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Abstract

In this thesis we investigated the interaction of a trapped 88Sr+ ion with a narrow
linewidth laser that controls its state. We improved the time with which this control
can be performed coherently. To this end, we locked a narrow linewidth laser to an
optical high finesse cavity in order to avoid drifts in the lasers frequency with respect
to the ion’s narrow optical transition. We characterized the different sources of noise
which could limit the laser’s performance using a Ramsey experiment with inserted echo
pulses sequences, and eventually we used this method to measure forces acting on the
ion at the 10−19N scale with 2.3% precision.
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Part I

Introduction and background

1 Introduction

Trapped ions in linear Paul trap [1] are investigated in various labs around the world. Two
of the main investigation directions are metrology [2, 3, 4] and quantum information science
[5]. Both of these fields require manipulations of the ions’ internal and external states for as
long as possible , i.e. maintaining long coherence times. For quantum information, longer
coherence times would allow performing more operations on the qubits with reasonable fi-
delity, for metrology longer coherence times mean smaller uncertainty in the parameter being
measured. In order to achieve a longer coherence time, the ion being used should have a nar-
row transition. Here we use an optical qubit, i.e. the two qubit levels are separated by an
optical frequency and are therefore coupled by a laser. The intrinsic “natural” linewidth of
the transition is set by the upper level lifetime. In our case of 88Sr+ it is the 4D 5

2
level with

a lifetime of τlifetime = 370ms resulting in a natural linewidth of ≈ 0.4Hz to the S 1
2
→ D 5

2

transition [6]. The next limitation to the coherence time of optical superpositions comes
from the laser finite linewidth. Diode lasers could be used for that purpose, but they usually
come in much wider spectrum than needed and therefore they need to be modified. The
frequency noise imposed on them by temperature and current fluctuation can significantly
increase the laser bandwidth. A lock to a stable reference is needed. A common reference
is a high finesse cavity[7]. The cavity needs to have a low thermal expansion coefficient so
temperature fluctuation from the surroundings will not change the cavity length, and as a
result, also the reference frequency. In addition, the locking mechanism to the cavity should
not insert frequency noise to the laser on its own. A method to measure a phase difference
(noise) between a reference (ion) and an oscillator (laser) is to use a Ramsey experiment [8]
with inserted echo pulses (for example see ref. [9]). By using these sequences and the theo-
retical model of the ion response to them [9] small electrical forces applied on the trapped ion
were measured. Other methods for measuring small forces on a trapped ion were previously
developed [10], but in these methods the forces were applied at a frequency very close to the
resonance frequency in the trap, and in the 100kHz− severalMHz range. Here we used our
method of echo sequences to measure forces at a frequency three orders of magnitude less
than the trap frequency.
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2 Quantum two level systems

2.1 Brief Theory

Any (non degenerate) two-level system {|0〉 , |1〉} , which we refer to as a “qubit”, can essen-
tially serve as a probe for the frequency of a source. This is because the coupling between the
levels has a resonance frequency, which equals the energy difference between them divided
by Planck’s constant. The Hamiltonian of a qubit system is,

H0 = E0 |0〉 〈0|+ E1 |1〉 〈1| .

Without loss of generality, we set E0 = 0, E1 = ~ω0, and we get

H0 = ~ω0 |1〉 〈1|

In order to use the system as a frequency probe we need to add some coupling between the
levels. The coupling is generated by an oscillator with frequency ωL and phase φ, and a
coupling constant Ω (here assumed to be constant in time):

H1 =
~Ω

2

([
ei(ωLt+φ) + e−i(ωLt+φ)

]
|0〉 〈1|+

[
ei(ωLt+φ) + e−i(ωLt+φ)

]
|1〉 〈0|

)
Our full Hamiltonian is now

H̃ = H0 +H1.

We now move to the interaction picture, using H1 as the interaction Hamiltonian:

Hint = ei
H0
~ tH1e

−iH0
~ t =

=
~Ω

2

([
ei((ωL−ω0)t+φ) + e−i((ωL+ω0)t+φ)

]
|0〉 〈1|+

[
ei((ωL+ω0)t+φ) + e−i((ωL−ω0)t+φ)

]
|1〉 〈0|

)
We now assume ωL−ω0 � ωL+ω0 , and thus we say that the elements e−i((ωL+ω0)t+φ), ei((ωL+ω0)t+φ)

rotate fast enough, so for any relevant integration time scale in our analysis their contribu-
tion to the evolution of the state averages to zero. Therefore we make the Rotating Wave
Approximation (RWA), and we are left with the Hamiltonian

HRWA
int =

~Ω

2

(
ei((ωL−ω0)t+φ) |0〉 〈1|+ e−i((ωL−ω0)t+φ) |1〉 〈0|

)
.

We solve the Schrodinger equation for this system (in the interaction picture). A general
state in this system can be written as

ψint = C0 |0〉+ C1 |1〉 {C0, C1 ∈ C} .

We solve for C0, C1:

a) 〈0| i~∂ψ
∂t

= 〈0|HRWA
int ψ
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b) 〈1| i~∂ψ
∂t

= 〈1|HRWA
int ψ

We are left with:
a) i~Ċ0 =

~Ω

2
ei(ωL−ω0)t+iφC1

b) i~Ċ1 =
~Ω

2
e−i(ωL−ω0)t−iφC0

We define δ = ωL − ω0 -the detuning, and we solve for the case of initial conditions of
C0 (t = 0) = 1 (up to a global phase).

C0 (t) = exp
(
i δ

2
t
) (

cos
(

1
2

√
δ2 + Ω2t

)
− i δ√

δ2+Ω2 sin
(

1
2

√
δ2 + Ω2t

))
C1 (t) = i Ω√

δ2+Ω2 exp
(
−i δ

2
t− iφ

)
sin
(

1
2

√
δ2 + Ω2t

) (1)

We now define a π pulse as a pulse of our oscillator for a duration of τR = π
Ω
. Given a system

in the state |0〉, If we turn on a π pulse at δ = 0, we would get

C0 (τ) = 0

C1 (t) = ie−iφ sin

(
1

2
π

)
= ie−iφ

and if we look at the probability to be in |1〉, it would be

P (|1〉) = |C1 (t)|2 = 1

meaning we moved the entire population of the ion to the state |1〉.

We now define a π
2
pulse as a pulse of our oscillator for a duration of τ = π

2Ω
. Given a system

in the state |0〉, If we turn on a π
2
pulse at δ = 0, we would get

C0 (t) =
1√
2

C1 (t) = i
1√
2
e−iφ

meaning we transferred our ion to a state with equal population at both |0〉 , |1〉 states.

2.2 The Bloch Sphere

A convenient way to visualize the state of two level systems is the Bloch sphere (named after
Felix Bloch). Each superposition of the states {|0〉 , |1〉} can be written as

|ψ〉 = cos

(
θ

2

)
|0〉+ sin

(
θ

2

)
eiφ |1〉 , [0 ≤ θ ≤ π ; 0 ≤ φ ≤ 2π]

8



up to a global phase, which we neglect since two states different only by a global phase cannot
be distinguished. These two angles {θ, φ} could be thought of as the angles of a vector on a
unity sphere, called the state vector (or Bloch vector). An illustration of a general state on
the Bloch sphere is given in Fig. 1.

Figure 1: Bloch sphere illustration
The red arrow marks the state vector (Bloch vector) in which our system is in -

cos
(
θ
2

)
|0〉+ sin

(
θ
2

)
eiφ |1〉 up to a global phase. The angle φ is the angle between the

1√
2

(|0〉+ |1〉)axis (or the x axis) and the projection of the state vector on the equatorial
plane (the xy plane). The angle θ is the angle between the |0〉 axis (or the z axis ) and the

state vector.

Due to the fact that all states are described as vectors in the unit sphere, it is also possible to
think about all qubit operations as concatenated rotations of this state vector. A rotation on
the Bloch sphere is completely defined by stating the torque vector (or Rabi vector) around
it the rotation is implemented, and the angle of rotation. A visual example for a π rotation
around the x axis is given in Fig. 2.

Figure 2: A π rotation around the x axis
The initial state vector is pointing in the −z direction, meaning state |1〉 (bright red arrow),
and it is rotated around the torque vector (blue arrow) an angle of π, until it points to the
+z direction, state|0〉.
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2.3 Spectroscopic tools

A qubit could be used as a frequency reference for an oscillator, and with this reference in
hand one could gain information about the precision of the frequency difference between the
qubit and the oscillator. We present two methods of investigating the relative frequency noise
of an oscillator (with respect to the qubit frequency). In both of these methods, one needs
to find out what the correct π pulse time - τR. If the oscillator is set to oscillate at the same
frequency as the qubit - meaning δ = 0 - then τR could be found by the following sequence:
First initializing the qubit in the |0〉 state. Then letting the oscillator couple to the qubit for
some time t, and afterward measuring the qubit in the {|0〉 , |1〉} basis. This measurement has
a binary output; therefore, in order to estimate the population of the qubit in the |1〉 state we
need to repeat the sequence many times, and take an average of the results. By repeating the
entire process for different t values, we can find the shortest t value that completely inverts
the qubit population τR. This type of sequence is sometimes referred to “Rabi flopping”, and
it should give a result in the form shown in Fig. 3 (according to equations (2)).

Figure 3: Typical Rabi flopping curve

We now describe two methods to investigate the oscillator spectral noise.

2.3.1 Rabi spectroscopy

This spectroscopy method is evident from the lower line in Eq. (2). The experimental
sequence is as follows. The qubit is first initialized in the |0〉 state. Then a π pulse is
performed at a specific detuning δ, and after it a measurement in the {|0〉 , |1〉} basis, yielding
a binary result. After repeating this sequence multiple times, the mean outcome of the
experiment provides an estimator for the probability of the qubit to be in the |1〉 state after
the π pulse, for this specific detuning. When the detuning δ is scanned (maintaining the
pulse time τR constant ), we obtain a plot of |C1 (δ)|2. According to Eq. (2), this plot should
look like

|C1 (δ)|2 =
1

δ2

Ω2 + 1
sin2

(
π

2

√
δ2

Ω2
+ 1

)
, (2)
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shown schematically in Fig. 4. Assuming noise in the qubit-oscillator relative frequency, the
qubit response must be modified due to the oscillator’s frequency spectrum. We denote σδ
as the standard deviation of the detuning from δ = 0 in time (here we assume symmetric
noise and no significant drifts during the experiment). We can consider two regimes. In the
first regime, Ω � σδ; here σδ does not significantly broaden the curve, and the FWHM of
the qubit response would be given by

FWHM ≈ 1.6Ω

Figure 4: Rabi Scan typical plot
The width (FWHM) is marked in red. In the regime where Ω� σδ, the width is ≈ 1.6Ω. In
the regime where we decrease Ω such that Ω� σδ, the width would be on the order of σδ.

In the second regime, Ω� σδ, here we can approximate Eq.2 as a Dirac delta function. The
convolved qubit response will therefore give us the oscillator noise spectrum with a σδ width.
This can give us an estimate for the width of the oscillator frequency distribution during the
experiment time.
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2.3.2 Ramsey spectroscopy and echo sequences

A Ramsey scan pulse sequence is given in Fig. 5.

Figure 5: Ramsey scan with pulse sequence
a) Ramsey experiment sequence: The sequence consists of two π

2
pulses, separated by some

time 2τ . The time 2τ is scanned between experiments, and for each τ the phase difference
φf − φ0 is scanned. b) Ramsey experiments with echo π pulses sequence between them. As

before, The time separation between the π pulses is scanned, and for each τ the phase
difference φf − φ0 is scanned.

In the Ramsey experiment, We first initialize our qubit to state |ψi〉 = |0〉. The first π
2

pulse rotates the qubit into |ψt=0〉 = 1√
2
|0〉 + 1√

2
e−iφ0 |0〉 where φ0 can be set without loss

of generality to zero. During the Ramsey wait time the qubit performs precession in the
rotating frame at a frequency which equals the detuning. This means that the phase dif-
ference between the superposition states evolves at δ (t) and the state of the ion would
be |ψt=2τ 〉 = 1√

2
|0〉 + 1√

2
ei
´ 2τ
0 δ(t)dt |1〉. The last step is to apply the last π

2
pulse with os-

cillator phase φf , and measure the qubit final state in the basis {|0〉 , |1〉}. The result is
|ψf〉 = cos

(
φf+

´ 2τ
0 δ(t)dt

2

)
|0〉 + sin

(
φf+

´ 2τ
0 δ(t)dt

2

)
eiφf |1〉, and the probability to be in the |1〉

state is given by

p (|1〉) = sin2

(
φf +

´ 2τ

0
δ (t) dt

2

)
= 1− cos

(
φf +

ˆ 2τ

0

δ (t) dt

)

By scanning the phase φf , at each waiting time 2τ there would be a measurable phase
contribution from the detuning. However, often the detuning δ (t) is a random variable as it
is a result of frequency noise, meaning it is somewhat different from one experiment to the
next. In order to get an informative scan, one needs to perform many realizations of this
experiment. That is because the projection on the basis {|0〉 , |1〉} needs to be implemented
enough times in order to get statistical significance, and for each armtime τ the phase of the

12



last π
2
should be scanned. We average over many realizations, each with its own δ (t), and

get

〈p (|1〉)〉realizaions (τ) =

〈
1− cos

(
(φf − φ0) +

ˆ 2τ

0

δ (t) dt

)〉
realizations

(3)

The average over the difference cosines with the different phases reduces the fringe contrast.
The reduced contrast makes the fringe phase estimation and therefore the measurement of
the average detuning less precise. The result could be plotted as a 2D map, with the y axis
as 2τ , the x axis as φf − φ0, and color legend as the probability. Examples for this type of
results can be seen in Fig. 6.

Figure 6: Ramsey experiment result examples
The top three plots show examples of the 2D map results from a Ramsey scan. Two constant
τarm cuts were taken from each plot and are shown below it (the cuts are marked with black
lines on the 2D plot). a) the result of a scan were the detuning between the oscillator and the
qubit frequency reference changes sinusoidally. This result can be observed if all realizations
for some (τarm, φf − φ0) are taken at the same detuning phase. b) The result of a scan with
constant detuning between the oscillator and the qubit frequency. c) The result of a scan
with some constant detuning + sinusoidal noise component. This result can be observed
when the experiment is not synchronized with the noise, and each realization has a different
phase in the noise component. The signature of that effect can be seen in the lowest plot,
and the larger times on the 2D plot in c, where the amplitude of the fringe drops due to
averaging over realizations with different noise phases.

A method to mitigate part of the undesired effect of noise is to insert a sequence of π pulses
at specific times, where we assume that the pulse time is much shorter than the wait time
between pulses, τR � τarm. One such sequence is illustrated in Fig. 5. Here the unit
cell that is repeated between the two π

2
pulses is [wait τarm] - [π pulse] - [wait τarm]. This

sequence is effective in the slow detuning-noise regime. In the regime where the noise is slow
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in comparison with τarm, the magnitude of phase accumulated in the first τarm wait is very
similar to the magnitude of phase accumulated in the second arm. The π pulse rotates state
|χ〉 = 1√

2
|0〉 + 1√

2
eiφ0 |1〉 into |χafter π〉 = 1√

2
|0〉 + 1√

2
ei(π−φ0) |1〉, both on the Bloch sphere

equator. In the case of slow noise, the first arm’s accumulated phase and the second arm’s
accumulated phase have opposite signs and therefore cancel out, leaving the qubit state with
same phase for all experimental realizations regardless of δ. In this experiment the quantity
measured is the amplitude of the fringe achieved by scanning φf at every τarm.

2.4 Echo sequences with frequency noise

As τarm increases, the noise is less canceled by the pulse sequence. In this thesis we treat the
noise as a term in the Hamiltonian composed of a classical function of time (δ (t)), which is
the coupling strength that multiplies the Pauli σz operator. A theoretical general analysis
of Echo sequences under the influence of noise was developed [11], and specific noise spectra
were treated [12]. In the weak coupling regime or the case of Gaussian noise, the measurement
of the echo contrast as a function of the frequency with which the echo pulses are applied
(defined as 1

2τarm
, where 2τarm is the time interval between two π pulses) is proportional to

the noise Power Spectral Density (PSD)[12]. With stronger coupling, this is no longer true.
If the noise is composed of discrete frequency components, the contrast of the qubit can be
measured, fit to a model[4], and information about the PSD can be drawn from it. In this
thesis we use this analysis for discrete noise frequencies (a version of it appears in appendix A)
as a spectroscopic tool in order to estimate the noise amplitudes and frequencies. Assuming
a noise monotone, whenever τarm equals a quarter of the period of the noise monotone,
decoherence would be enhanced. For a discrete set of k noise frequencies with amplitudes
{Ai}ki=1 and frequencies {fi}ki=1, the fringe amplitude of a sequence of n echo pulses is given
by,

C (τarm) =
k∏
i=1

J0

(
−4Ai

sin
(
2πfinτ − nπ2

)
sin2 (πfiτ)

cos (2πfiτ)

)
, (4)

where negative amplitude corresponds to a shift of π in the fringe phase.

3 88Sr+ Ion as a two level system

The qubits we worked with were realized by two energy levels of a strontium [88Sr+] ion.
Each is one out of a Zeeman split manifold. The Sr atom is an alkaline earth metal, i.e. is
located on the second column of the periodic table. It has two electrons in its outer shell,
implying that the 88Sr+ ion is Hydrogen-like and has only one outer-shell electron. Two
main important reasons for working with this specific ion are the fact that it has a narrow
linewidth optical transition (a clock transition), and that most of the wavelengths needed for
its manipulation are in the visible range and available using diode lasers. The relevant level
diagram is presented in Fig. 7.
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Figure 7: Relevant energy levels of 88S+
r

In the figure the relevant energy levels of the strontium ion 88S+
r are shown, along with the

wavelengths corresponding to the energy difference between the levels. In addition, the
lifetime of some of the levels is mentioned in brackets.

In our experiments we worked with two kinds of qubits. The first is the Zeeman (or RF)
ground state qubit, and the second in the S → D (or optical) qubit. We will denote the
different states by their orbital angular momentum (L ∈ {S, P,D}), their total angular
momentum (J ∈

{
1
2
, 3

2
, 5

2

}
) and their z component of the total angular momentum (m ∈{

0,±1
2
,±3

2
,±5

2

}
) in the form |L, J,m〉 (We omit the principal quantum number). As an

example:
∣∣D, 5

2
, 1

2

〉
corresponds to 5D 5

2
with projection of the total angular momentum on

the z direction 1
2
. The relevant magnetic susceptibilities of the qubit transitions are:

1)χB

(∣∣∣∣S, 1

2
,−1

2

〉
→
∣∣∣∣S, 1

2
,
1

2

〉)
= 2.802

MHz

G

meaning the transition frequency of
∣∣S, 1

2
,−1

2

〉
→
∣∣S, 1

2
, 1

2

〉
is χBB where B is the magnetic

field setting the quantization axis given in Gauss, and the frequency is in MHz.

2)χB

(∣∣∣∣S, 1

2
,mS

〉
→
∣∣∣∣D, 5

2
,mD

〉)
=

(
−2.802 ·mS

MHz

G
+ 1.680 ·mD

MHz

G

)
meaning the transition frequency of

∣∣S, 1
2
,mS

〉
→
∣∣D, 5

2
,mD

〉
is the sum of the carrier fre-

quency of the 5S 1
2
→ 4D 5

2
transition (on the order of 440 · 1012Hz), and χBB is defined as

before.

3.1 Zeeman qubit

In the Zeeman qubit our two level system consists of the doublet manifold of the 5S 1
2
level.

The energy separation (in units of frequency) between this qubit’s levels is magnetic field
dependent, and is χB = 2.802MHz

G
. In this work the operational DC magnetic field was

BDC ≈ 4G. This corresponds to RF frequency of about ' 11MHz, which was provided by
an RF antenna, in the form of an electrode, that is parallel to the trap axis and in which
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typical currents of 100mA are oscillating. The oscillating current generates an oscillating
magnetic field on the ion which couples the two Zeeman states. Both qubit levels are long
lived, and for all practical purposes, never decay.

3.1.1 Initialization

We initialize our Zeeman qubit by optical pumping into the
∣∣S, 1

2
, 1

2

〉
state. The ion scatters

photons from 422nm laser beam with circular polarization, σ+. the frequency of the light
matches the

∣∣S, 1
2
, ·
〉
→
∣∣P, 1

2
, ·
〉
transition. By angular momentum conservation only ∆m =

+1 transitions are allowed during photon absorption. Photon absorption therefore cannot
occur when the ion is in the

∣∣S, 1
2
, 1

2

〉
ground state. After several fluorescence cycles (typically

50µs), the ion is optically pumped into the dark state
∣∣S, 1

2
, 1

2

〉
with better than 99% fidelity.

In case we want to initialize the ion state to the
∣∣S, 1

2
,−1

2

〉
state, we repeat the same procedure,

and at the end add an RF π pulse and transfer the population to the
∣∣S, 1

2
,−1

2

〉
state. In most

experiments described in this thesis we initialized our qubit to
∣∣S, 1

2
, 1

2

〉
, and so effectively

we can treat our qubit as
∣∣S, 1

2
, 1

2

〉
for the lower state (|0〉) and

∣∣S, 1
2
,−1

2

〉
as the upper state

(|1〉).

3.1.2 Detection

To detect the state of our qubit, we use state selective fluorescence. Starting in a superposition
|ψ0〉 = a

∣∣S, 1
2
,−1

2

〉
+b
∣∣S, 1

2
, 1

2

〉
, we first use the optical quadrupole transition to transfer all the

population from the
∣∣S, 1

2
, 1

2

〉
(or

∣∣S, 1
2
,−1

2

〉
) to one of the 4D 5

2
manifold levels (i.e. perform

a π pulse on the optical qubit later to be described ). This procedure is called “electron
shelving”. Following shelving our ion is in a superposition |ψ1〉 = a

∣∣S, 1
2
,−1

2

〉
+ b

∣∣D, 5
2
,m
〉
.

Now we shine a 422nm beam that is resonant with the S 1
2
→ P 1

2
transition. Fluorescence

will only occur if the ion started in the m = +1
2
state and was not shelved to the D level.

We thus project the ion on the
{∣∣S, 1

2
,−1

2

〉
,
∣∣D, 5

2
,m
〉}

levels. We deduce whether the ion
was in the 0 or 1 state by counting the number of photons detected during the fluorescence
pulse with better than 98% fidelity [13]. By averaging this process with the same initial |ψ0〉,
we get statistics of how many times we got bright ion and how many times we got dark ion.
This gives us the probabilities |a|2 , |b|2.

3.1.3 Single qubit rotations

All rotations of the Zeeman qubit are implemented using an RF source close to resonance
with the frequency separation between the two qubit levels. Any single qubit rotation can
be composed of a concatenation of rotations around some torque vector on the equatorial
plane for some angle. The torque vector is determined by the phase of the RF pulse, and the
rotation angle is determined by the time of the pulse.
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3.2 Optical qubit

The second choice for a qubit is the S → D qubit (or the optical qubit). The lower level is in
the 5S 1

2
manifold, and the upper level is in the 4D 5

2
manifold. The transition between the S

and the D levels is in the optical domain (∼ 440THz); λ = 674nm) and is an electric dipole
(E1) forbidden transition, but electric quadrupole (E2) allowed transition. For that reason
the coupling between the levels is weak, and therefore the transition linewidth is narrow (sub
Hz) and the D level lifetime is long (∼ 380ms). Operations on the optical qubit are typically
much faster than the decay rate of the D level and therefore are largely not effected by it.

3.2.1 Initialization

In a similar manner to the initialization of the Zeeman qubit, we initialize our optical qubit
by optical pumping into the

∣∣S, 1
2
,−1

2

〉
or the

∣∣S, 1
2
,+1

2

〉
state. This would be the lower level

of our qubit. If we want a different superposition of the optical qubit, we need to turn on a
674nm pulse for the right time.

3.2.2 Detection

The optical qubit detection is again performed by using state selective fluorescence, similar
to the Zeeman qubit. The difference is that in the optical qubit we do not need the first
shelving pulse, and can directly detect the state of our qubit by shining the 422nm light.

3.2.3 Single qubit rotations

All rotations of the optical qubit are implemented using the 674nm laser. For each rotation
of the Bloch vector in the Bloch sphere, the torque vector is set by the phase of the 674nm

pulse, and the angle of rotation is determined by the duration of the pulse.

3.3 Repump

During excitation by the 422nm light the ion has a probability of about 1
15

to decay to
the 4D 3

2
manifold from the 5P 1

2
manifold. If the ion decays there, it would stay there for

an average time of ∼ 430msec during which it is not coupled to other levels by the main
674m, 422nm lasers. Therefore 1092nm light is introduced at all times, in order to “empty”
the population from the 4D 3

2
manifold through the short lived 5P 1

2
, from which it will decay

to 5S 1
2
ground state. A more technical problem is the meta-stability of the 4D 5

4
level. On

one hand, the relatively long lifetime of this level helps us in performing longer operations
without significant loss of coherence, but after each operation we would like to initialize the
ion again as soon as possible, and not wait for it to decay from the 4D 5

2
level. A 1033nm

laser is used in order to couple the 4D 5
2
level to the 5P 3

2
level after every experiment (usually

after a detection is performed), and from that short lived level the ion decays quickly to the
5S 1

2
level.
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3.4 Electric quadrupole optical transition

The transition between the 5S 1
2
level and the 4D 5

2
level is a dipole forbidden transition. This

is due to the fact that the dipole operator d̂ =
´

[ρ (r) r̂] d3r has odd parity, but both the
5S 1

2
and the 4D 5

2
have the same (even) parity. That means that the dipole matrix element

vanishes,

〈D, ·, ·| d̂ |S, ·, ·〉 =
(
〈D, ·, ·| Π̂

)
d̂
(

Π̂ |S, ·, ·〉
)

= 〈D, ·, ·|
(

Π̂d̂Π̂
)
|S, ·, ·〉 = −〈D, ·, ·| d̂ |S, ·, ·〉 .

However, the quadrupole operator Q̂ij =
´

[ρ (r) · (3r̂ir̂j − δij r̂2)] d3r has even parity, and
indeed the matrix element of the transition through quadrupole coupling does not vanish.
However, the coupling is much weaker than dipole coupling, resulting in a very narrow tran-
sition - the transition natural linewidth is on the order of Γ4D 5

2

≈ 0.4Hz. In order to isolate
a two level system as an optical qubit out of the 12 levels in the 5S 1

2
and the 4D 5

2
manifolds,

an ultra narrow, precise and accurate laser is needed at the transition wavelength of 674nm.
It is also required for an efficient shelving in the Zeeman qubit detection process, in order to
shelve only one out of the two levels in the 5S 1

2
manifold.

3.5 Doppler cooling

The ion is trapped in an approximately harmonic trap. In order to manipulate the internal
state of the ion as a qubit, we need it to be confined to a volume with linear dimensions
smaller than the radiation wavelength; i.e. the Lamb-Dicke regime. The trap provides a
confining force, which at sufficiently low temperatures results in a small volume in which the
ion can move. In order to minimize the ion temperature, we Doppler by scattering of 422nm

photons. Prior to every experiment, and in between experiments, a far red detuned (about
400MHz from resonance) 422nm laser beam excites the ion on the 5S 1

2
→ 5P 1

2
transition.

The Doppler shift when the ion is moving toward the beam enhances the scattering rate and
therefore the average momentum that is transferred to the ion by photon absorption, results
in slowing of the ion motion and therefore cooling the ion. When the ion is moving away from
the laser beam the Doppler shift reduces the scattering rate. Cooling is counteracted by the
heating that is generated by stochastic photon emission and the accompanying momentum
transfer. In order to cool the ion in all dimensions, the cooling beam has to have a projection
along all of the trap major axes. Immediately before each experiment, 422nm light closer
to resonance (few MHz away) is turned on for a few 10’s of µsec, in order to cool the ion
further. During coherent operations, the 422nm laser is shut off to prevent photon scattering
decoherence. After the experiment is completed the off resonance cooling light is turned on
again, in order to maintain the ion sufficiently cold so it would not boil out of the trap.
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Part II

Experimental setup

4 The system

4.1 Ion trap

Figure 8: Scheme of the electrode structure of the linear Paul trap
The trap consists of four radial electrodes, two of which are RF potential electrodes, and the
other two are held at DC potential. In addition, two “endcap” electrodes are placed in both
sides of the central axis of the trap. The radial electrodes provide a RF quadrupole field,
which in turn can be thought of as a pseudo potential which holds the ion on the axis of the
trap. Below the array of the above described electrodes, two additional electrodes are placed.
In one of the electrodes a current could flow in order to provide RF magnetic field, which in
turn is used to drive transitions in the ion’s internal level structure (The Zeeman qubit level
as an example). The second lower electrode is used in order to compensates for unintentional
changes in the electric field. In case of stray electric fields in the trap, the trapping position
might move. These fields can be compensated and negated by this electrode. This electrode
compensate for these unwanted fields in the couple RF electrodes direction, and the CD
electrode direction fields are compensated for by biasing one of the electrodes in comparison
to the other one. a) A front view of the trap. b) A side view of the trapping electrode and
the endcaps.

In order to manipulate the internal states of an ion, we first need to sufficiently localize it,
and only then we can shine light on it and manipulate it coherently. In our lab we use a linear
Paul trap [1] to this end. Four parallel electrodes are placed in a quadrupole configuration.
and in addition two endcaps with constant voltage are placed symmetrically at the two trap
edges. The structure of the trap electrodes can be seen in Fig. 8.

The confinement of the ion is determined by the trap spring-constant and corresponding
frequency. The axial confinement results in a trapping frequency of faxial ≈ 1.1MHz and the
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radial trapping frequency is fradial ≈ 2MHz. The RF frequency used to generate the trap
potential is about fRF ≈ 21MHz. The trap electrodes are placed in a vacuum chamber, at a
pressure of 10−11torr. More details about the trap structure and design can be found in [14].

4.2 Lasers

In order to trap, cool and manipulate ions in the trap, we use six lasers with different
wavelengths. Two are used for photo-ionization, two for repumping of ion states, one for
cooling, optical pumping and detection, and one narrow linewidth laser for shelving or driving
transition between two states of an optical qubit.

Ionization lasers

Figure 9: Ionization transition configuration

In order to ionize our 88Sr atoms, we use two lasers - a 461nm laser and a 405nm laser. The
ionization transitions are plotted in Fig. 9. The atom starts in the 5s21S0 ground state, from
which it is excited by the 461nm laser to the 5s5p1P1 state. From this state the atom is
further excited using the 405nm laser into the 5p21D2 quasi-bound state, which has a 1nm

width and is positioned above the continuum. From this state it decays into an ion state
and a free electron. The 405nm light is produced by a diode laser, and the 461nm light is
generated by a 922nm ECDL doubled by a periodically-poled nonlinear crystal.

422nm laser

In order to drive the ion’s valence electron on the 5S 1
2
→ 5P 1

2
transition , a 422nm laser is

employed. This transition is a dipole-allowed transition that scatters significant amounts of
light, and hence it is used for cooling and state fluorescence detection. In addition, when
using an appropriate polarization, this transition could optically pump the ion into a specific
Zeeman state out of the two 5

1
2S 1

2
Zeeman states (m = 1

2
or m = −1

2
). The 422nm light is
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produced using a 844nm ECDL, which is locked to a butterfly cavity containing a frequency
doubling crystal. The fundamental 844nm light is locked to an external cavity using the
Pound Drever Hall (PDH) method in order to reduce fast noise components. One of the cavity
mirrors is mounted on a PZT, so the length of this cavity, and therefore the fundamental
wavelength of the laser, can be controlled. The cavity is then locked using an error signal
generated from a saturation absorption line achieved in a Rubidium vapor cell. Rubidium
has a transition (5s2S 1

2
→ 6p2P 1

2
), which is roughly 420MHz red detuned from the desired

transition in the 88S+
r ion, and this gap is filled using an AOM.

Repump lasers

1092nm laser

Whenever the ion’s valence electron is excited to the 5
1
2P 1

2
state, it has some probability

(about 1:14) to fall into the 4D 3
2
metastable state. This state is a dark state, and does not

couple to other relevant states of desired operations on the ion. It is also a long-lived state
(about 435ms decay time constant). For these reasons, a 1092nm laser is used, in order to
repump the ion from the 4D 3

2
state back to the 5

1
2P 1

2
. The 1092nm light is produced by a

DFB which is locked to a stable (Zerodur) Fabri-Perot cavity using the Pound Drever Hall
method.

1033nm laser

After shelving the ion to the 4D 5
2
level (about 390ms lifetime), the electron is being re-pumped

back to the S 1
2
ground state using a 1033nm repump laser, which couples the 4D 5

2
metastable

state to the fast decaying (about 8ns lifetime) 5P 3
2
state, from which the ion could decay

back to the 5S 1
2
state. The 1033nm light is produced by an ECDL, locked to the same cavity

as the 1092nm laser, using a lock-in technique. More details about the laser systems can be
found here [14, 15].
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Part III

674nm narrow linewidth laser
In order to drive the 5S 1

2
→ 4D 5

2
quadrupole transition, a 674nm wavelength laser is used.

Here, a narrow linewidth laser is needed to resolve the different Zeeman sub levels and perform
coherent rotations of the optical qubit.

5 Description of the locking mechanism of the 674nm

laser

Figure 10: diagram of the lock mechanism of the 674nm laser

The 674nm laser has four levels of locking. The first level takes the light from an ECDL, and
locks it to a high finesse cavity. The transmission of light through the cavity is then injected
to a second slave diode laser, in order to get more optical power. Some of the light from
the second diode laser is then sent through a 5m fiber to a second high finesse cavity, and is
locked to it. The locking error signal from this cavity is used to correct the light frequency
error in the beam going to the ion, using an AOM. A fiber noise cancellation system corrects
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for phase noise in the fiber connecting the slave diode light and the second cavity. A diagram
of the laser locking scheme is presented in Fig. 10, and sub-levels of it are presented in the
next sections.

5.1 Level 1: locking to a high finesse cavity 1

The first locking circuit is highlighted in Fig. 11. The initial 674nm light is produced by
a laser diode (Toptica #LD-0675-0030-1) in an ECDL Littrow configuration. This laser is
mounted in an acoustic isolation box. light is coupled out of the box using a single mode
fiber. From the fiber the beam is split using a λ

2
wave plate and a PBS, and a small portion

of it is sent into a wavemeter (High Finesse WS-7) in order to monitor the wavelength.

Figure 11: Highlighted diagram of the first level lock

The rest of the light is sent through an EOM, which modulates the phase of the light at
a frequency of 20MHz. This modulation creates sidebands 20MHz away from the carrier
frequency. The beam is again coupled into a short single mode fiber, which takes it to a
high finesse (f = 86, 000) cavity - cavity 1 (made by Advanced Thin Films - ATF). The
cavity is mounted vertically, and in a way such that the first vibrational mode of the cavity
is decoupled from the mount. In addition, it is placed in a vacuum chamber, in order to
minimize the effect of refraction index changes induced by pressure fluctuations, and in order
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to make the cavity more thermally isolated from the lab. It is a plano concave cavity, 77.5mm

long, resulting in a fFSR = 1.93GHz Free Spectral Range (FSR). The cavity’s finesse is about
F = 105 and therefore the cavity linewidth is about fFSR

F
= 19.3kHz. The light is then locked

to the cavity resonance using the Pound Drever Hall method [16, 17]. The reflection from the
cavity consists of the interference signal between the carrier frequency that enters the cavity,
which is phase shifted and (some of it) is reflected back, and the two 20MHz sidebands
which are reflected from the cavity without entering. This optical interference signal is then
detected by a detector fast enough (Newport 1801-FS) to detect the beating at 20MHz.
The signal from this detector is then demodulated and split. One part is placed into a fast
Proportional-Integral-Differential (PID) servo controller. This PID servo controller sends its
output into the current control of the laser through a FET. The other part is sent through a
slower PI and into the piezo controller of the ECDL in order to keep the FET in a suitable
operating current range. Out of the first locking level, the usable locked light is the light
transmitted through the cavity. However, the transmission power is of the order of 10µW ,
which is not sufficient for the next desired light operations.

5.2 Level 2: diode injection locking

The light transmitted through the cavity is coupled to a short single mode fiber. The fiber
output power is about 10µW , and it is sufficient for injecting it into a second diode and
forcing it to lase at this mode; i.e. phase-locked to the injected light making it a slave diode.
The slave diode is Toptica #LD-0675-0030-1. Images of the locked and unlocked injected
diode spectra can be seen in Fig. 12.
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Figure 12: plots of the spectrum emitted from the slave diode
a) an unlocked injection, b) partially locked and c) fully injection locked slave. The resolution
of the spectrum analyzer from which the plots were taken is 0.1nm, and therefore the actual
mode of the locked diode is narrower than shown in the spectrum. For injection locking to
work, the diode’s own spectrum has to have a mode close enough to the frequency of the
injected light. The spectral position of the diode modes can be tuned by tuning the laser
current and temperature. Typically we need to maintain the slave laser current stable to
within 0.1mAmp .

5.3 Level 3: locking to the second high finesse cavity 2

The third locking level’s diagram can be seen in Fig. 13.
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Figure 13: Highlighted diagram of the third level lock

The light emitted from the slave diode is coupled to an AOM operating around a center
frequency of 165MHz, and in a single-pass configuration. This is the AOM which provides
the frequency correction of the third level lock. The m = +1 order of the AOM is split using
a λ

2
wave plate and a PBS into two beams. One of the beams, carrying most of the optical

power, proceeds to the ion. The second beam is designated to the lock. It propagates through
a frequency deflector that shifts its frequency by about 735MHz, and brings it close enough
to resonance with the second high finesse cavity (cavity 2). The first order of the deflector is
coupled to a single mode fiber, 5m long. The other end of the fiber is on a different optical
table, where cavity 2 is. Once the center frequency of the deflector is chosen, the deflector
can be scanned by a 100kHz without significantly changing the coupling through the fiber,
and that is enough to precisely find the cavity resonance. The light from the fiber goes
through a 60MHz AOM, which only transfers some of the light to its m = +1 order, and
lets most of the optical power propagate unperturbed. Here, the diffracted light is used for
the fiber noise cancellation, as discussed below. The m = 0 order carries on into an EOM
(Thorlabs EO-PM-R-20-C1), which is phase modulating the light at 20MHz. As in the first
level lock scheme, this modulation creates sidebands, that do not enter the cavity, and then
interfere with the part of the carrier that did enter and was phase shifted as a result. The
light impinging on the cavity goes through a PBS and a λ

4
waveplate, so that the reflection

from the cavity is separated from the light going toward the cavity, and is put on a detector
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(New Focus 1801-FS). The signal from the detector was sent to a PDH module, where it was
mixed with the EOM modulation frequency. The mixed signal is low pass filtered, and it
serves as the error signal for the third level lock. A normalized error signal is shown in Fig.
14.

Figure 14: A Normalized error signal and transmission signal of the cavity
As seen, the error signal shows a dispersive signal around the cavity resonance, the linear

region where the locking takes place is set by the cavity mode width.

This error signal is fed into a PI controller (Precision Photonics LB1005), the output of which
controls the frequency of a VCO, and stirs it around 165MHz center frequency. The VCO
is amplified, and controls the frequency of the 165MHz AOM mentioned above. The light
in the m = +1 order of this AOM is the locked light which is sent to the ion.

5.4 Level 4: fiber noise cancellation

A few meters long fiber in the lab could be a source to phase noise on the light propagating
through it. The fiber is exposed to acoustic noises in the lab. This acoustic noise modulates
the refraction index of the fiber material, and hence the phase of light propagating in the
fiber. This results in phase noise on the light passing through the fiber. In our case, the fiber
takes light from the slave diode to the cavity, and generates an error signal which is put to
the correcting AOM on the way to the ion. Phase noise originating in the fiber is translated
into frequency noise on the light going to the ion. In order to reduce this effect, a fiber noise
cancellation system was assembled. The scheme of this system is emphasized in Fig. 15.
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Figure 15: Highlighted diagram of the fiber phase noise cancellation system

A Michelson interferometer was built such that one of its arms is rigid and has a constant
optical length, and the other arm goes through the fiber twice. Before the fiber input, a
beamsplitter was placed, such that the beam is split with power ratio of 1:9. The more
powerful beam (main) does not change its angle of propagation, while the weaker beam
(secondary) is reflected at 900 angle. The weaker beam is retro reflected from a mirror and
returns to the beamsplitter. The part that passes through it is detected by a photo-diode
(interferometer detector). The main beam continues and hits a mirror on a piezo crystal. It
is reflected, its direction is changed (using a λ

4
wave plate and a PBS) and from there it goes

into the fiber. After the output of the fiber, an AOM driven at 60MHz by a VCO is placed,
which diffracts a small part of the beam into its m = −1 order. The diffracted light is then
reflected by a mirror back into the AOM (a double-pass configuration), and couples back into
the fiber. The light reflected and sent back through the fiber returns to the beamsplitter,
and combines with the other interferometer arm on the interferometer detector. The field
emitted from the slave diode is E0e

i·(2πft+φ0), where E0 is the light amplitude, f is the light
frequency and φ0 is the light phase. The light returning from the fiber onto the detector is
E1e

i·(2πft−2π·2fAOM t+φ0+φnoise(t)). The interference on the detector results in a power of

Pdetector (t) =
∣∣E0e

i·(2πft+φ0) + E1e
i·(2πft−2π·2fAOM t+φ0+φnoise(t))

∣∣2 =
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= |E0|2 + |E1|2 + 2E0E1cos (−2π · 2fAOM t+ φnoise (t))

This signal oscillates in a frequency of 2fAOM ≈ 130MHz and has phase changes (much
slower) of φnoise (t). This signal is then demodulated using the signal of the VCO driving the
AOM doubled. The demodulation signal is,

Sdemodulated (t) ∝
[
|E0|2 + |E1|2 + 2E0E1cos (2π · 2fAOM t− φnoise (t))

]
sin (2π · 2fAOM t) =

=
(
|E0|2 + |E1|2

)
sin (2π · 2fAOM t) + 2E0E1cos (2π · 2fAOM t− φnoise (t)) sin (2π · 2fAOM t) =

=
(
|E0|2 + |E1|2

)
sin (2π · 2fAOM t) + E0E1 (sin (2π · 4fAOM t− φnoise (t))− sin (−φ (t))) .

After taking Sdemodulated through a low pass filter, we get

Sdemodulated and filtered (t) ∝ sin (φnoise (t)) (5)

This signal serves as an error signal for locking the phase of the light after the fiber. It is put
into an integrator circuit (Appendix B), and the output of this circuit is then inserted into
a piezo driver (Thorlabs MDT694B). The piezo changes the optical path of the laser, so it
would match and negate the effect of the phase noise put by the fiber. The piezo driver has
a voltage range of 150V , which can be controlled by a signal of 0− 10V input. However, the
phase noise could drift in such a way, that the piezo would need more voltage than 150V in
order to compensate for it. For that reason, an integrator reset function was included in the
integrator circuit. Whenever the integrator output reaches a voltage lower than 0 or higher
than 10V , the integrator resets, and then starts working again. Because the error signal is
periodic (proportional to a cos (·) function), the system would find a different point to lock
on, and the phase would still remain stable. A slight jump in phase might occur when the
integrator reset is put to action (typical time scale for the jump’s impact is 1ms).

6 Characterization of the ULE cavity

As written above, after the first high finesse cavity (cavity 1), we introduced a second locking
mechanism, to a second high finesse cavity. The second cavity is a two 1” diameter x 0.25”
thickness mirrors Fabri Perot cavity (made by ATF), with inter-mirror distance of L = 10cm,
which results in a free spectral range (FSR) of fFSR = c

2L
≈ 1.5GHz. The cavity is plano-

concave, and so the optical resonances within one FSR are non-degenerate.

6.1 The cavity’s TEM00 mode

In order to lock our laser to the cavity, we first had to find the frequency of the TEM00 lowest
order transverse mode (the Gaussian mode). Given that the laser is already pre-stabilized
to cavity 1 it is sufficiently stable to scan its frequency and look for the narrow (5kHz)
transmission resonances of cavity 2. We therefore pass the laser light through an 800MHz
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center frequency AOM (Brimrose GPD-800-500-674), which allows us to scan the frequency
of the light over a 500MHz range, and to find the TEM00 mode frequency. The AOM
frequency that shifts the light in resonance with the mode is about 735MHz. The next step
was measuring the mode’s width. For that purpose we scan the frequency of the AOM, over
a 100kHz range at a rate of 10MHz

sec
, which we assumed is slow enough compared with the

cavity build up and ringdown time. The result is shown in Fig. 16.

Figure 16: Cavity TEM00 mode width

We indeed observe linewidth of about δν = 4.4kHz, which corresponds to a ringdown time
constant of τringdown = 1

2πδν
= 36µs, justifying our frequency scan rate. From the mode width

we can calculate the cavity finesse:

Finesse =
fFSR
δν

=
1.5 · 109

4.4 · 103
≈ 3.4 · 105

6.2 The cavity thermal isolation and vacuum chamber

The cavity serves as a reference for the laser frequency. In order to maintain the cavity as
a solid minimum-changing frequency reference, one should reduce any potential changes in
its optical length. The optical length is defined as LOL = nd, where d is the actual physical
distance of propagation of the beam and n is the medium refraction index. Care therefore
should be taken to minimize refraction index as well as cavity length fluctuations. The
refraction index could change as a result of pressure changes in between the cavity mirrors.
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In order to lower the magnitude of pressure changes, the cavity housing was pumped to a
pressure of about 10−7torr. The housing was first baked in a temperature of 85oC, then was
“washed” with nitrogen, and only after these procedures the cavity was inserted. The housing
remained in vacuum due to continuous pumping using an ion pump (10L/s Titan, Gamma
). The expected index of refraction of air at a pressure of 10−7torr is n ≈ 1 + 4× 10−10, and
a pressure change of ∆P = 10−7torr would lead to an approximate frequency change of 4Hz

at 674nm. We expect the pressure in the cavity to be stable to at least 10%.
In addition to reducing pressure changes in the cavity medium, the low pressure lowered the
heat conductivity of the cavity surrounding, meaning longer time for changes in temperature
outside the housing to penetrate and influence the temperature of the cavity. The significance
of the temperature stabilization of the cavity is related to the second part of the optical length
formula - the physical distance. The physical distance of light propagation in the cavity is
determined mainly by the length of the ULE spacer between the two mirrors. The spacer
changes its dimensions due to temperature changes, resulting in a drift of the cavity reference
frequency. Therefore the cavity needs to be in a temperature controlled environment. The
cavity housing has two levels of temperature control - two separate chambers, one inside the
other, and each of them consists of a heating wire and a thermistor, and was shielded by a
thermal isolation material. The levels can be seen in Fig. 17.

Figure 17: Cavity insertion into the housing
a) The cavity on its Zerodour base. The mirrors are optically attached to the ULE spacer,
which sits on four viton balls that are placed on the base. b) The cavity is shielded from
below (not seen) and from above by a silver-coated aluminum shield, in order to minimize
black body radiation from the chamber into the cavity and vice versa. (c) The heating and
thermal isolation structure of the cavity housing, with the cavity inside.

Level 1 is the outer level, which is supposed to isolate level 2 from the lab temperature. Level
2 is closer to the cavity. On top of the thermal isolation of the two levels and the decrease
in thermal conductivity due to low pressure, the cavity is also shielded by a silver-coated
aluminum shield with low emissivity, in order to minimize heat transfer due to black body
radiation.
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6.3 Zero crossing point of the cavity’s thermal expansion coefficient

In addition to these thermal isolation and stabilization measures, the actual temperature at
which the cavity is stabilized is important. That is due to the fact that the spacer material
- ULE, has a temperature dependent thermal expansion coefficient, which nulls at a certain
temperature. The thermal coefficient is defined as α (T ) = 1

L
( ∂L
∂T

) where L is the length of
the cavity, and T is temperature. Due to the connection between cavity length and resonance
frequency, we can write

∆fres
fres

=
∆L

L
≈ α (T ) ∆T

where fres is the cavity resonance frequency, and so we can claim that if for some temperature
T0 we have α (T0) = 0, then only higher order terms in ∆T would effect ∆fres. If the
cavity temperature is T0, the cavity resonance frequency sensitivity to temperature changes
reduces significantly. After locking of the laser light to the cavity was achieved, the next
step was finding T0. We took several measurements in which we gave the temperature
control device some set-point temperature, and then while the cavity was thermalizing to
equilibrium with the heat from the heating wires, we repeatedly measured the resonance
frequency of the ion
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spectrum measurement, which measured the AOM frequency needed in order to transfer
all the population from the
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. The resonance frequency measured

on the ion could be influenced by two major types of noises: laser frequency noise and
magnetic field noise which Zeeman shifts the atomic levels. Since the measurement was
performed with a large Rabi frequency of about 100 kHz, resulting in power broadening of
the transition, fast laser light noise components were too small to be observed, and only noise
components that were slow and had amplitude significant with respect to the Rabi frequency
were observed. In order account only for laser noise, care had to be taken to measure the
magnetic field contribution to the resonance drift on the ion and subtract it. For that reason,
between each two measurements of the resonance frequency on the ion
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transition, another Rabi spectrum measurement was performed on the magnetic sensitive RF
transition

∣∣S, 1
2
,−1

2

〉
→
∣∣S, 1

2
, 1

2

〉
, from which the magnetic field could be extracted using the

known magnetic susceptibility of this transition: χB = 2.802MHz
G

. Then, assuming only slow
magnetic field noise could make a difference since the integration time for each measurement
is long enough so that fast dominant noise (power line frequencies - multiplets of 50Hz)
components are averaged out, we could account for the frequency changes due to magnetic
drifts on the optical S → D transition. An example for this correction is shown on Fig. 18.
As seen, after removing the effect of typical 10mG drifts, the shift in the cavity frequency
of roughly 0.25Hz

sec
is rather linear and is dominated by the combination of a slow linear

change in the cavity temperature and the cavity spacer relaxation. A typical measurement
of temperature stabilization is shown on Fig. 19a. As can be seen in Fig 19a, 19c, the
thermistor was well stabilized up to the temperature control uncertainty (1mK), while the
cavity was still drifting significantly.

32



Figure 18: Measurement of thermal cavity drift with magnetic field noise correction
a) Resonance AOM frequency measured on the
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spectroscopy, as a function of time. b) Magnetic field at the ion’s position as a function of
time, measured using Rabi spectroscopy on the
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as (a) with the contributions due to magnetic field noise extracted.

Taking the asymptotic values of the AOM resonance frequency at every temperature cal-
culated from the fit to a decaying exponent (see Fig 19a), we plot the resonance frequency
vs. temperature in Fig. 19b. The zero point crossing of the thermal expansion coefficient
- T0 is extracted by a fit to a parabola. The result we got was T0 = 24.6 ± 0.7. After
each new measurement we measured, we fitted the data to a parabola, and the last point
we measured was the peak of the parabola computed until the last point. This temperature
was Tfinal = 24.537. The fit to parabola using that point (time vs. resonance frequency
from the previous temperature measurement) gave the new peak temperature T0. However,
there was no need to change Tfinal into T0 because when we measured the stability of the
cavity reference frequency after a long stabilization time (two weeks) it showed a drift -
∆f
time

= 0.23Hz
sec

which is likely not related to thermal drifts but is rather governed by small,
constant mechanical relaxation of the cavity glass. Several months later we measured this
drift again, and found a drift of about ∆f

time
= 0.11Hz

sec
. This is consistent with other reports

of some drift in a similar types of experiments (for an example here [18]). Note that here we
measured changes of the cavity average length of 2.5× 10−17m in one second.
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Figure 19: Measurement of the zero point crossing of the thermal expansion coefficient
(a) A measurement of the AOM resonance frequency vs. time during temperature relaxation
of the cavity after a change in the temperature set-point of level 2 temperature stabilization
stage. The first regime is a transient response to the change in temperature controller heating,
and so these points are excluded from the fit. The resonance AOM frequency of the cavity
at 30oC was calculated from the fit. The gaps in the data points are due to unlocking of
different lasers which prevented spectroscopic investigation of the ion, or ion loss from the
trap. (b) Fit of eight temperature-frequency data points to a parabola. The temperature
of the maximum point was calculated from the fit, and was found to be T0 = 24.6 ± 0.7 oC
with curvature of κ = −0.65MHz

K2 , corresponding to ∆L/L(T−T0)2 = 1.4 × 10−9 1
K2 . The last

value has the same order of magnitude reported for ULE, for example see ref. [19]. (c) The
temperature according to the thermistor reading during the experiment in (a). It can be seen
that the thermistor reached its target temperature much faster than the cavity. It is a result
of the fact that the thermistor is close to the heater and not well isolated from it, while the
cavity is much more isolated. That means that we cannot take the thermistor temperature
as a faithful measure of the cavity temperature when the temperature changes. (d) Six hours
measurement of the cavity drift, at temperature of Tfinal = 24.537oC. It shows a constant
slope of about 0.11 (8) Hz

sec
, which could not be accounted for by thermal drifts, since the

temperature fluctuations in the lab happen on an approximately 30 minutes timescale, and
is a result of a slow mechanical relaxation of the cavity spacer.

The cavity linear drift is slow and relatively constant. We can therefore feed it forward and
correct for it in our long experiments, where it might become significant.
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6.4 Cavity acoustic noise isolation

The cavity sits on four viton balls, In order to damp acoustic vibrations. The viton balls are
located on a Zerodour base (marked on Fig. 17a). Their location is chosen to minimize the
relative displacement of the cavity mirrors due to acoustic vibrations. The cavity design is
according to [20]. In addition, the cavity is mounted on three legs connected to a floating
optical table.

6.5 Sensitivity to optical power

In order to investigate the sensitivity of the cavity to changes in the optical power, we
compared its resonance frequency to that of the ion for different optical powers injected to
cavity 2. We took the transmission power as the optical power in the cavity. The transmission
power was 16% of the power sent to the cavity. The results are plotted in Fig. 20.

Figure 20: Cavity resonance frequency change as a function of the optical power

As seen, the slope of the cavity resonance as a function of the optical power is roughly 2.5Hz

per 1µW . If we work at low optical powers, about 10µW − 30µW transmission we can be
stable enough in the optical power to prevent frequency fluctuations to below several Hz.
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Part IV

Noise measurements on the Ion

7 Slow drifts improvement

The lock to cavity 2 improved the frequency slow noise components or drifts. Before this
lock, the 674nm laser suffered from slow frequency drift of typically 10Hz

s
which was due to

slow temperature changes of cavity 1 [15]. As described above, cavity 2 is thermally much
more stable and operates at the CTE zero temperature, and therefore locking to it corrects
these drifts.

Figure 21: Measurement of slow laser frequency drift on the ion
a) Blue dots : A measurement of the change in the AOM frequency (compared to the initial
AOM frequency) that tracks the ion resonance while locked to both cavity 1 lock and cavity
2. Green crosses: Same as (a) but with only the cavity 1 lock on. c,b) The measured
resonance frequency of the Zeeman qubit during the time of the AOM frequency change
measurements with cavity 2 lock and without cavity 2 lock respectively. As can be seen, the
drift of laser frequency without the lock to the cavity 2 reference is of the order of 10Hz

s
. It can

also be seen that the drift rate decreases with time, until it reverses direction at about 4500
seconds. Previous measurements indicated that this drift is highly correlated with thermal
drifts of cavity 1. When the laser is locked to cavity 2, indeed the drift is much smaller
due to the cavity improved thermal stability. Plots (b),(c) show that the difference in drifts
originates in the laser, and not in magnetic field drifts of the atomic transition. The scatter
of points in all the measurements is due to projection noise resulting in quantum-limited
uncertainty in the estimated value of the frequency.

Figure 21 shows a typical frequency drift measured on the ion, with the cavity 2 lock and
without it. The drifts improved by two orders of magnitude, from 10Hz

s
to 0.11Hz

s
. Another
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advantage is that with only the lock to cavity 1, the drift was unpredictable, and changed its
sign and magnitude. This is because it is correlated with thermal drifts of cavity 1 which are
unmonitored. This made it hard to correct for, and constant calibration and extrapolation
methods [15] had to be implemented in order to use the laser for coherent, on-resonance,
manipulation of the ion. However, with the cavity 2 lock, the remaining drift is due to
relaxation processes of the glass spacer. These are very slow - close to being a constant
(0.11Hz

s
for a few months) and are easy to predict and correct for.

8 Rabi measurements and Ramsey measurements

In order to evaluate the noise of our laser, we used Rabi and Ramsey experiments. Our prime
goal was to observe a Rabi scan around the resonance frequency of the ion, with central peak
width of a few 10’s of Hz, or less. Before the lock to cavity 2, narrow Rabi scans were hard
to observe, due to the thermal drift of the cavity. After the lock to cavity 2 was achieved, a
narrow linewidth Rabi scans were easier to perform, and by the width of the scan we could
learn about the residual frequency noise left after the lock. A 100Hz linewidth at total
experiment time of about 45s is shown in Fig. 22.
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Figure 22: Rabi flops and Rabi scans experimental results
a) Typical Rabi scan result. For usual laser power (order of 0.5mW ) the Rabi frequency is
on the order of between 100 to 300kHz. b) Typical result for Rabi flop measurement. This
data is fit to a sine function from which τR is found. In this case it is 4.7µs. c) Narrow Rabi
scan. The laser power is lowered, so τR is close to 8.4ms. A pulse of that duration would
have spectral decomposition with ∼ 120Hz width, and indeed the FWHM of the peak is
124Hz. Each point is averaged over 100 realizations, and the total experiment time is ∼ 22s.
d) Narrow Rabi scan, with τR = 16.8ms. The observed FWHM is ∼ 100Hz, indicating that
the peak is not Fourier limited and is therefore dominated by laser frequency noise. Again,
each point is averaged over 100 realizations, and the total experiment time is ∼ 44s.

At this point, lowering the laser power and therefore the Rabi frequency does not reduce the
Rabi resonance width further, indicating that it is not Fourier limited but rather dominated
by laser-ion relative frequency noise. In order to get a narrower linewidth, investigation of
the different frequency noise sources is required. A possible reason for this widening could
be magnetic noise on the ion. If the magnetic field at the position of the ion is noisy, the ion
would be detuned from the laser, even if the laser is absolutely stable. In order to eliminate
this option, we investigated the
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We can compare it to the magnetic susceptibility of the S 1
2
ground state Zeeman transition,
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which is
χB
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The susceptibilities have a 1
5
ratio. Since the main limit to the coherence of the Zeeman

transition is magnetic field noise, a comparison between the dephasing dynamics on both
these transitions will determine whether magnetic field noise is also the main limiting factor
on the optical transition. We measured a Ramsey scan with one echo, and found that the
coherence crosses zero at about 3ms. If the main noise to the optical transition was magnetic,
according to Eq. 4, the zero crossing of the coherence of the same measurement on the optical
qubit would have been 5 · 3ms = 15ms. However, we found that the coherence dropped on
the optical qubit faster than that, at around 7ms. The dominant frequency noise on this
transition is due to laser noise and is not due to magnetic field noise. The single echo scan
results are presented in Fig. 23.

Figure 23: Ramsey experiment with one echo pulse
a) Ramsey contrast vs. echo armtime on the optical qubit,
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The coherence nulls at about τarm = 7ms . b) Ramsey contrast vs. echo armtime on the
Zeeman qubit,

∣∣S, 1
2
,−1

2

〉
→
∣∣S, 1

2
, 1

2

〉
transition. The coherence nulls at about τarm = 3ms .

c,d) Typical scans of the second π
2
phase for a specific τarm, positive and negative contrast

respectively. e) Definition of the contrast measurement.
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9 Cavity 2 lock characterization

The locking system of the 674nm laser to cavity 2 was characterized using frequency response
measurement. An oscillating signal was fed to the correcting VCO tuning port, and the corre-
sponding signal of the open loop system (without the PI servo controller) was detected. The
frequency of the oscillating signal was varied, and for each frequency the response amplitude
and phase shift were measured. The results are shown in Fig 24.

(a) Response amplitude vs. frequency (b) Response amplitude vs. frequency

Figure 24: Bode plot of the lock system open loop transfer function

This Bode plot shows that for the relevant slow frequencies (below 10kHz) the phase shift
is to small its contribution for the phase of the locking circuit transfer function is negligible.
We therefore deduce that all the transfer function phase comes from the PI servo controller.
In order to characterize the lock when the laser is locked, we measured the PSD of the error
signal through the monitor output of the PI controller when the laser is locked, and compared
it to the same measurement when the laser is not locked, but tuned to be on resonance with
cavity 2. In both measurements the laser was locked to cavity 1. The results are shown in
Fig. 25a. From the PSD we could compute the noise attenuation of the lock, by dividing the
unlocked PSD by the locked PSD. The attenuation is plotted in Fig. 25b. As seen in Fig.
25b, we attenuate slow noises (less than 5kHz) by 20-30 dB.
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(a) PSD of the lock error signal when the laser is locked and unlocked

(b) Noise attenuation (gain) on the error signal

Figure 25: PSD measurements on the error signal

10 Error signal evaluation

Clues leading to the sources of noise in our laser are found in the error signal for the cavity 2
lock. This error signal is going into the PI servo controller and from there to the VCO which
controls the frequency of correcting AOM. Every electric noise in the error signal that does
not originate in laser frequency noise (e.g. ground noise) would inject unwanted frequency
change on the laser going to the ion due to false correction of the AOM. The VCO center
frequency is calibrated to ∼ 165MHz, and in that regime the VCO response is 9MHz

V
. It

means that in order to reduce our laser frequency noise to 10’s of Hz level, we must reduce
unwanted stray signals on the error signal, to a level below a few µV . Another option is
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to replace the VCO with a frequency source that has much smaller voltage to frequency
response.

We can separate our error signal to three main components:

Serror (t) = NE (t) +Nfi (t) +Nfr (t) +NO (t)

Here S is the voltage error signal going into the PI servo controller, NE is the noise con-
tribution from electrical fluctuations in the system (ground loops, power supply noise, grid
noise, etc). All the other terms originate from frequency (phase) noise between the light
that impinges on the cavity and the cavity resonance frequency, and is being translated to a
voltage signal by the PDH detection. Nfi is the contribution from the fiber induced phase
noise on the light going to the cavity originating in the fiber from the slave diode to the
cavity, Nfr is frequency noise on the laser before the fiber (this is the noise we actually want
to correct for) and NO is the contribution that originates from cavity length changes due to
acoustic or thermal noise. In this work we didn’t characterized the acoustic component in
NO. Ideally the error signal would be

S(ideal)
error (t) = Nfr (t)

and then our locking system could only reduce the frequency noise in the laser, and would
not add the other terms. All the other terms are side effects from the elements in our lock.
In order to characterize the different contributions to the error signal, we performed several
measurements.

10.1 Fiber phase noise

10.1.1 Characterizing the fiber phase noise

As was described in section 5.4, a Michelson interferometer was assembled in order to measure
and reduce the contribution of fiber-induced phase noise to the frequency noise of our laser,
Nfi. As detailed above, this fiber noise would enter the laser going to the ion through the
error signal. The phase noise on the laser light directed to the cavity produces noise on the
error signal that is proportional to the time derivative of this phase noise. Before using the
interferometer for locking the phase of the laser going to the cavity and minimizing fiber
noise, we used it in order to quantitatively characterize Nfi.
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Figure 26: Recording of the fiber phase noise on the Michelson interferometer detector
a) Green : An oscilloscope recording of the interference signal on the interferometer detector
for a duration of 60ms. The fast noise is the residual fast component of the demodulated
60MHz signal, which is not completely filtered, and is on the order of 120MHz. The
slow noise is the noise induced by acoustic waves hitting the fiber. The noise frequency is
∼ 35−40Hz, and its amplitude is 2mV peak to peak. Blue : A reference signal that calibrates
the upper and lower limits of the interference signal. The piezo crystal was modulated by
an AC voltage such that the optical length of one arm of the interferometer was modulated
by more than λ. That means that the laser acquired phase of more then π each cycle of the
modulation, and the maximum and minimum of the error signal are apparent. The span of
the interference signal’s amplitude is 8mV , minimum to maximum, meaning a response of
2.5mV

rad
. b,c) Noise on the detector at longer time scale. We can see noise frequency with

higher amplitude (more than λ optical length change between the interferometer’s arms),
over several seconds.

Fig. 26 shows the interference signal mentioned in section 5.4 for a free running laser in the
fiber, while the laser is locked to both cavities 1 and 2. The signal presented in Fig. 26 is
a signal taken from an oscilloscope connected to the interferometer detector. In Fig. 26a
we see that our laser acquires an AC changing phase at a 40Hz frequency. The amplitude
of the phase noise is calibrated by deliberately modulating the optical path of one of the
interferometer arms with a piezoelectric crystal. Since the phase on the detector comes from
the laser going through the fiber and back, it is twice the phase the laser acquires going
through the fiber once. That means that if we denote the amplitude of the noise as An, and
the span of the interference signal as Ai (corresponding to π phase change on the laser light
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between the arms) we get,

An
2Ai

=
PhaseNoise amplitude

π

where the factor of 2 in the denominator comes from the roundtrip of the laser in the fiber.
We therefore get an amplitude at 40Hz of

2mV

2 · 8mV
=
PhaseNoise amplitude

π
→ PhaseNoise amplitude =

1

8
π.

Figures 24b and 24c show much slower phase noise with higher amplitudes (above π phase
in range). However, due to the periodicity of the interference signal with phase we cannot
measure the exact amplitude or frequency.
In order to understand how significant this noise is to the coherence time of our qubit, we
used the model of Eq. 4, outlined in Appendix A, which connects a Ramsey/echo signal
to the amplitude and frequency of a noise monotone. To check the model we performed
controlled noise environment measurements, where we inserted our own phase noise at a
specific frequency, and measured the coherence on the ion using a Ramsey scan with multiple
echo sequences. We modulated a piezo crystal in one arm of the interferometer at a frequency
of 700Hz and at a controlled amplitude (we tuned a 500mV amplitude peak to peak on a
function generator that went into the piezo driver) and we looked at the contrast response
on the ion for a range of τarm (half of the waiting time between the π pulses). With the
theoretical model and its experimental verification, we could simulate what contribution
observed noise has to the contrast decrease, and we could have an idea if the contrast loss is
due to this noise as the dominant factor, or results from other, more dominant noise sources.
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Figure 27: Results of the engineered fiber phase noise on an echo experiment
Phase noise is injected into the fiber connecting the laser to cavity 2. The noise frequency was
700 Hz. a) Black dots : The contrast on the ion acquired at a Ramsey experiment with 5,
10, 15, 20 echo pulses inserted. Blue line : a maximum-likelihood fit to Eq. 4, describing the
effect of phase/frequency noise. The model has two fit parameters: the noise amplitude (A in
Eq. 4) and a pre-factor multiplying the entire function (in order to consider any reduction in
coherence due to other sources, a decay of the ion’s D level for example). The only difference
between the formulas used for the fit in the different plots is the number of pulses. The
amplitude of the controlled noise was the same in all experiments, and it can be seen that
the calculated amplitude does agree between the different experiments. b) a simulation for
the contribution of the 40Hz actual noise component detected in the interference signal of
the Michelson interferometer. Using the amplitude (calculated above) of π

16
, and assuming

no other noises, a single echo pulse contrast plot of the ion is simulated. As seen, fiber noise
alone cannot explain the decrease in coherence in a single echo experiment as observed in
Fig. 23a.

Our controlled noise results are shown in Fig. 27. since the experiment was not synchronized
with the engineered noise, in our calculation the phase of the modulation in each experiment
had to be averaged over. Our results show that Eq. 4 does describe the contrast response
of the ion to a single spectral noise component accurately. Fig. 27b shows the simulation
of contrast response of the ion in a Ramsey experiment with 1 echo pulse. Comparing this
simulation to the actual measurement in Fig. 23a, we can conclude that fiber noise at 40Hz

is not a single contributor to the decrease in coherence in a single echo experiment, and most
of it is due to other noise sources. As for the slower fiber phase noises (Fig. 26b and 26c),
we believe they do contribute to the laser’s frequency noise, but their influence would not
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be significant in a single echo experiment with τarm of a few ms, because even though their
amplitude is somewhat larger than the amplitude of the 40Hz noise, they are much slower
and their influence is reversed in the echo sequence (Section 2.3.2) .

10.1.2 Locking and reducing the fiber phase noise

We used the interferometer system in order to servo the fiber induced phase noise on the
laser light that goes into cavity 2. The interference signal on the detector was used as an
error signal for the lock, and the mirror on the piezo crystal stabilized the optical length of
the light going to the cavity by negating the phase changes in the fiber. A comparison of the
locked and unlocked record of the error signal can be seen in Fig. 28 and Fig. 29.

Figure 28: Comparison between the interferometer error signal in locked and unlocked con-
figurations over ms time scales
The upper plot and the lower plot show the same data, with the difference that the lower
plot was put through a filter (in the data analysis) for clarity. Blue signal: Error signal
while the system is unlocked. Green signal: Error signal for a locked system. It can be
seen that the 40Hz noise is reduced significantly. The green and the blue plots were taken
sequentially.
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Figure 29: Comparison between the interferometer error signal in locked and unlocked con-
figurations over seconds time scales
The upper plot and the lower plot show the same data, with the difference that the lower
plot was put through a filter (in the data analysis) for clarity. Blue signal: Error signal
while the system is unlocked. Green signal: Error signal for a locked system. It can be
seen that the slow noise is reduced significantly. The green and the blue plots were taken
sequentially. The jump in the green line, at about 18ms recording time is due to the locking
integrator resetting because the piezo driver reached its limit.

With the fiber phase noise locked, we repeated the single echo sequence shown in Fig. 23a.
Our results are shown in Fig. 30. As expected, reducing the fiber-induced phase noise did
not change the single echo coherence time significantly.
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Figure 30: Ramsey with a single echo pulse with fiber noise cancellation
As can be seen single echo coherence is reduced very similarly to the results in Fig. 23a in
which fiber noise is not canceled. This indicates that other noise sources are more dominant.

10.2 Electrical noise

As written above, electrical noise on the error signal, NE, that can result from ground loops,
for example, will lead to unwanted frequency noise that will be injected by the PDH lock. In
order to gain knowledge about the order of magnitude of NE, we measured the error signal
on an FFT analyzer (SRS SR760) going into the PI with the laser frequency tuned to be far
2MHz off-resonance with the cavity. The cavity mode had a width of 4.4kHz and therefore
2MHz away from the resonance is enough so that the actual frequency noise in the laser
would not contribute to this measurement. In this case, we were able to isolate any unwanted
electrical noise in our error signal. This configuration’s result is presented in Fig. 31.
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Figure 31: Error signal of the locking system to cavity 2 when the lock is off, and the laser
frequency is tuned 2MHz off the cavity’s resonance
(a) FFT reading of the error signal PSD up to 3kHz. (b) Same as (a) with the addition of
a scan of the PSD at frequency range 390Hz− 780Hz, while the controlled modulation is on
- the green curve.

In addition to measuring the bare error signal, we also inserted a controlled modulation into
it, as we did in the fiber noise cancellation system. We connected a function generator and
added a sinusoidal signal at an amplitude of 100mV , and frequency of 700Hz. In a similar
way to what we did with the fiber phase noise, we measured the contrast response on the
ion to the 700Hz modulation. Again Eq. 4 was used to fit the results and we can use it to
calibrate the magnitude of noise on the error signal measurements to phase noise on the ion.
The fit to the model and calibration of the controlled modulation amplitude can be seen in
Fig. 32.
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Figure 32: Fit to the model of AC modulated error signal
a,b,c,d) Ramsey measurements with 5,10,15 and 20 echo pulses, respectively. The model has
only one fit parameter for the phase noise amplitude APhase. The amplitude values A (Eq. 4)
computed from these measurement are 0.44±0.01rad, 0.44±0.02rad, 0.43±0.01rad, 0.44±
0.02rad, 0.44 ± 0.03rad for a,b,c,d respectively. The calculated amplitude from different
measurements is APhase = 0.44 ± 0.02rad. The resulting frequency noise amplitude is then
given by Afreq = APhase ·2πf where f is the modulation frequency. The calculated frequency
amplitude is Afreq = 1.935± 0.087 kHz.

As was calculated from the contrast response to the 700Hz modulation on the error signal,
the phase amplitude of this controlled noise was about 0.44rad. This noise was at amplitude
of 100mV , and so appeared on Fig. 31 as −20 dBV√

Hz
.

In contrast to the fiber noise case, here different contributions to the phase noise on the ion
result from different noise frequency components. The phase noise amplitude is proportional
to 1

f
where f is the noise component frequency (can be seen in Appendix A). We simulated

the contribution of the low frequency noise components appearing in Fig. 30 using our
engineered electrical noise to calibrate their contribution. The amplitude for the simulation
was computed as follows: the controlled noise we inserted had fcontrolled = 700Hz frequency,
phase amplitude of Acontrolled = 0.44rad, and voltage amplitude of Vcontrolled = 100mV . We
can know the amplitude of the actual noise by the ratio:

2πfnoiseAnoise
2πfcontrolledAcontrolled

=
Vnoise

Vcontrolled
→ Anoise =

Vnoise
Vcontrolled

· fcontrolled
fnoise

· Acontrolled

We only considered the slow noise components since the contribution of faster components
would not yield a decay at 7ms as we observed. We plot a linear curve of these slow noises
in Fig. 33.
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Figure 33: Close up on the low frequency noise components from Fig. 30, in a linear plot
The red points mark the frequency noise components which we put into the simulation, and
the table below reveals their frequency and their amplitude in V√

Hz
. The unresolved fast

increase toward DC is considered to be an artifact of the FFT, and not real noise.

The amplitudes we get for the noise components on Fig. 32 are

A10Hz = 0.099

A38Hz = 0.081

A50Hz = 0.023

A55Hz = 0.010

A75Hz = 0.012

A150Hz = 0.009

rad

Using Eq. 4, we can simulate these peaks’ noise contribution. The simulation is shown in
Fig. 34.

As can be seen, the observed noise components are not large enough to account for the
observed loss in contrast in Fig. 23a.
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Figure 34: Simulation for the contribution of the slow noise component on the ion contrast
response

10.3 Further noise analysis

In the previous sections, we analyzed the noise contribution from three sources: fiber phase
noise added on the way to cavity, frequency noise originating from stray electrical noise on
the error signal and magnetic field noise on the ion. We saw that none of these sources has
sufficient amplitude to account for the observed drop in contrast. In order to check whether
the noise comes from the servo system or just from the VCO itself, we measured the same
Ramsey measurement with one echo pulse, but with the VCO as a constant frequency source
to the AOM - no correction. We completely disconnected the PI device from the VCO,
meaning that the light going to the ion is locked by only the lock to cavity 1. The result is
given in Fig. 35.
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Figure 35: Comparison between VCO with the cavity 2 lock on and off, and with a locked
DDS
The figure shows a comparison between the contrast response of the ion to a Ramsey with
1 echo pulse, for the VCO driving the correcting AOM when the lock to cavity 2 is on and
when it is off. In addition, this figure show the same experiment results with a digital VCO
(described in the next section) with lower sensitivity (voltage to frequency change ratio).

It appears that when the lock is on, we insert frequency noise to the laser. As as seen on Fig.
21, we did correct for the slow frequency drifts of cavity 1, but we paid the price of injecting
faster frequency noise into the laser. This can be seen by the fact that the contrast dropped
faster with the lock on than with the lock off.

To conclude, we see that there is an electrical noise penetrating the laser frequency while the
lock to cavity 2 is on, and there are slow drifts from cavity 1 while the lock is off. In order
to find the direct source of noise more investigation is required.

In order to check if indeed the noise is an electrical noise (and as an improvement for our
system) we replaced the analog VCO in our frequency servo circuit with a Direct Digital
Synthesizer (DDS) and an FPGA card working on parallel communication. By doing so, we
were able to lock the laser and get a longer time for the laser-ion system to be coherent.
We performed a Ramsey experiment with a single echo, and a much slower reduction of
contrast was observed. The result (preliminary) is shown by yellow points in Fig. 35. This
indeed confirms that the problematic component in our system was the VCO, due to its
overly sensitive voltage-to-frequency response, and in order to reduce this noise while still
maintaining the reduction in the slow thermal drifts of cavity 1, we need to replace it with a
less sensitive frequency source like the DDS.
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11 Force measurement on the ion

After characterizing the different noise contributions to our narrow optical spectroscopy, we
would like to use this transition and the methods we developed to perform a sensitive physical
measurement. Here we present the use of this model for the measurement of a very small
AC force that was applied to the ion at frequency much smaller than the trap frequency.
We connected a floating function generator (SRS-DS345) to the power supply of the trap
endcaps, and applied to both endcaps a voltage of 36V above ground. We then added an
oscillating voltage at a frequency of fd = 500Hz, and amplitude of Ad = 0.25V pp with an
opposite phase to each of the endcaps. As a result of the change in the trapping potential in
z, a force acted on the ion in the perpendicular direction (we denote this direction as v) to
the trap axis. The radial trap frequencies are fx = 2.50MHz and fy = 2.35MHz, and that
correspond to a frequency of

fu =

√
1

2

(
f 2
x + f 2

y

)
= 2.42MHz

in the directionv. The ion was then oscillating in the trap around its center, and its position
could be described as the driven undamped harmonic oscillator classical solution,

x (t) = x0 [cos (2πfdt)− cos (2πfut)] .

Where x0 is given by x0 = F0

2π(f2d−f2u)mion
, with F0 being the drive force amplitude. The

velocity is then given by

v (t) = ẋ (t) = 2πx0 [−fdsin (2πfdt) + ftcos (2πfut)] .

As the ion’s position oscillates, it sees the 674nm laser frequency modulated by the Doppler
effect. That means that the detuning between the ion resonance and the laser frequency
changes with time as,

δ = 2π (flaser − fion) = 2π

(
fion −

1

λ
v (t)− fion

)
= kv (t)

Here, we assume that the laser is tuned on resonance. As shown by Eq. 4, in this case the
echo sequence we use would produce contrast pattern of:

Contrast (τarm) = J0

(
−4A

sin
(
2π · 500 · nτarm − nπ2

)
sin2 (π · 500 · τarm)

cos (2π · 500 · τarm)

)
. (6)

Here, A is the amplitude of the sinusoidal phase change resulting out of this frequency
modulation - χ =

´
kv (t) dt = kx (t). We get

A = kx0 =
2π

λ
x0
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where λ is the 674nm light wavelength.
We measured the contrast of the echo sequence on the ion for 5,10,15,20 echo pulses, with
the modulation on the voltage. In addition, we repeated exactly the same experiment, but
with the modulation off. That measurement served as a reference for decoherence resulted
from other mechanisms, not the modulation (e.g. finite lifetime of the 5D 5

2
level). We then

fit the results to Eq. 6 above, as a function of the τarm. The results are given in Fig. 36.
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(a) 5 echo pulses

(b) 10 echo pulses

(c) 15 echo pulses

(d) 20 echo pulses

Figure 36: Ramsey experiment with 5,10,15 and 20 echo pulses, while modulating the voltage
on the endcaps electrodes
The fit to the results was a fit to two fit parameters, where we let the frequency to be a
fit parameter in order to account for any inaccuracy in the frequency of the driving force
or inaccuracy inτR. green dots and blue dots in (a-I),(b-I),(c-I),(d-I) are measurement and
reference respectively. black dots and blue line in (a-II),(b-II),(c-II),(d-II) are results (nor-
malized to the reference) and fit to Eq. 4. a) The computed values for the amplitude and
the frequency are A = 0.1152 (0.1132, 0.1172) and F = 505 (502, 508) respectively. b) The
computed values for the amplitude and the frequency are A = 0.1158 (0.1144, 0.1172) and
F = 505 (502, 507) respectively. c) The computed values for the amplitude and the frequency
are A = 0.1169 (0.1147, 0.1191) and F = 501 (500, 502) respectively. d) The computed values
for the amplitude and the frequency are A = 0.1143 (0.1117, 0.1170) and F = 501 (500, 502)
respectively.

56



As is shown, the amplitude is A = 0.116rad, and we evaluate the error by ±0.003rad, about
the largest fit error. The ion’s motion amplitude is

A = kx0 = 2π
x0

λ
→ x0 =

λA

2π
.

Entering the numbers, we get:

x0 =
674 · 10−9 · 0.116

2π
= 1.24 · 10−8 ± 0.03 · 10−8m.

We use the solution for a classical driven harmonic oscillator, far from resonance, for initial
conditions of x (t = 0) = v (t = 0) = 0,

x (t) =
F0

(2π)2 (f 2
d − f 2

u

)
mion︸ ︷︷ ︸

x0

[cos (2πfd)− cos (2πfu)] ,

where F0 is the electrical driving force we apply on the ion, fd is this drive frequency, fu is the
trap frequency and mion is the mass of the ion. In our case fd = 500Hz and fu = 2.42MHz.
That results in applied force measurement of

F0

(2π)2 (f 2
d − f 2

u

)
mion

= x0 → F0 = x0 · (2π)2 (f 2
d − f 2

u

)
mion.

Again, inserting the numbers we get

|F0| = 1.24 · 10−8︸ ︷︷ ︸
x0

·87.9︸︷︷︸
amu

·1.66 · 10−27︸ ︷︷ ︸
amu to kg

·(2π)2
∣∣∣(500)2 −

(
2.42 ∗ 106

)2
∣∣∣ = 4.18 ·10−19±1.0 ·10−20N

Using the model for phase modulation of the ion we were able to measure forces acting on
the ion which scale as 10−19N with precision of 2.3%.

Part V

Summary
In this thesis we present the locking of a narrow linewidth laser to a high finesse cavity and
the study of the laser performance using narrow optical spectroscopy. This lock improved the
performance of a previous pre-lock cavity. The old lock suffered from thermal drifts of the
reference cavity, which limited the coherence time of the experiments on the ion. With the
new high finesse cavity slow thermal drifts were reduced to 0.11Hz

s
. We further investigated

different noise contributions to our laser frequency. We characterized our lock in the fast
noise regime. We observed two main frequency noise sources - fiber induced phase noise and
electrical noise in our servo system. We measured the contribution from these sources using

57



Ramsey and echo pulses experiments, and found that none of these noises could account
for our observed loss of Ramsey coherence. By replacing an analog VCO with a sensitive
frequency response to small voltage noises by a less sensitive DDS, we were able to increase
the time it takes the contrast of a single echo experiment to null on the optical transition
to be longer than 40ms. Finally, we used the methods we developed and our long echo
coherence times for measuring small oscillatory motion of the ion. We thus detected forces
with a sensitivity of 10−20N , at frequencies in the 100′sHz range, which are much lower than
the typical ion trap frequency.
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Part VI

Appendices

12 Appendices

12.1 Appendix A : Echo pulses sequence laser frequency modulation

model

We describe the derivation of the formula using the Bloch sphere as intuition, for the sequence
on Fig. 5 in Section 2.3. This derivation is written differently, but it is equivalent to the
derivation in [9]. Our sequence is as follows:
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We turn on a π
2
pulse, and our Bloch vector rises up to the equatorial plane. We denote

the axis the Bloch vector gets to as the x axis. We denote the angle of the Bloch vector
on the equatorial plane with respect to the x axis by θi, where i is the number of π pulses
implemented so far. We also denote θ̃i as the angle just before the i’th π pulse. In this
notation, we define θ0 = 0 and we define the time at the end of the first π

2
pulse as t = 0. The

π pulses we give are rotations around the y axis on the Bloch sphere. The difference between
the frequency of the laser and the frequency of the ion is modulated, so the detuning is

δ (t) = 2πfAcos (2πft+ ξ0)

(the 2πf factor is only for convenience of writing, so we can define A as phase amplitude).
The detuning at time t = 0 is then given by

δ (0) = 2πfAcos (ξ0)

We write the first two angles:

θ̃1 =

ˆ τ

0

2πfAcos (2πft+ ξ0) dt = A [sin (2πfτ + ξ0)− sin (ξ0)]

θ1 = π − θ̃1 = π − A [sin (2πfτ + ξ0)− sin (ξ0)]

θ̃2 = θ1 +

ˆ 3τ

τ

2πfAcos (2πft+ ξ0) dt = π − A [sin (2πfτ + ξ0)− sin (ξ0)] ...

...+ A [sin (2πf · 3τ + ξ0)− sin (2πf · τ + ξ0)]

= π + A [sin (2πf · 3τ + ξ0)− 2sin (2πf · τ + ξ0) + sin (ξ0)]

θ2 = π − θ̃2 = π − (π + A [sin (2πf · 3τ + ξ0)− 2sin (2πf · τ + ξ0) + sin (ξ0)]) =

= A [−sin (2πf · 3τ + ξ0) + 2sin (2πf · τ + ξ0)− sin (ξ0)]

We write a general expression:

θ̃n =
π

2
(1 + (−1)n) + Asin (2πf · (2 (n− 1) + 1) τ + ξ0) + Asin (ξ0 + nπ) ...

...+ 2A
n−2∑
i=0

[
(−1)i+n−1 sin (2πf · (2i+ 1) τ + ξ0)

]
θn =

π

2

(
1 + (−1)n−1)− Asin (2πf · (2 (n− 1) + 1) τ + ξ0)− Asinφ (ξ0 + nπ) ...

...− 2A
n−2∑
i=0

[
(−1)i+n−1 sin (2πf · (2i+ 1) τ + ξ0)

]
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After the last π
2
pulse, we only wait for τ time, so just before the last π

2
we have

θfinal = θn +

ˆ 2nτ

(2n−1)τ

2πfAcos (2πft+ ξ0) dt =

=
π

2

(
1 + (−1)n−1)+ Asin (2πf2nτ + ξ0)− Asin (ξ0 + nπ) ...

...− 2A
n−1∑
i=0

[
(−1)i+n−1 sin (2πf · (2i+ 1) τ + ξ0)

]
This is the angle that would matter for the π

2
pulse, and therefore for the probability to be

up. We can write

−2A
n−1∑
i=0

[
(−1)i+n−1 sin (2πf · (2i+ 1) τ + ξ0)

]
= 2A (−1)n

n−1∑
i=0

[sin ((4πfτ + π) i+ ξ0 + 2πfτ)]

and we get

θfinal = Asin (2πf2nτ + ξ0)− Asin (ξ0 + nπ) +
π

2

(
1 + (−1)n−1) ...

...+ 2A (−1)n
n−1∑
i=0

[sin ((4πfτ + π) i+ ξ0 + 2πfτ)]

We use the identity

sin (α) + sin (α + β) + sin (α + 2β) + ...+ sin(α +mβ) =
sin
(

(m+1)β
2

)
· sin

(
α + mβ

2

)
sin
(
β
2

)
for α ≡ ξ0 + 2πfτ and β ≡ (4πfτ + π) and we rewrite it as

θfinal = Asin (2πf2nτ + ξ0)− Asin (ξ0 + nπ) +
π

2
− (−1)n

π

2
...

...+ 2A (−1)n
sin
(
n(4πfτ+π)

2

)
· sin

(
ξ0 + 2πfτ + (n−1)(4πfτ+π)

2

)
sin
(

4πfτ+π
2

)
The last π

2
pulse’s angle is scanned, meaning we add a variable phase χ to this pulse. The

angle between θfinal and the Rabi vector angle -
(
π
2
− χ

)
is the angle that would give the

probability to measure up. The difference of angle is given by

α ≡ θfinal −
(π

2
− χ

)
=

= Asin (2πf2nτ + ξ0) + (−1)n−1
(π

2
+ Asin (ξ0)

)
...

...+ 2A (−1)n
sin
(
n(4πfτ+π)

2

)
· sin

(
ξ0 + 2πfτ + (n−1)(4πfτ+π)

2

)
sin
(

4πfτ+π
2

) + χ
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The probability to be up is given by

Pup (χ, ξ0) = sin2 (α) =
1

2
(1− cos (2α))

A trigonometric manipulation of α gives:

α = −2A
cos
(
2πfnτ + ξ0 + nπ

2

)
cos (2πfτ)

sin
(

2πfnτ − nπ
2

)
sin2 (πfτ) + χ+ (−1)n−1 π

2

Now we can write the probability to be up as

Pup (χ, ξ0) = sin2 (α) =
1

2
(1− cos (2α)) =

=
1

2

(
1− cos

(
−4A

cos
(
2πfnτ + ξ0 + nπ

2

)
cos (2πfτ)

sin
(

2πfnτ − nπ
2

)
sin2 (πfτ) + 2χ+ (−1)n−1 π

))
=

=
1

2

(
1 + cos

(
−4A

cos
(
2πfnτ + ξ0 + nπ

2

)
cos (2πfτ)

sin
(

2πfnτ − nπ
2

)
sin2 (πfτ) + 2χ

))
=

=
1

2

(
1 + cos

(
−4A

cos
(
2πfnτ + ξ0 + nπ

2

)
cos (2πfτ)

sin
(

2πfnτ − nπ
2

)
sin2 (πfτ)

)
cos (2χ)− ...

...− sin

(
−4A

cos
(
2πfnτ + ξ0 + nπ

2

)
cos (2πfτ)

sin
(

2πfnτ − nπ
2

)
sin2 (πfτ)

)
sin (2χ)

)
We average over the ξ0 which are uniformly distributed in [0, 2π]:

〈Pup (χ, ξ0)〉ξ0 =

=
1

2

1 +

〈
cos

(
4Acos

(
2πfnτ + ξ0 + n

π

2

) sin (2πfnτ − nπ
2

)
cos (2πfτ)

[cos (2πfτ) + 1]

)〉
cos (2χ)− ...

...−

〈
sin

(
4Acos

(
2πfnτ + ξ0 + n

π

2

) sin (2πfnτ − nπ
2

)
cos (2πfτ)

[cos (2πfτ) + 1]

)〉
︸ ︷︷ ︸

0

sin (2χ)

 =

=
1

2

(
1 + J0

(
−4A

sin
(
2πfnτ − nπ

2

)
sin2 (πfτ)

cos (2πfτ)

)
cos (2χ)

)
And we got our contrast:

Contrast (τ) = J0

(
−4A

sin
(
2πfnτ − nπ

2

)
sin2 (πfτ)

cos (2πfτ)

)

In the case of more than one frequency component of δ (t), The final angle before the last π
2
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pulse would be the sum of contributions from each frequency. If we denote each component
with Ai, fi, ξi as its amplitude, frequency and initial phase, we would have

α =
∑
i

[
−2Ai

cos
(
2πfinτ + ξi + nπ

2

)
cos (2πfiτ)

sin
(

2πfinτ − n
π

2

)
sin2 (πfiτ) + (−1)n−1 π

2

]
︸ ︷︷ ︸+χ

βi

and the probability to be up would be

Pup (χ, {ξi}i) =
1

2
(1− cos (2α (χ, {ξi}i))) =

=
1

2

(
1− cos

(
2χ+

∑
i

βi

))
=

1

2

(
1 + cos

(∑
i

βi

)
cos (2χ)− sin

(∑
i

βi

)
sin (2χ)

)
We use the fact that cos (

∑
i βi) =

∏
i cos (βi) + termwith at least one sin (βi) factor and

after averaging over all independent uniformly distributed ξi, we are left with

Pup (χ, {ξi}i) =
1

2

(
1 + cos (2χ)

∏
i

〈cos (βi)〉ξi

)

and according to the definition for the contrast, we get Eq. 4,

Contrast (τ) =
∏
i

J0

(
−4Ai

sin
(
2πfinτ − nπ2

)
sin2 (πfiτ)

cos (2πfiτ)

)
.
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12.2 Appendix B : Integrator circuit for fiber noise cancellation
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