap, a picture can be seen in
figure 2.2. The ion trap is formed by patterned gold electrodes on a fused silica
substrate [13]. The trap does not have dedicated shim electrodes for displacing
the ion radially in the trap. Instead, this is done by applying a DC bias to the

11



12 Chapter 2. Setup

four RF electrodes. In this setup, all electrodes are directly linked to the outside,
with no in-vacuum filtering. The connection is made with a vacuum feedthrough.
The RF trapping voltage is generated by a resonant circuit consisting of discrete
components on a PCB outside the vacuum chamber, driven by a single RF source.
This is the resonator which is connected to the vacuum feedthrough, with phase
shifters in between.

Figure 2.2: Photo of the ion trap used in the setup. The silica substrate is in the
center of the picture with the golden traces leading to the electrodes visible. The
trap is glued to a copper mount, which can also be seen. On both sides of the trap
wirebonds connect the electrodes to PCBs, which carry the connection on to the
vacuum feedthrough.

2.2 Resonator PCB

In our setup we implement the second scheme of applying RF voltage to the elec-
trodes that is explained in section 1.2.1. On the resonator PCB this is done by
splitting the input signal into two signals with a 180◦-phase difference. Each signal
has a separate coil providing inductance for the resonance, and the two sides of the
resonator are coupled by their common connection to the trap and the feedthrough,
which also provides part of the inductance and capacitance for the resonance.

The layout of the PCB can be seen in figure 2.3, and a photo of the final PCB
in figure 2.4. After the RF input on the left, a balun isolates the RF ground of the
resonator and source, and generates the out of phase signals. The two sides of the
resonator are symmetrical, with the first parts after the input being an inductor
and a capacitor, used to match the impedance of the input (50Ω) to the resonator,
followed by the coil for resonance. On the PCB the coil has a large footprint, to
be able to solder in coils with different inductance if the resonance needs to be
changed. There is also an SMA-connection that gives the possibility to connect
a capacitive divider and a rectifier, to probe the amplitude of the RF signal and
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later potentially stabilize the RF amplitude, which is explained in section 2.5 and
2.6. A bias tee of an inductor and a capacitor is used to apply a DC bias to each
individual RF electrode, as described in [11].

Figure 2.3: Schematic of the PCB for the resonator. The many coils connected in
parallel on the schematic are for making one footprint where any of these fit. On the
actual PCB only one coil is chosen and soldered to the footprint. The components
on the PCB are described in the main text.
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As part of this project I designed a new version of the resonator PCB, based
on the previous design in [11]. There are two main differences to the old version.
The first is to be able to shift the phase of each of the four outgoing signals, to
compensate for possible differences in path length, which is described in section
2.3. The second change was to remove the capacitive divider and rectifier from
the board and place them in modular and removable SMA housings, to be able
calibrate them separately and remove them to see if they add noise, see section 2.5.
Figure 2.4 shows the resonator PCB with and without components. The material
of the PCB is Rogers 4530B. In the previous version a four-layer layout was chosen,
with three ground planes, and this was kept in the new design. This was found to
introduce significant parasitic capacitance to ground.

Figure 2.4: Photos of the resonator board, with and without the soldered compo-
nents.

2.3 Phase shifters

The phase of the RF on the electrodes of the trap is determined by the signal path
length leading from the resonator to the trap. To tune the phase of each individual
RF electrode, four phase shifters were added. The phase shifters1 consisted of two
SMA-connectors with the possibility to adjust the pathlength by screwing the two
parts further or closer apart. The phase shifters can be seen in figure 2.5. When
the phase shifter is screwed out maximally the pathlength was measured to be
3.5mm longer, which for a frequency of 67.4MHz corresponds to 0.42◦. It takes
about eight turns to screw the parts out fully, so with just one turn the length
should be adjusted with 0.4mm, or 0.05◦. The connection between the two parts
can become unstable if they are screwed out too far. For a good connection we also

1Fairview Microwave, SMP2046.
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Figure 2.5: Photo of two phase-shifters, one screwed in, and one with the two pieces
apart.

needed to use the locking nut on the screw. This makes it hard to adjust the phase
when the RF is on. The resonance frequency of the resonator also changes slightly
when tuning the phase, and the drive frequency for the trap needs to be changed
accordingly. Because of these reasons the phase could only be shifted when there
was no ion in the trap.

2.4 Adapter board

Changing the output connector to SMA at the resonator meant that an interface
between the SMA cables and the four rods of the vacuum feedthrough was needed.
For this a simple adapter board, routing the signal from SMA connectors to pin
terminal connectors, was designed. Figure 2.6 shows pictures of the adapter board.
The connection between the adapter and the feedthrough was then made with barrel
connectors, see figure 2.7.

Figure 2.6: Photos of the adapter board.
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Figure 2.7: Photo of adapter board connected to the vacuum feedthrough with
barrel connectors. The cylinder to the right can be slid left to fully close the
housing and shield the RF lines.

It is important that the RF signal is well shielded so it does not pick up other
RF signals. For this the adapter board and feedthrough rods were placed inside a
housing.

Between the phase shifters and the adapter board, bendable SMA cables2 were
connected, with a length of 50mm.

2.5 Modular Capacitive Divider

The use of capcitive dividers to measure RF amplitude in the resonator is explained
in section 1.2. Equation 1.27 gives how much voltage is picked off by the capacitive
divider. With values of C1 = 1pF and C2 = 100 pF the pick-off is 1%, which is
chosen to have a measurable signal after the capacitive divider, while minimizing
the load of the measurement device seen by the resonant circuit. Inspired by [9], the
capacitive divider was placed in its own shielded case3 separate from the resonator,
with the ability to attach it to an SMA connection. The circuit diagram together
with a photo of the case and circuit is seen in figure 2.8. The advantage with this
design is that the signal after the capacitive divider will be more protected from
picking up extra RF signal as it is shielded from the resonator. It is also possible
to use the setup without the capacitive divider, and to test and calibrate the pieces
separately.

A test of the capacitive divider was made by connecting it to a network analyzer
and measure the S21-value, the transmitted signal. The result can be seen in figure
2.9. In the range 50-80MHz where we want to drive the trap the transmitted

2Huber+Suhner Inc., MINIBEND R-2.5.
3Crystec Corporation, SMA-KIT-1.5MF
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Figure 2.8: Circuit diagram of the capacitive divider and photo of the components
soldered in the shielded case. The capacitance values are C1 = 1pF and C2 =
100 pF.

signal strength does not depend much on the frequency. The signal loss is 34.6 dB
at 60MHz, which corresponds to an output voltage closer to 2% of the input,
rather than the expected 1% from the chosen values of the capacitors. However,
simulations confirm that this is because of the 50Ω-termination of the measuring
device (Fieldfox network analyzer). At the drive frequency the capacitive divider
was also tested by measuring the output voltage with an oscilloscope for a known
input amplitude provided by an RF signal generator. We found that this results in
a 1% output, agreeing with equation 1.27.
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Figure 2.9: Measurement of S21 for the two capacitive dividers.
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2.6 Modular Rectifier

A rectifier outputs a DC voltage linearly dependent on an input AC voltage ampli-
tude. This makes it useful for measuring the RF amplitude in the resonator. An
advantage compared to only using a capacitive divider is that a low pass filter can
be used after the rectifier, to filter out RF pickup. A similar rectifier design can be
found in [10], where it is placed in a housing and used for active stabilization of the
RF amplitude. A photo of the rectifier and the circuit can be seen in figure 2.10.

Figure 2.10: Circuit diagram of the rectifier and photo of the components soldered
in the shielded case. The diodes used are from Diodes Incorporated with part
number 1N5711WS-7-F.

To calibrate the rectifiers they were connected to an RF source and the output
DC voltage was measured with a multimeter. The input AC amplitude was mea-
sured with an oscilloscope before the rectifier. It was also compared to a simulation
of the rectifier using LT spice from [11]. The results are shown in figure 2.11. Lin-
ear fits from the measurements of the two rectifiers were made, to later be used for
converting measurements by the rectifiers.
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Figure 2.11: Measurement of output voltage for the two rectifiers compared with a
simulation.

2.7 Test of resonator connected to trap

With the resonator connected to the trap, the reflected power S11, was measured
with a network analyzer, shown in figure 2.12. A resonance at a frequency of
69.13MHz can be seen, where the drive frequency is on resonance with the res-
onator. At −3 dB reflection power, the width of the peak is 0.8MHz. Using
equation 1.26, the Q-value is Q = 2 · 69.13/0.8 ≈ 43.2. This is comparable to
measurements of the previous design of the PCB.

Doing this measurement an unexpected second peak was discovered around
4MHz. Simulations showed that it is a resonance introduced by the coil and ca-
pacitor forming the bias tee for the DC bias on each electrode.

The capacitance for the phase shifters were measured to 3.2 pF each with an
RLC-meter, while the cables were 7.2 pF each. This introduces a non-negligible
capacitance on the order of the trap itself to the RF lines which lowers the res-
onance frequency. Capacitance is also added by the four layers of the PCB, and
the connection to the trap. Overall the resonator circuit is dominated by parasitic
capacitance and inductance. It makes it harder to achieve a high voltage required
to trap the ions. If not enough voltage is reached, and the confinement for the ion
is not enough to be trapped this becomes a problem, but we were still able to trap
ions using this setup. A voltage of 50V could be reached with an input RF power
below 2W at a frequency of 67.4MHz.
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Figure 2.12: Measurement of S11, the reflected power. It is reduced at two frequen-
cies, showing two resonances. The higher resonance frequency is used to drive the
trap, the other is unwanted.
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Micromotion measurements

In this chapter the details on how the micromotion measurements were implemented
are explained, for the photon correlation method and for the sideband method. The
main parts for the photon correlation method is getting a reference to the RF signal
and the analysis of the timestamps of detected photons.

3.1 Photon correlation method

3.1.1 RF reference

A crucial part of the photon correlation measurements is referencing the arrival
times of the photons with the RF driving the trap. For this the RF source is
connected to a coupler, that samples a smaller part of the signal. The signal is
then converted to a square wave by a separate board.1

The main component of the experiment control system is a Zedboard, which
registers the signals from a photomultiplier tube (PMT) that a photon is detected
[14]. The RF square wave is connected to the Zedboard similarly to the PMT, but
to a separate input port. For both inputs (PMT and RF), a detection event is
registered on a rising edge of the signal, and the clock cycle of the event saved. The
Zedboard uses a 250MHz clock with cycle time 4 ns, meaning that if a rising edge is
detected for a clock cycle, the actual event could have happened at any point during
this time window. The RF drive used in the experiment is ΩRF = 2π × 64.3MHz,
which gives a period of T = 1/(64.3MHz) ≈ 15.6 ns. This is not much larger than
the clock cycle. Since the sampling rate is limited, several consecutive points must
be taken to get a good phase reference.

We acquire the phase reference for each experiment by looking at the pattern of
when edge detections occur. Figure 3.1 shows two examples of RF edges matched to

1The part number for the board is DC1766A-A, Analog Devices. It needs to be shorted between
pin 9 and the SMA connector.

21
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Figure 3.1: The figure shows clock cycles and detected RF edges. This is matched
to two possible RF square waves, showing the difference between the two extreme
cases.

an RF signal. Because of relation between the RF period and the clock cycle time
an edge is usually detected every fourth clock cycle, that is with a spacing of 16 ns.
This means the clock cycle window gets shifted with t = 16ns − T ≈ 0.448 ns per
RF period, in comparison to the RF signal. However, after some time this shift has
moved the window far enough for the detection to occur in the clock cycle before.
This will be seen as a spacing of three clock cycles between detections instead of
four. When this happens the detected edge must be within a distance of t to the
real RF edge. If enough consecutive points are taken for this event to happen, an
RF reference can be taken with an uncertainty of t.

Increasing the number of detection events, the pattern gives more information,
and the uncertainty of the RF reference can be lowered. A simulation of this effect
can be seen in figure 3.2. For the experiments the RF edges during 1.4 µs were
taken, which corresponds to 350 clock cycles. In practice, when we consider larger
data sets it is convenient to look at all detections overlapped on one period, as in
figure 3.3. By just taking the first point in the 4 ns-detection window the reference
to the RF can be determined.

This method assumes that the frequency is well-known. To ensure that the
relation between the RF frequency and the sampling frequency do not drift, the
RF source and the Zedboard were both referenced to the same 10MHz-Rubidium
clock.
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Figure 3.2: The average and maximum error of the RF phase from a simulation of
the sampling. The simulation of the data in this plot was made by Martin Stadler.
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Figure 3.3: The figure shows detected edges of the RF square wave seen during one
RF period. There are only detections during the first 4 ns of the period because
this is the clock cycle window where a rising edge could have been detected. The
phase of the RF wave is taken such that it rises on the first detected edge, showing
that this gives a reconstruction of the RF square wave where all detected edges fit.
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3.1.2 Photon timestamps

A photomultiplier tube (PMT) can detect single photons with high temporal resolu-
tion. When a photon is registered by the PMT, it sends the signal to the experiment
control system. When we detect this signal with the Zedboard there will also be an
uncertainty window of 4 ns from the clock cycle. A single measurement consists of
all photons arriving during a detection window of 250 µs. The number of photons is
typically between zero and ten. We detune the laser frequency to −70MHz, close
to the micromotion sideband, to maximize the photon correlation signal, which can
be seen in equation 1.31. The value is chosen a few MHz below the micromotion
frequency to avoid heating the ion.

The RF phase reference, obtained as described in the previous section, is used
to determine the correlation between photon arrival times and the RF drive. For
every photon timestamp we find at what point in the trap RF cycle it arrived.
The photon counts are then binned into 30 bins of the RF cycle. As explained by
equation 1.31, the photon counts per bin show a correlation to the RF.

To get a correlation signal with low uncertainty many photons are needed, and
the measurement of 250µs is done between 8000 and 30000 times, to build up
statistics. A typical data set is shown in figure 3.4. The data is fitted to equation
1.32 with fit parameters S0, ∆S and ϕ. From equation 1.31 and the values of S0

and ∆S, a value for the modulation index β can be extracted.
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Figure 3.4: An example of a photon correlation plot. For this experiment an RF
frequency of 64.3MHz was used and the ion is displaced 0.22 µm from the center
of the trap to introduce excess micromotion and show a clear correlation signal. A
total of 45476 photons were counted during this experiment.
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The uncertainty for the counts in a bin is estimated by considering the prob-
ability of a photon arriving in a certain bin of size s. Assuming equal probability
during a 4 ns-window gives a probability of p = s/4. A count can then be seen
as 0 or 1 from a Bernoulli distribution with probability p, which gives a variance
of σ2 = p(1 − p). If the counts are assumed to be independent the variances can
be added and the total variance for the counts in a bin is np(1 − p), with n being
the number of counts. Photon shot noise is also a source of uncertainty, with a
standard deviation of

√
n for the counts in a bin.

Equation 1.31 that is used to find the micromotion modulation index β is valid
if the intensity of the laser is low. The laser intensity at the ion corresponds to
approximately 0.5 saturation intensity. Simulations based on a method described in
[1] showed that this intensity is low enough to not influence the photon correlation.

A scan of laser frequency for the photon correlation signal ∆S/S0 is shown
in figure 3.5, together with the expected signal from equation 1.31. The natural
linewidth of the transition and a value of β corresponding to the height of the signal
peak is assumed when using equation 1.31. The experimental data does not match
the theory curve over the whole range. It is not clear where this discrepancy comes
from, since the effect of power broadening is, according to the simulation, too small
to account for this.
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Figure 3.5: The data points show the measured photon correlation signal strength
versus laser frequency. Blue and red show data where the ion is displaced at two
different radial positions to get a different micromotion amplitude. The lines show
equation 1.31 with a value of β such that the height of the peak agrees with the
data. It is clear that a measurement of β is most sensitive with a detuning to the
micromotion sideband.
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3.2 Sideband method

The micromotion was also measured with the sideband method, introduced in sec-
tion 1.3.2. The frequency of the laser was scanned over a range spanning from the
first micromotion sideband at −ΩRF to the carrier at 0MHz. To compensate for
background scattered light the measurement was done also with no ion, and the
mean for the background counts were subtracted from the measurement with ion.
The resulting photon intensity was fitted to equation 1.35, with fit parameters am-
plitude, the modulation index β and the linewidth Γ. Figure 3.6 shows an example
measurement. An extra sideband can be seen around −40MHz. We have not been
able to find an explanation for it, and in the analysis it was ignored by excluding
data around the peak from the fit. The data for frequencies above the resonance
was also excluded from the fit, since the lineshape changes when the ion is heated.
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Figure 3.6: Example of micromotion measurement with the sideband method, to-
gether with a fit of equation 1.35. The ion was displaced radially to induce mi-
cromotion. The data for frequencies between the dotted lines at −55MHz and
−35MHz, and above the third dotted line at −2MHz is not included in the fit, as
explained in the main text.
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3.2.1 Laser

Both methods used in this thesis are sensitive to micromotion only along the direc-
tion of the laser used to probe the micromotion sidebands. For the measurements
in this thesis we used the detection laser at 313 nm. To scan the frequency of the
laser, an acousto-optical modulator (AOM) can be used. The laser has a direction
in the trap with an angle of 45◦ to all motional modes. To measure the other
components of the micromotion we tried aligning another laser from the bottom
of the trap upwards, which would give us access to the micromotion amplitude in
different directions. Due to the construction of the chamber, this did not work,
because there was too much scattered light and it was not possible to distinguish
to photons from an ion.

In the setup there are two additional laser beams that can be used to target a
Raman transition. These could not be used in this project, because the power was
too low at the required frequency of the micromotion sideband, since the wrong
type of AOM was used.

In the experiments we did not take into account the diffraction efficiency curve
of the AOM, to see how much the laser power changes with frequency. If the laser
power goes down when the frequency is far detuned the signal would become smaller
relative to the zero detuning signal. However, this does not explain the discrepancy
in the frequency scan in section 3.1.2, because the power at zero detuning is already
low enough to not have an effect on the validity of equation 1.31.
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Results

This chapter presents the main results. The micromotion measured with the photon
correlation method is shown for different radial displacements of the ion from the
trap center. The photon correlation method is compared to the sideband method
and a simulation. We give an estimation for the phase mismatch of RF electrodes
and show that this does not change as much as expected when introducing extra
path length on one RF line.

4.1 Measurements of micromotion with ion
displaced radially

In figure 4.1 the result from measuring micromotion with the photon correlation
method is shown. These measurements were done with the old resonator in the
setup. The ion is displaced radially from the trap center by applying offset voltages
to the RF electrodes. Moving the ion away from the trap center will increase
micromotion because of the residual RF field. The relative position of the ion
for a certain applied voltage can be found from simulations of the trap, and the
center of the trap is taken to be the point where the micromotion is measured
to be lowest. The lowest value for the modulation index was measured to β =
(0.49±1)×10−3. Before the measurement micromotion compensation was done, as
described in section 1.3.3, and the scan is performed with the compensated point
in the center. What we observe is that the minimum of the photon correlation
method often does not correspond exactly to the minimum from the micromotion
compensation. We do not yet know the reason for this. It is reported in [1] that
an RF pickup on the PMT can shift the minimum of the correlation, which could
be an explanation.

The phase of the correlation signal can be seen in figure 4.2, together with a
fit of equation 1.20. The fit gives a value of Rαϕ = (1.3 ± 0.4) × 10−8m. An
estimation of ϕ can be done by R = 0.3mm, which is the distance between an

28
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Figure 4.1: Measurement of micromotion with photon correlation method, where
the ion is displaced radially in the trap. The three smaller figures shows the photon
correlation curve for three different points, together with a fit of equation 1.32, to
illustrate the correlation.
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RF electrode and the trap center, and α = 1, which would be the case if the
RF electrodes were infinite parallel plates, from the approximation in [2]. This
yields ϕ = 0.0024◦ ± 0.0008◦. For the second order Doppler shift this results in a
contribution of ∆νD2/ν = 9.2×10−20, using equation 1.24. However, it is important
to note that the uncertainty of the phase data gets large close to the center of the
trap, because the measured micromotion is small. With a small amplitude of the
correlation the fit for the phase gets worse, and because of the small number of
scattered photons it takes a long time to gather more statistics. It is possible that
if more data had been taken the fit would have shown a sharper phase transition,
which means a smaller phase mismatch. Thus, this data rather gives an upper
bound to the phase mismatch in the trap.
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Figure 4.2: The phase of the photon correlation with the ion displaced radially
in the trap, together with a fit of equation 1.20. The fit parameter is Rαϕ =
(1.3± 0.4)× 10−8m which gives ϕ = 0.0024◦ ± 0.0008◦.

The micromotion was also measured by scanning both radial directions, giving
a 2d-map of the micromotion in the trap, see figure 4.3. Because the measurement
is only sensitive to micromotion along the direction of the laser, the micromotion
minimum is seen as a diagonal line in the figure. On this line the phase of the
correlation also changes.
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Figure 4.3: Photon correlation measurements where the ion is displaced in the two
radial directions.

4.2 Comparison between experiments and
simulation

To verify the method we compare the results from the photon correlation method
with the sideband method and a simulation. The simulation provides the electric
fields in the trap volume with the boundary element method in Comsol, from which
the micromotion can be calculated. The three different methods can be seen in
figure 4.4. For small displacements the sideband method gives a larger value than
the other methods. One reason for this is that the micromotion sideband gets
small, making the fit less accurate. The photon correlation method on the other
hand gives a much lower modulation index than the other methods. For larger
β it also flattens out. This can be explained by the fact that the fluorescence
∆S/S0 used to find β is not linear in β for larger values, and that the third term
of equation 1.31 starts to become large. However, we expect to observe this effect
only for values of ∆S/S0 twice as large as we have. In fact, if two times larger
value of ∆S/S0 had been observed, the values for β would agree better with the
simulation overall. The reason for this discrepancy has not been found.
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Figure 4.4: A comparison of the modulation index, from sideband and photon cor-
relation measurements, and calculated from the residual RF field from a simulation
of the trap. The modulation index if twice the value of ∆S/S0 had been observed
is also plotted, to show that a factor of 2 is missing for getting a good agreement
with the simulation.
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4.3 Measurements with phase shifters

To investigate the effect of micromotion by adding path length to one RF line we
used the new resonator with phase shifters. First measurements with the photon
correlation method were taken with all phase shifters set to no additional phase.
Then a single phase shifter was extended to add 2.2mm in path length, which
for a drive frequency of 67.4MHz corresponds to a phase of 0.27◦. The results
are shown in figure 4.5. The fit with no added phase gives a mismatch of ϕ =
0.0095◦ ± 0.0007◦, and with phase shift ϕ = 0.0055◦ ± 0.0010◦. The difference
between the two measurements is significant according to the error of the fit. The
smaller phase mismatch is seen when we added length to the phase shifter. We do
not know if the path lengths are perfectly matched to begin with, so this suggests
that there is a phase mismatch that is partly compensated by the phase shift.
However, the measured difference of 0.004◦ is far from the 0.27◦ that were added
by the phase shifter. Thus, the effect of an added phase mismatch can not be
explained by the model presented in [2].

These measurements made with the new resonator both gives a higher value
for the phase mismatch than the measurement with the old resonator. It is also
seen for the modulation index, where the lowest value with the new resonator was
measured to β = 0.030± 0.009. The higher values for the new resonator indicates
that the length matching is worse. The traces on the resonator PCB was designed
to be equally long, which was also the case for the old design of the resonator,
making it unlikely to introduce a length difference. It could instead be caused by
the different connection to the vacuum feedthrough, or a difference in length or
capacitance of the phase shifters or cables.
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Figure 4.5: Phase from the photon correlation method when moving the ion radially
in the trap. Data together with a fit is shown with no phase shift added, and with
one phase shifter extended 2.2mm, which is 0.27◦ for a frequency of 67.4MHz. The
blue line shows equation 1.20 with ϕ = 0.27◦ inserted.
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Summary and outlook

This project has increased our knowledge of the micromotion in the trap. Still,
some things remain unknown and more work is needed to get a more complete
understanding of the micromotion.

First, what needs to be investigated further is the discrepancy between the
simulation and the measurements of the micromotion. It was seen that even with
no ion and only measuring stray light in the trap there was some correlation between
photon arrival times and the RF cycle. This could be caused by an RF pickup at
the PMT, where it would be more likely to register false photons at certain times
during the RF cycle. If this is taken into account in the analysis of the photon
counts the result of the photon correlation method might change, but it is not clear
if this is the only reason for the discrepancy.

Secondly, it is necessary to measure the micromotion amplitude in all directions.
With the current AOM there is only one laser that can be used, and the methods
described and used in this project can only measure the component that is parallel
to the laser. Furthermore, to measure larger values of the modulation index β the
second sideband term needs to be included in equation 1.31.

A better model is needed to explain the measurements of the phase mismatch.
It has also been seen in other ion traps that the effect of a phase mismatch seems to
be smaller than expected from the simple model described in this project. It would
be interesting to see if a larger effect can be seen if the phase is changed much more
than what was done in this project, for example by adding a longer cable to one of
the paths.

When measuring the photon correlation signal and scanning the frequency it
was seen that the shape of the signal did not match the expected line. One thing
that was not considered during the experiments was the dependency of the power
on the laser frequency. It would be useful to know how much it changes over the
frequency range used for the measurements.

Some issues with the resonator design were discovered during this project. One
problem was the extra resonance around 4MHz. This means that the resonator
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does not filter out frequencies around this value, but instead amplifies signals with
these frequencies. We work with secular frequencies in the range of 1-10MHz so
noise in this range can excite motion of the ion and cause heating. By exchanging
the coils at the DC-bias tee causing this resonance to resistors (100 kΩ), the problem
was solved without altering the rest of the resonator.

The new design with added phase shifters and SMA cables as part of the res-
onator causes extra capacitance. It is currently not a limiting factor, since sufficient
high trap voltages can be reached with the current RF chain. If we would like to
operate at a higher drive frequency or use a lower RF input voltage another solution
would have to be considered. Since it was discovered that there was little effect on
the micromotion from the phase shifters it could be reasonable to remove them in
the future.

To summarize, during this project I designed a new version of a resonator, which
I assembled and tested. It was installed in the setup and we could trap ions with it.
I measured micromotion, finding both amplitude and phase information with the
use of the photon correlation method. This included making a setup to get the RF
phase reference and writing a script to analyze photon arrival times. With the new
resonator it was possible to shift phase between RF electrodes. I found that while
there was a significant change in the measured phase mismatch, it was smaller than
predicted from theory. The smallest micromotion modulation index was measured
with the old resonator to β = (0.49± 1)× 10−3. The phase mismatch between RF
electrodes was measured to be smaller than ϕ = 0.0024◦ ± 0.0008◦. The value of
the phase mismatch should enable high precision spectroscopy with a systematic
second order Doppler shift smaller than ∆νD2/ν = 9.2× 10−20.
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