Trapped

uantum
Eidgendssische Technische Hochschule Ziirich Q

Swiss Federal Institute of Technology Zurich Information

ETH Zurich, Department of Physics

Spectral filtering and laser diode
injection for multi-qubit trapped ion
gates

Master Thesis

Supervisor: Student:

Christa Flihmann Lukas Gerster
Prof. Dr. Jonathan Home

August 2015



Abstract

The 729 nm laser used to address the \4251/27mj = %) > |32D5/2,mj = %>
quadrupole transition of 4 Cat which is used to define a qubit has undesirable
spectral components at =~ +1.5 MHz of the center frequency due to the stabi-
lization system.

In order to remove those components, the light was filtered using a high-finesse
cavity. 50 uW of light were transmitted through the cavity, which were subse-
quently amplified to 45 mW by injecting a laser diode.

A phase lock to a second laser was set up to allow work around the high finesse
cavity. The injection characteristics of two different diodes were investigated
and the spectrum of the amplified light was measured using the ion as refer-
ence. The temperature dependence of the transmission lines of the cavity were
determined. A scheme for cancelling noise introduced by optical fibers is de-
scribed.
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Chapter 1

Introduction

The difficulties in simulating quantum mechanical systems on classical comput-
ers led Richard Feynman to propose the use of a computer working on quantum
mechanical principles [1]. Later algorithms were found that would enable a
quantum computer to perform certain tasks more efficiently than any possible
classical computer, such as factorizing large numbers (Shor’s Algorithm [2]) or
searching a database (Grover’s Algorithm [3]).

In 1995 Cirac and Zoller first proposed (See [4]) to use trapped ions to imple-
ment a two qubit gate, which is a key element to realize universal quantum
computing [5], using internal electronic states of ions as qubits and vibrational
states to couple multiple qubits together.

The coupling of internal and vibrational states requires the capability to address
transitions that both involve changing the internal state and the quantized vi-
brational states of motion called sideband transitions. To address these tran-
sitions the laser is detuned by typically a few MHz. The coupling strength for
the sideband transitions is much lower than for the carrier transition which only
involves internal states of the ion alone. Qubit operations that use the sideband
transitions are thus sensitive to noise in the laser spectrum driving unwanted
carrier transitions, reducing the fidelity of the gate.

In this thesis a setup is described to filter the spectral components that are
produced by the servo stabilizing the laser frequency. These spectral compo-
nents called servo bumps severely restrict the ability to perform multi-qubit
gates which rely on the sidebands, but are unavoidable without compromising
the stability of the laser or the linewidth.

To solve this problem the high finesse cavity to which the laser is locked is used
as a spectral filter. As the laser power that can be coupled into the cavity is
limited, the light transmitted through the cavity is then sent to a laser diode
which is injection locked in order to achieve sufficient power for seeding a ta-
pered amplifier, which finally amplifies the light to the power required for the
experiments.



Chapter 2

Control of Ions

2.1 Rabi Oscillations

An ion confined in a trap has both motional and internal degrees of freedom.
At the bottom of the potential well the trap potential is engineered to be ap-
proximately harmonic, where the frequency along one axis (axial mode) is lower
than the frequency along the other two (radial modes). Considering only the
axial mode of motion and two internal states the ion can be described by the
product of a two level system and a harmonic oscillator,

H=Hy+ H,, (2.1.1)
=hwego, + hwosc(aTa +1/2). (2.1.2)

The states can be written as a product of harmonic oscillator states and the two
internal states

() =D Y csn(t)]s)n) (2.1.3)
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e1 = 7Y

e, 0 -

— weg
| — ;’, ‘wosc
= 1

go ¢

Figure 2.1.1: Energy levels for an ion with two internal states with energy

difference hw.y and one motional mode with energy spacing hAwgs.. The arrows
show the carrier and the first red and blue sideband transitions.
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Transitions between the states of this system can be driven applying a laser to
the ion. Approximating the laser as a classical electromagnetic field oscillating
at a single frequency gives an interaction Hamiltonian

Hiny = hQo (04 + o_)(elFzmwite) 4 gmilkz—wite)y (2.1.4)

where Qg o F is the interaction strength, E is the strength, w the frequency and
¢ the phase of the applied field and z is the position operator along the axial
direction. The proportionality factor of the interaction strength for quadrupole
transitions depends both on angle and polarization of the laser beam relative to
an applied magnetic field on the ion (For a detailed treatment see [6]).

Going to an interaction picture and making a rotating frame approximation by
neglecting rapidly oscillating exp(4i(w + wegy)) terms, one gets [7]

H!,, = hQooy exp(i[n(ae= o=t 4 qleoset) — 5t + ¢]) + h.c., (2.1.5)

where § = w — weq is the detuning and 7 is the Lamb-Dicke parameter. The
states are chosen to be long lived so they are well resolved. Further the laser
is tuned such that 6 = (n — n/)wese + A with A < wpse, Qo and n, n’ integers.
This corresponds to the laser being close to resonant with some transition.
Three types of transition are of special interest, the carrier transition (n’ = n),
the first red sideband (n’ = n — 1) and the first blue sideband (n’ = n + 1) On
resonance we find that state |g,n) evolves as

Y(t) = cos(Qur nt/2)|g,n) + ' sin(Qnr nt/2)]e,n') (2.1.6)

The transition frequency €, , is called the Rabi frequency. If the Lamb-Dicke
criterion is satisfied the interaction Hamiltonian can be expanded in 7. The con-
dition of n?n(n+1) < 1 corresponds to the condition that the spatial extension
of the harmonic oscillator wave function id small compared to A/27, where A is
the wavelength of the laser light applied to the ion.

The Rabi frequency is then given for the carrier and the sidebands [7] by

Qnm =N (2.1.7)
Q”H—LH = Qo’ﬂ’\/n +1 (218)
Qn—l,n = QQT]\/H (219)

As we assume we are in the Lamb-Dicke regime where 7?(2n + 1) < 1 the Rabi
frequency of the sideband transitions is much lower than the carrier transition for
the same strength of the electromagnetic field. When we address the sideband
transitions we are thus very sensitive to noise also driving the carrier transition.
If the laser is not exactly on resonance, the transition probability from |g,n) to
le,n’) is modified to [8]

2

0% .
Plenry = Q—g sin?(Qt/2), (2.1.10)

where Q2 = Q% + A2 For a detuned beam the Rabi oscillations thus get faster,
but the amplitude is reduced.



2.2 Multi-Qubit Gates
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Figure 2.2.1: Level scheme for Mglmer-Sgrensen gate. (a) shows the chosen
laser frequencies relative to the energy levels of each ion, (b) shows the two
paths possible for the combined two ion system. Figure from [9]

For a working quantum computer several requirements have to be fulfilled.
David DiVicenzo stated his seven criteria [5] that have to be fulfilled for a quan-
tum computer architecture. One criterion requires a complete set of quantum
gates. This criterion can be fulfilled with a set of single qubit operations and a
two qubit ¢cNOT gate. As it is very difficult to couple the electronic states of
ions directly, schemes for gates involving multiple ions make use of the common
motional states of the ions [4].

One gate of particular interest is the gate proposed by Sgrensen and Mglmer [9].
In this scheme two laser beams are used, each shining on a single ion. The first
ion is addressed with a detuning close to the upper sideband, and the second
ion is addressed with a beam with a detuning equal to the negative of the first
beam. This couples the states |[ggn) <> {legn+1),|gen—1)} <> |een), where e, g
correspond to the excited or ground state of the first or second ion, n denotes
the vibrational state of the ion in the trap (Fig. 2.2.1).

This system is described by the following Hamiltonian

H = Ho + Hint, (2.2.1)

1
Hy = hwose(ata + 5) + Titweg Z 0.i/2, (2.2.2)
Hint — Z 5 (O_+el[7h (a-‘raT)—wtt] + er_l[n'”(a-‘raf)_‘mt]), (223)

%

where a,a’ are the ladder operators of the vibrational modes, wys. is the vibra-
tional frequency, w.y is the transition frequency between the internal states of
the ion, and w;, §2; is the laser frequency respectively the Rabi frequency of the
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Figure 2.2.2: Level scheme for Mglmer-Sgrensen gate using bichromatic light.
The left image shows the possible paths connecting the states |ggn) and |een),
the right image shows the transitions between |gen) and |egn). Figure from [10]

tth ion.
Assuming two ions with wyse1 = Wosez = Wose and 21 = Qo = Q and detunings
selected as described above, the only allowed transitions are between |ggn) and
leen). The Rabi frequency for this transition is then given by [9]
2
Q= —M, (2.2.4)
2(wWose — 9)

where J is the detuning of the laser addressing the first ion.
This result is remarkable as it does not depend on the number state n the sys-
tem is in, as the dependence is canceled out between the two possible paths the
system can take to move from |ggn) to |een), either it can go over |egn + 1) or
|gen — 1). The evolution of the internal states of the ion is thus decoupled from
the motional state. It does not even require that the ions remain in the same n
state during gate operation, thus making the operation insensitive to heating.
Unfortunately the states |eg) and |ge) do experience n dependent energy shifts,
which introduce phase factors dependent on the motional state n, e.g. at the
time T' = % when the states |gg) and |ee) are inverted, factors of (—1)"
will destroy the coherence between the states |eg) and |ee).

Coherence can be restored by changing the sign of the laser detuning after time
g. This will lead to every phase component proportional to n to rotate in the
opposite direction, and a revival of coherence at T’
This trick is however sensitive to heating, as the phases will no longer cancel
out if the vibrational quantum number 7 is not the same during the second half
of the gate operation. If the detunings are instead inverted N times the error
in phase will be only on the order of the phase error at timescale %
Instead of changing the detuning of the lasers many times, lasers with both de-
tunings can be applied to both ions simultaneously. Assuming opposite detun-
ings and identical Rabi frequencies {2 there are two additional paths connecting
|ggn) and |een) whose contribution is identical to the two paths already consid-

ered, leading to a doubling of the Rabi frequency Q. The bichromatic light also



leads to transitions between the states |gen) and |egn) (Fig. 2.2.2). The Rabi
frequency of this transition is the negative of the frequency of the transition
between |ggn) and |een). In the weak field limit n§2 < wese — d the population
transferred to the intermediate states can be neglected and the time evolution
is described by

lgg) — cos (7) lgg) + isin (7) lee) (2.2.5)
lee) — cos (QQT) lee) + i sin (QZT) l99) (2.2.6)
lge) — cos (QQT) lge) — isin (QQT) eg) (2:27)
leg) — cos (QzT) leg) — isin (52) |ge) (2.2.8)

For stronger fields some population is transferred to the intermediary states with
different n. This leads to some coupling between |een), |ggn) and |gen), |egn),
however the parameters of the Hamiltonian can be tuned to still achieve full
population transfer. A detailed description is given in [10].

This gate can be used together with single qubit operations to perform a cNOT
gate, and thus single qubit gates and the Mglmer-Sgrensen gate would fulfill the
requirement of an universal set of quantum gates.

2.3 “Cat as qubit

There are multiple species of ions suitable, as well as multiple possible choices
of states for a qubit. The qubit is then defined between the 425'1/2 m=1/2
and 32D5/2 m = 3/2 states. The transition can be addressed with a 729 nm
laser (Fig. 2.3.1). The transition between the states is a quadrupole transition,
giving the upper state a long lifetime of 1.1s.

A 119.4 G magnetic field is applied to the ion. The magnetic field lifts the
degeneracy of the states due to the Zeeman splitting and defines the axis of
quantization. The strength of the magnetic field is chosen for using the ion
together with “Be™ where the qubit states are insensitive to magnetic field fluc-
tuations in first order, giving rise to a long coherence time [12].

To actually use the qubit more states are required as well as lasers to address the
transitions. The 397 nm addressing the fast 425} 5 <+ 4P /5 dipole transition
is used for detection as well as Doppler cooling. The 866 nm laser is used to
repump the ion from the 32Ds /2 state, and the 854 nm laser is used to reset the
qubit.



3/2  42Py,
1/2  —

Splitting:
_71/ 2 223 MHz
854 nm
2 E /T
4Py /o —1/2 3 D.o,./z
Splitting: ~— e— A Splitting:
112 MHz 201 MHz
397 nm 32 Da/z
Splitting:
134 MHz
4?5, /2
Splitting: 7
335 MHz T/Q /2 B=119.64G

Figure 2.3.1: Scheme of the states and lasers used for implementing a 4°Ca™
qubit. Figure from [11]
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Chapter 3

Frequency Stabilization of
Lasers

3.1 Phase Locked Loop

3.1.1 Open Loop Transfer function

Free running diode lasers do not have narrow enough linewidths and the re-
quired frequency stability to be used for controlling qubits. Both linewidth and
stability can be improved by locking the laser to an external reference like a
cavity (See Sec. 3.2) or to another laser (See Sec. 3.3). To stabilize frequencies
a phase locked loop (PLL) is employed.

The simplest scheme consists of a phase detector, a controller, a variable fre-
quency oscillator and a feedback path (Fig. 3.1.1). The components can be
described in Laplace transform domain,

0, = F(s)VFO(s)f4 (3.1.1)
0, = Ka(0; — 0,), (3.1.2)

where VFO(s) is the transfer function of the variable frequency oscillator, F(s)
the transfer function of the controller, 6, the output signal, §; the input signal
and 0, the signal at the detector in the Laplace domain. K is the gain multiplier
of the detector.

As the phase is the time derivative of the frequency the VFO can be seen as
integrator of the phase and therefore has a transfer function

VFO(s) = g (3.1.3)

where V is the gain of the VFO. As F'(s) we take a controller with a proportional
and an integral part. The controller then has transfer function

F(s) = Kp+ —, (3.1.4)

11
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e

Figure 3.1.1: Simple phase locked loop consisting of phase detector K, con-
troller F'(s) and variable frequency oscillator VFO(s). Noise can enter the loop
either via the detector 84 or the process 6,.

with Kp the gain of the proportional path and K; the gain of the integrator
path.

The open loop transfer function describes the response of the system without a
feedback path. It is given by

G(s) = KaF(s)VFO(s) = Ky (Kp + Iif) g (3.1.5)

3.1.2 Closed Loop Transfer function

The response of the closed loop can be written as function of the open loop
response. This system transfer function H(s) describes how the loop follows a
change in the reference. It is given by
0o G(s)
H(s)=—=—F"—. 3.1.6
() 0, 1+G(s) ( )
The system transfer function determines a phase locked loops ability to follow
a change in the reference signal. It also describes the response of the loop to
detector noise as it is indistinguishable to a change in the reference.
The effect of process noise 8, in the output on the loop can be described by the
error transfer function E(s) [13]
0, 1

) =8 = Tram (3.1.7)

Process noise are fluctuation in the loop that can come from either the controller
or the VFO.
The system and the error transfer function are connected by the relation

H(s)+E(s)=1 (3.1.8)

12
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Figure 3.1.2: Example Bode plot (frequency response) of the magnitude of sys-
tem response and error function normalized to the gain frequency with damping
¢ = 0.8 and no time delay.

Putting the expression for G(s) into the system transfer function we get

VKd(SKP + K[)

= .1.
)= O SVRrK. VKR, (3.1.9)

We can reduce the number of parameters as the behavior of the loop can be
described by only two parameters, the open loop gain and the damping

Kp [KaV
K = K;VKp, g:%,/ Ig}, (3.1.10)

giving a system transfer function of

Ks+ &
H(s) = (—4@[){2 (3.1.11)
52 + (KS + @)
and a corresponding error transfer function
E(s) . (3.1.12)
S) = L.
24+ (Ks+ %)

The frequency response can be calculated by setting s = iw. Fig. 3.1.2 shows
the amplitude of the frequency response. The system response function is ap-
proximately constant up to K, giving the frequency range in which the servo
can follow the reference, higher frequencies are suppressed. The error function
in comparison is lower than 0dB below K, here the servo suppresses process

13
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(b) Phase Response

Figure 3.1.3: Bode plot of system transfer function for different values of gain
with fixed time delay. With increasing gain values the gain margin is reduced,
until the system becomes unstable. Similarly the phase margin is reduced for
high gain values.

noise (Fig. 3.1.5). This feature is what we are interested in for stabilization, as
our reference has little low frequency noise compared to our free running pro-
cess. With the phase locked loop the output is thus dominated by the reference
and no longer the process noise. Noise at frequencies higher than K cannot be
suppressed.

These properties make it reasonable to use the gain K as a measure of the
bandwidth of a controller [14], however other definitions are also commonly
used.

3.1.3 Loop Stability

There are several possible criteria for determining if a closed loop is stable or
not. One criterion is the Bode criterion which states that a system with a stable
open loop the closed loop will be stable if the phase Arg[H (iw,)] of the system
transfer function is less than 180° at the gain crossover frequency w. which ful-

14
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RelG(s)]

Figure 3.1.4: Nyquist plot of the open loop transfer function. The contour with
K =1 circles -1, rendering the corresponding closed loop unstable.

fills |H (iw.)| = 1. If this is not the case, the frequency component where the
phase shift is —180° is infinitely amplified, unlocking the loop [14].

The gain margin is the gain difference to 1 at the frequency where the phase
shift is —180° (g4 = 1/H (iw,)), while the phase margin is the phase difference
to —180° at the gain crossover frequency (g, = Arg[H (iw,)] + 180°). These
margins give the robustness of the lock (Fig. 3.1.3).

The Nyquist criterion states that the closed loop H(s) = G(s)/(1 + G(s)) is
stable if the open loop is stable and the contour G(iw) of the open loop trans-
fer function plotted in the complex plane does not encircle the point -1 (See
Fig. 3.1.4) [13].

From this plot the stability margin can be read off, which is defined as g5 =
Min,, [1 4+ G(iw)].

A second order phase locked loop without time delays is unconditionally sta-
ble for arbitrarily large values K. In real systems there is always a time delay
present, which can be included by introducing a delay term

A(s) =e7T (3.1.13)

to the open loop function G(s) where 74 is the delay time. In Fig. 3.1.3 one can
see that with a delay the frequency where the phase is inverted is independent
of the gain K, and the gain margin is reduced with increasing gain. Thus the
time delay in the system limits the gain and the bandwidth of any controller
which is able to achieve a stable lock.

15
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Figure 3.1.5: Frequency response of error function for different values of gain
with fixed delay. For large gain values the error function peaks around K.

3.1.4 Servo Bumps

The system transfer function is larger than 0 dB around the gain frequency K.
This feature becomes more pronounced for systems with low damping and high
gain values. As the stability margin becomes small for high gain values the peak
increases because

1 1

Max,,[|E(iw)[] = N[5 )] = o (3.1.14)

The system transfer function will amplify noise of the phase detector around
this frequency.

Similarly if the error response function is larger than 0 dB at any frequency,
phase noise of the oscillator at that frequency is amplified instead of suppressed.
This can happen for underdamped systems with small ¢, but also occurs when
the gain enters a region comparable with 1/74.

Further as the phase locked loop can only compensate for oscillator noise with
frequencies lower than the gain K, at higher frequencies the phase noise of the
oscillator is not suppressed, and the lineshape of the locked oscillator matches
the free running oscillator.

This phase noise can lead to side bands in the spectrum of the oscillator. Consid-
ering the effect of phase noise at a single frequency €2 with modulation strength
B on an oscillator with a center frequency w

o Eoei(wt-l-,@sin(ﬂt)) _ Eoeiwt Z Jn(ﬁ)einﬂt (3115)

n=—oo

16
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Figure 3.1.6: Simulated spectra of an oscillator with frequency detuning nor-
malized to the gain. For high damping the spectrum corresponds to the free
running spectrum for high frequency detunings. For lower damping the servo
bumps become stronger.

where the second expression contains an identity using Bessel functions. We
can expand in f < 1 and get

E ~ Eo(e™' Jo(B) + @D T (B) — =Dt 11 (B)). (3.1.16)

Thus a phase modulation at a frequency €2 generates sidebands in the output
of the oscillator. Taking further terms of the expansion into account, one gets
additional weaker components at w =+ n{2.

Together this leads to spectral components peaking around w + K with w the
center frequency of the oscillator, so called servo bumps (Fig. 3.1.6).

In the lock used in the experimental setup these servo bumps are problematic as
when one wants to address the sideband transitions of the trapped ion, the servo
bumps simultaneously address the carrier transition. The much higher transi-
tion probability of the carrier transition makes the servo bumps a significant
problem even though they are much weaker than the center frequency.

17



3.2 Pound-Drever-Hall Locking Technique

Feedback loops require some reference to which they lock. The reference must
be very stable as a laser locked to the reference will copy noise of the reference.
One possibility is to use the resonances of a Fabry-Pérot cavity.

3.2.1 Cavity Reflection and Transmission

To calculate the transmission and reflection of a cavity one can consider monochro-
matic light incident on a pair of mirrors with coefficients of reflection r and
transmission ¢. The electric field of the incident light can be written as

E; = Eye't (3.2.1)
The amplitude of the electric field that is directly reflected is
E’I"O = EiT' (322)

More light is reflected after undergoing multiple reflections inside the cavity,
from this we get contributions

E, = E;jt?re® (3.2.3)
E,y = Ejt*r3e'® (3.2.4)
B, = Eit?r?n=1eind (3.2.5)

where ¢ is the phase shift acquired by one pass of the cavity. All these contri-
butions can be summed up to

E, = Ei(r 4+ rt2e®(1 + 12 + ... + 1" ne™™?)) (3.2.6)

As r < 1 the series converges and can be written as

E, = Ei(r + rt2e® (3.2.7)

1 —r2eid )
With zero absorption the coefficients of transmission and absorption are related
by t2 4+ r? = 1, simplifying the result to

r(1 — e')

B, = Eq( 1 _ r2¢id

) (3.2.8)

The intensity of the reflected light is then

B g 2r2(1 — cos d)

I =1 3.2.9
2 (14 7r4) —2r2cosé ( )
By introducing the coefficient of finesse
2r
F=(—)? 2.1
(1) (3:2.10)

18



the expression can be further simplified to

Fsin?(5/2)

o 3.2.11
1+ Fsin?(6/2) ( )

r =

The expressions for the intensity are periodic in the phase difference, leading to
the concept of the free spectral range (FSR), the frequency difference between
two adjacent minima in reflection. The FSR is given by

c
Avsgy = — 3.2.12
Visr = 57 ( )
where c is the speed of light and L the length of the cavity.
The FWHM of the dips in reflection can be calculated as
v = - arcsin ILEPON (3.2.13)
mL VF  7LJF -

A further quantity of interest is the Finesse F [15] which is defined as ratio of
the free spectral range and the FWHM

Avisy  TVEF
= = 2.14
4 ov 2 3 )

With the free spectral range the reflection coeflicient can now be written as
function of the frequency of the light

w

rexplige—) 1)

T2 exp(iAl‘j;”)

Flw) = % (3.2.15)

3.2.2 Cavity Filtering

When the laser frequency is locked to the resonance frequency of the cavity,
light can pass through the cavity. The intensity of the transmitted beam can
similarly be derived as the reflected intensity, or calculated from the assumption

of zero absorption,
1

1+ Fsin?(6/2)

The transmission is strongly suppressed when the laser frequency is off resonant
from a cavity resonance. This feature is used here to clean the spectrum of the
729 nm laser light. Fig. 3.2.2 shows the calculated transmission of a cavity with
the parameters of the high finesse cavity used in the experiment. At 1.5 MHz
where the servo bumps are located, the transmission is suppressed by 5 orders
of magnitude.

L=I-1=1I (3.2.16)
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Figure 3.2.1: Calculated intensity of reflected light for a cavity with values of
finesse 1000 (red) and 270000 (blue) respectively.

3.2.3 Phase Modulation

A very simple locking scheme measures the reflected intensity from the cavity
(Fig. 3.2.1). The laser is then locked to a set intensity value. This scheme
suffers from the drawback that the lock cannot distinguish between frequency
and intensity drifts of the laser.

A lock to the minimum of the transmission signal is preferable, as it decouples
intensity and frequency, however the signal is symmetric around its minimum,
making it impossible to know in which direction to apply a correction.

The Pound Drever Hall [16] scheme (Fig. 3.2.3) solves this by phase modulating
the laser signal, generating sidebands. This can be done using an electro-optic

modulator (EOM). The electric field of a laser with frequency w with such a
modulation is given by ' _
E; = Ege!@itAsin0i) (3.2.17)

This expression can be expanded using Bessel functions[17], keeping only terms
up to first order assuming the modulation parameter [ is small

b = EO[JO(ﬁ)ei“’t + Jl(g)ei(wrﬂ)t _ Jl(ﬁ)ei(w’mt]

The reflected electric field can be calculated by treating each frequency compo-

(3.2.18)

nent separately.

E, ~ E, [F(w)Jo(B)eM + Flw+Q)J, (,B)ei(‘*"m)t — F(w— Q)Jl(ﬁ)ei(“_mt]
(3.2.19)
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Figure 3.2.2: The transmission of a cavity with a free spectral range of 2.14 GHz
and a Finesse of 270000 plotted on a logarithmic scale.

The intensity of the reflected field is again given by

_ B

I,
2

= |Bo(|IF(w)Jo(B)]* + | F(w + Q) J1(B)* + [F(w — Q)1 (B)?
+221(8)Jo(BH
R(F(w)F(w+ Q)" — F(w)" F(w — Q)) cos(Q)
S(F(w)F(w+ Q)" — F(w)" F(w — Q)) sin(2t)
+ (29 terms)}) (3.2.20)

In this expression we are only interested in the terms varying with 2. They can
be extracted by mixing the photodiode signal with a reference signal at frequency
Q. We now assume that the carrier is near resonance and the modulation
frequency is large enough so the sidebands are not, then the sidebands are
totally reflected (F'(w=+£) a 1). In this case the cosine term vanishes, and only
the sine term remains as F'(w) — F'(w)* is purely imaginary.

The shape of the error signal is shown in Fig. 3.2.4. The steep slope around zero
allows very sensitive locking, and the position of the sidebands determines the
capture range. For increasing modulation frequencies the amplitude of the error
signal between the side bands and the center line goes to zero, thus limiting the
maximum possible capture range in practice.

When extracting the error signal by mixing it with a reference from a local
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Figure 3.2.3: Optical Setup of a PDH lock. The electrooptic modulator adds
sidebands to the spectrum which produces an antisymmetric error signal on
reflection, which is then used to feed back to the laser. The Faraday isolator
prevents the reflection from the cavity returning to the laser.

oscillator we get two components
sin(Qt) sin(Q't + ) = %{cos((Q — )t — ) —cos((Q+ Q)+ )} (3.2.21)

The second term can be neglected as it is much faster than the controller,
leaving only a DC signal for Q = ', however this signal vanishes for ¢ = 7.
This phase has to be matched to get a good error signal (Fig. 3.2.5), which can
be done by adding a delay line either between local oscillator and the EOM or
the photodiode and the mixer.
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Figure 3.2.5: Measured PDH error signal with different delay lines.

3.3 Phase Lock

The 729 nm laser used for °Ca* ion control was previously stabilized by lock-
ing it to a high finesse cavity by an analog PID controller! via a PDH locking
scheme (See Fig. .0.1). The laser system? has two ports, a diode port which
provides the light necessary for the lock to the cavity and a main port where the
output of the diode has been amplified by a tapered amplifier (TA). This also
amplifies the servo bumps present in the emission spectrum due to the control
scheme.

To be able to work with the cavity without shutting down the ion trap exper-
iments dependent on 729 nm light the laser was beat locked to a second 729
nm laser which is stabilized by its own high finesse cavity via PDH technique
(Fig. .0.2). For this light from the master and light from the diode port of the

I Toptica FALC-110 fast analog control unit
2Toptica TA pro
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Figure 3.3.1: Beat note between the two 729 lasers with high (red) respectively
low (green) gain of the controller. The servo bumps are &~ 40 dB lower than the
center peak for low gain, the reduction is &~ 30 dB for high gain. This trace was
taken with the first laser locked to a high finesse cavity and the second phase
locked to the first laser.

slave laser were combined on a beam splitter (Fig. 3.3.2). The resulting beat
note was measured on a fast photodiode? (Fig. 3.3.1). The beat note was mixed
down with a 690 MHz RF source*. The slave laser was then locked to this error
signal by the same FALC-110 control unit.

To set up the beat note first one beam was aligned with the photodiode, which
is placed at the focal point of a lens to maximize the signal. The second beam
then can be overlapped with the first by walking the two adjustment mirrors.
The photodiode is monitored with a spectrum analyzer. Once a beat note is
measured, it can be optimized by walking the second beam again and properly
centering the combined beam onto the photodiode.

Each signal has to be checked if it is truly an interference signal of the two
beams. As the RF source used to generate the LO signal produces a pickup
signal at the exact frequency of the beat note, 40 dB of amplification were used
to ensure the signal was larger than the pickup, as well as generate a sufficiently
large error signal for the controller.

The parameters of the FALC-110 analog control unit had to be adjusted for
the new lock. The FALC-110 has two output channels, a fast branch acting on
the current of the laser and a slow branch acting on a piezo controlling one of

3Home built design using a Hamamatsu S5973-02 Si PIN diode.
4Trinity Power Incorporated RF Signal Generator Version 4.0
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Figure 3.3.2: Setup of the beat lock. Light from the master and the slave laser
are overlapped and their beat note is measured on a fast photodiode. The signal
is then mixed down with a local oscillator (LO) and then fed back to the slave
laser.

the laser cavity mirrors. The parameters were tuned by monitoring the error
signal and the outputs of both branches on an oscilloscope and the beat note
on a spectrum analyzer. The offset of the fast branch was adjusted so the error
signal was centered around zero. The fast branch has a fast differentiator, a
fast integrator, a slow integrator and an extra slow integrator (XSLI). The fast
differentiator, the fast and slow integrator were set as high as possible without
unlocking the laser. The XSLI was left turned off.

The unlimited integrator (ULI) of the slow branch was tuned once the fast
branch was stable. The offset was tuned so that the output which was moni-
tored on an oscilloscope remained zero after the ULI was turned on.
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Chapter 4

Filtering the spectrum

4.1 Cavity Incoupling

The cavity used as a filter is a high finesse optical reference cavity that was
designed by R.Leibrandt et al. [18] at the National Institute of Standards and
Technology (NIST) and then fabricated by Advanced Thin Films.

The finesse of the cavity was determined via ring-down measurement to be
around 270000 [19]. The cavity has a free spectral range of 3.14 GHz, resulting
in a linewidth of 11.7 kHz.

The light from the slave laser was locked to the cavity by the PDH technique,
however instead of directly controlling the laser an acousto-optic modulator
(AOM) was used to control the laser frequency (Fig. 4.1.1). This is only possible
as it is already known that the laser frequency is close to a resonance frequency
of the cavity, as the modulation range of the AOM is much smaller than the
free spectral range of the cavity.

AOM EOM PBS N4 Cavity N2

> Qe e+
| : N4
VCO LO
Q<0

Y eC

Servo Fast PD
j ® Camera 5
Mixer

Figure 4.1.1: Pound Drever Hall scheme for locking a laser using an acousto-
optic modulator. An EVIL lockbox!was used as servo.
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4.1.1 Optical Setup

The polarization of the light going to the cavity is changed from linear to circular
by using a % waveplate. This has the advantage that o, polarized light is
changed to o_ polarized light on reflection from the cavity mirror. When passing
the % waveplate again, the light is perpendicularly polarized to the incoming
beam, and thus can be separated from the incoming beam using a polarizing
beam splitter cube. The light was then focused onto a fast photodiode?.

An optical isolator was placed before the polarizing beam splitter to prevent
etaloning between the cavity mirrors and any other optical element. The beam
was matched to the cavity by using a telescope and a focusing lens. The two
mirrors define a single Gaussian beam whose wavefronts matches the surface of
both mirrors. The required waist size at the planar mirror was calculated as
Wo = 369 pm. As the beam coming out of the fiber is well collimated the waist
size is first expanded with a telescope so it matches the required spatial mode
on the focusing lens which is placed such that its focal point coincides with the
planar mirror of the cavity.

The cavity transmission was monitored on a slow photodiode and a camera. The
camera proved useful to identify the Gaussian T'E Myg mode and the photodiode
was used to maximize the transmission. A % wave plate was first used to restore
linear polarization, then a % wave plate and a polarizing beam splitter were used
to control the amount of light sent to either the monitoring setup or the diode

injection setup respectively.

4.1.2 Incoupling Procedure

To find the desired T'E My mode the laser frequency was first scanned. A view-
card with a hole was used to search for the back reflection off the cavity mirror,
which was overlapped with the incoming beam. Not all reflections observed were
from the cavity mirror, the windows of the vacuum housing produced reflections
as well.

Once the beams are well overlapped, the camera was used to search for any
modes in the transmitted light. As the frequency of the light is scanned, the
modes are much weaker than the scattered light that is also visible on the far
side of the cavity. The frequency of the scan should be low to make the modes
more visible. Once a mode has been observed, the beam can be walked to the
TE My mode. At this point a useful error signal can already be recorded, and
the frequency of the light can be locked to the cavity.

The slow photodiode behind the cavity is then used to monitor the transmission,
which is optimized by iteratively readjusting the telescope length, the telescope
lens positions, the focusing lens position and walking the alignment mirrors.
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Figure 4.1.2: Frequency shift of cavity after changing temperature set point.
The missing regions correspond to times when one of the lasers was not locked.
At about 1h the frequency drift changes sign as the cavity passes the zero-
crossing temperature. An exponential fit gives a timescale of ~ 5h

4.1.3 Zero-Crossing Temperature

The resonance frequency of a cavity depends on the temperature of the cavity.
The optimal temperature to operate a cavity at is the so called zero-crossing
temperature where the derivative of the resonance frequency with respect to
temperature vanishes g—; = 0, as the contributions from distortions of the mir-
ror interfaces and the cavity length cancel out [22]. As a result the resonance
frequency of the cavity becomes insensitive to first order to temperature fluctu-
ations.

Having two lasers locked to high finesse cavities allows to accurately determine
the zero-crossing temperature by monitoring the beat note between the two
lasers as the temperature of one cavity is changed. After changing the temper-
ature the cavity needs time until it thermalizes (Fig. 4.1.2).

The measured resonance frequencies were plotted as function of temperature
and fitted with a parabola (Fig. 4.1.3). The minimum of the fitted parabola
gives a zero-crossing temperature of —4.4 + 0.1°C. This result is much lower
than the zero-crossing temperature of 1.4 +1°C determined by the manufac-
turer via a speed of sound measurement [23].

The frequency drift of the beat note of the two lasers was monitored over time

!Home-built FPGA based PID controller. See [20]
2KPD 110 fast photodiode (up to 200 MHz) Designed by B. Keitch [21]
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Figure 4.1.3: Frequency shift of the cavity dependent on temperature. The
frequency scale is relative to the second 729 nm laser. A minimum is reached
at —4.4+0.1°C

(Fig. 4.1.4). The steepest slope observed was 0.37 Hz/s. This value is compara-
ble to previous measurements with the cavity at a temperature of 1.4°C. The
limiting factor is likely noise on the fiber leading from the cavity to the beat
note.
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4.2 Diode Injection

Faraday Isolator
To experiment

o

y

N2 A2 Laser Diode
/ \ﬂ
To OSA J Seed beam

Figure 4.2.1: A diode is injected by sending a seed beam through the side port
of a Faraday Isolator.

4.2.1 Experimental Setup

The light transmitted through the cavity is amplified by injecting a laser diode.
For this the seed beam from the cavity is sent through the side port of a Faraday
isolator (Fig. 4.2.1). The Faraday isolator rotates the polarization of the beam
by 45° in the same directions for the incoming seed beam and the outgoing
diode light. A beam that is reflected back into the isolator thus acquires a total
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shift of 90°. This results in keeping the emission from the diode from coupling
into the cavity. The seed beam forces the laser diode to emit light with the
same spectrum as the injected light. A first wave plate is used to match the
seed beam polarization to the Faraday isolator and a second plate to match the
polarization between diode and isolator.

Two diodes have been tested in the diode injection setup, a laser diode with anti
reflective coating® and a diode without anti reflective coating?. Both diodes
were tested mounted in a collimation tube® in the same custom mount [24].
Temperature and current control was provided by a Vescent Photonics D2-105
controller [25].

4.2.2 Alignment

The Faraday Isolator® was first aligned with the output beam of the laser diode.
The collimation tube has a lens” mounted in front of the diode. The lens position
had to be adjusted with a spanner wrench to collimate the diode output. The
waveplate between isolator and diode was adjusted to maximize transmission
through the isolator. For high diode currents, some light can be seen at the side
port of the isolator. The seed beam is then overlapped with this beam using
two alignment mirrors.

The output beam was coupled into a fiber and sent to an optical spectrum
analyzer for monitoring the output of the diode.

4.2.3 Coated Diode

For the coated diode the injection peak was visible for all tested temperatures
and low currents. At high currents the injected power was insufficient to sup-
press the natural mode, and both the natural and the injected mode were present
in the spectrum.

For certain combinations of current and temperature the output reached a local
maximum. This is due to the two surfaces of the laser diode forming a resonator.
This resonator is very lossy due to the anti reflective coating of the diode. Both
current and temperature affect the length and refractive index of this cavity,
leading to a shift in resonance. The maxima appear when a resonance matches
the laser frequency. The maxima lie on approximately straight lines and are
independent of the power of the injected beam (Fig. 4.2.2).

For low current the injection of the diode increases the power emitted from the
diode. The increase depends on the injected power due to the injected light
lowering the lasing threshold of the diode (Fig. 4.2.3).
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Figure 4.2.2: Points of clean injection for coated diode plotted vs temperature
and current. The points lie on parallel lines. The lines do not depend on injected
power.

4.2.4 Uncoated Diode

The coated diode was replaced with an uncoated one. Realignment of the setup
was required after the change of diode. The uncoated diode was much more
sensitive to finding maxima. These maxima called points of clean injection
could be found over a wide range of temperatures and over the entire range of
currents (Fig. 4.2.4). However unlike the coated diode other modes appeared in
the spectrum in the current range between these points of clean injection. For
a given temperature the injection peak was only visible in the OSA spectrum
over a small current range of ~ 1 — 2mA. The range for clean injection where
the natural emission was fully suppressed was only ~ 0.1 mA. This behavior is
expected as the uncoated diode surfaces form a better resonator compared to
the coated diode. When the injected beam does not match the resonator, the
injected power circulating in it is very low, and the natural mode dominates.

3Toptica #LD-0730-0040-AR-2

4Thorlabs HL7302MG

5Thorlabs LT230P-B

6Qioptiq LINOS Faraday Isolator FI-730-5SV
7TA390TM-B

32



T 1 T T T T 1 T T T T T T T T T T T T ]
30r ]
: o
25 ]
5 20 ° .
E Ol o 20uW
& 15F .
3 I o 10uW
e H > ® ]
1o ® e 7 o No Injection
L Y .. ° ]
05 . :’ o .0 ¢ b
&2 o o e ™ ]
0-0 C1 I I I I 1 L L L L 1 L L L L 1 1 1 1 1 1 1 1 L
30 35 40 45 50
Current [mA]

Figure 4.2.3: Diode output power for different currents at 10 uW and 20 uW.
Data points were taken at points of clean injection. An increase in output power
is visible at all currents. The difference decreases as the diode passes its free
running lasing threshold.
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Figure 4.2.4: Points of clean injection for uncoated diode at 40uW injection
power plotted vs temperature and current. The points of clean injection lie on
straight, equally spaced lines.
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4.2.5 Mininmum injection power
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Figure 4.2.5: Minimum power required for clean injection using uncoated diode.
Measurement points were taken at points of clean injection

For the uncoated diode the minimal injection power was determined by re-
ducing the injection power until the spectrum observed on the OSA was no
longer clean. The injection power was then increased again until clean injection
was restored.

The formula for the minimum injection power[26] required for a clean injection
is given by

I VRR(+VER U ayRiR " cosd)
Tout (1 - Rl)(l - R2) ,

(4.2.1)

where Rj, Ry are the reflectivities of the surfaces, ¢ is the phase mismatch of
the injected light to the cavity and «; is the gain coefficients at the injection
frequency and v, is the gain coefficient at the natural frequency (See Fig. 4.2.6).
For perfectly matched light § = 0 the minimum injection power is given by

I VRRs(1- VRB (42.2)
Tout (1-Ry)(1—-Ry) ' -

If the gain coefficients are equal, the required injection power drops to zero.
This suggests that the inability to inject the coated diode at high currents is a
result of the gain at the injected frequency being much lower than the gain at
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the natural frequency, and does not result from the anti-reflective coating.

In Fig. 4.2.5 at the lower end of the temperature range the required injection
power decreases for increased current and thus increased output power at lower
temperatures. This is due to the natural emission wavelength being shifted
closer to the injected wavelength, thus decreasing the required injection power.

4.2.6 Long term stability

The long term stability of the diode injection was monitored by reading out the
OSA output with a data-logger®. After the injection was initially established,
the diode thermalized and required readjustment after & 20 — 30 minutes. Once
the diode had settled the injection remained stable over multiple days.

The laser unlocking leads to a loss of the transmission and thus to a loss of the
injection, however relocking the laser immediately restored the diode injection.
Similarly the diode could be switched off, once turned on and left to thermalize
for 30 minutes injection was restored without any change to the current.
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signal to apply a cancelling phase shift with the AOM. The deflection angle of
the beam at the AOM is exaggerated for legibility.
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4.3 Fiber Noise Cancellation

Fibers are used to transfer light between the optical tables. They have the
advantage of allowing to separate the laser system from the ion trap and decou-
pling the alignment of different parts of the optical setup.

Fibers can induce phase shifts due to small differences in temperature and pres-
sure in the laboratory as well as mechanical stress on the fiber, broadening the
linewidth of the laser [28]. This effect increases with the length of the fiber, thus
to preserve the narrow linewidth a scheme to cancel the phase noise of the fiber
is necessary. The idea is hereby to apply a negative phase shift to the light.
The setup is based on a scheme from the Ion Storage Group at NIST[29] and
was used in the group before [11] [30].

Part of the light passing though the fiber is back reflected back into the fiber.
The back reflected light acquires the phase shift of the fiber twice. Some light is
back-reflected without passing through the fiber. These two beams form a beat
note at twice the operating frequency of the AOM, and the phase of the beat
note contains twice the phase shift induced by the fiber. The signal is mixed
down with a reference and used as error signal for the servo to feed back on the
AOM. For the cancellation scheme to work the fluctuations have to be slower
than the bandwidth of the cancellation system.

4.3.1 Optical Setup

To set up a fiber noise cancellation setup first the AOM has to be aligned
(Fig. 4.3.1). For this the AOM is first placed perpendicular to the laser beam

8RedPitaya, for more information see [27]
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which is aligned horizontally above the optical table. The AOM is then turned
such that the diffracted orders become visible. A focusing lens is placed before
the AOM, the maximum possible diffraction efficiency strongly depends on the
focal length and position of the lens. A second lens was placed after the AOM
to collimate the beam again for coupling it well into the fiber.

The first order diffraction can now be coupled into the fiber, while the zeroth or-
der is back-reflected with a mirror. Properly aligned the zeroth order produces
a diffracted beam in the minus first order on returning through the AOM. For
fibers with flat connectors at the far end, a back-reflection is already automat-
ically properly aligned, and the two reflections can be overlapped and focused
onto a photodiode”. For angled connectors a pick-off has to be aligned by first
aligning the prompt back-reflection to estimate the position of the reflection. A
power meter is placed where the minus first order of the prompt back-reflection
at the AOM appears and the prompt reflection is blocked afterwards. The re-
flection from the pick-off now can be aligned by eye in the horizontal direction,
aimed above the collimation lens of the connector. The pick-off is then scanned
in the vertical direction until a signal is seen on the power meter. Once a signal
is observed it can be optimized in both horizontal and vertical direction.
When both reflections are present the back-reflection from the fiber can be fo-
cused onto the photodiode, and the prompt reflection is then overlapped with
the first reflection until a beat note is observed. Surfaces of the AOM can also
form back-reflections which possibly interfere with the beams and produce a
beat note as well. To confirm the beat note, it has to vanish on blocking either
beam, and a noise pedestal of noise from the fiber should be present.

4.3.2 Electronic Setup

The AOM frequency now can be locked to cancel this phase shift. For this a
EVIL lockbox is used as servo which is connected to a home built POISON
board. The board includes both the mixer'® to generate the error signal for the
EVIL and the voltage controlled oscillator (VCO)!! on which the servo feeds
back. A RF synthesizer'? was used as LO.

4.3.3 Spectrum

The EVIL lockbox has a P, I and D gain that can be adjusted. Without P gain
the beat note of the fiber noise cancellation setup is broadened both due to the
noise of the fiber and the noise from the VCO used to drive the AOM. At low
P gain the center peak becomes narrower as the phase of the VCO is locked
to the reference. With increasing P gain the noise close to the center peak is
suppressed. At the same time the servo bumps appear in the spectrum. At very
high P gain the servo bumps become very large in the spectrum up to the point

9Home built design using a Hamamatsu S5973-02 Si PIN diode.
10Minicircuits ADE-1L or ADEX-10L

HMinicircuits JTOS, model chosen dependent on desired operating frequency
12 Trinity Power Incorporated RF Signal Generator Version 5.0
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Figure 4.3.2: Beat signal of a FNC setup. For higher gain settings servo bumps
appear in the spectrum. At very high gain second order servo bumps are visible
at twice the controller bandwidth.

where the second servo bumps become visible at twice the frequency.

The I gain is essential initially for the control loop to settle, however once locked,
little effect has been observed in the spectrum for different I gain settings. No
effect of the D gain on lock stability could be found, and it is left at 0.
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4.4 Laser at ion

4.4.1 Laser Spectrum
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Figure 4.4.1: Spectrum on ion using filtered light. The 729 nm probe pulse
duration was set to 50 us,, corresponding to 10 7 times of the carrier. The beat
note of the laser light is shown in red.

A single 49 Ca™ ion was trapped and used to measure the spectrum. In the
experiment the ion was first prepared in the ground state, then a single laser
pulse with a variable detuning was applied. Afterwards the ion state was read
out. This procedure measures if any spectral component drives any transition
of the ion, either carrier or sideband transition.

A clear improvement is visible in Fig. 4.4.2 compared to Fig. 4.4.1. In the
unfiltered spectrum the sidebands are covered by the servo bumps driving the
carrier transition. For the filtered light the first and second axial and the first
radial mode are clearly visible, while no contributions from the servo bumps
driving the carrier transition are visible.

For a m time of 5 us of the carrier transition a 7 time of 30 us is expected for the
first sidebands with 7 = 0.05 and a thermal state with 7 = 10. The servo bumps
driving the carrier have a 7 time of 160 us assuming they are 30 dB suppressed
compared to the line center. This is comparable to the measured spectrum
(Fig. 4.4.1) where the measured servo bumps correspond to 7 times of &z 140 us.
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Figure 4.4.2: Spectrum on ion using filtered light. The 729 nm probe pulse
duration was set to 50 us, corresponding to 10 7 times of the carrier. The beat
note of the laser light is shown in red.

With the cavity suppressing the servo bumps by additional 50dB the 7 time
increases to 50 ms, and in the spectrum of the ion (Fig. 4.4.2) no servo bumps
are visible.

4.4.2 Rabi Oscillations

Rabi oscillations can be measured by applying a laser pulse for a certain dura-
tion to the ion and then reading out the state of the ion.

Fig. 4.4.3 shows Rabi oscillations on the blue sideband for unfiltered light. For
a high gain of the Servo the contrast of the oscillations decays fast due to strong
servo bumps driving the carrier transition. Rabi oscillations on the carrier tran-
sitions (Fig. 4.4.4) show a different behaviour with unfiltered light, where the
contrast of the oscillations decays fast for low gain settings as the laser linewidth
is not narrow enough anymore. Thus with unfiltered light a trade off is neces-
sary between high gain producing servo bumps which result in poor sideband
transitions, and low gain leading to poor carrier transitions.

With filtered light the contrast of the Rabi oscillations show no dependence on
the gain setting (Fig. 4.4.5). The contrast of the oscillations decays slower with
the filtered light, even with the lowest gain setting only a value of 7 = 1ms
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Figure 4.4.3: Rabi oscillations on the first blue sidebands with unfiltered light.
With increasing gain values the contrast of the Rabi oscillations drops. The
Rabi frequency inferred from the fit is ~ 4.4 kHz

is achieved, and the contrast for a single flop on the blue sideband was 0.80.
With the filtered light 7 = 1.2ms, and the contrast of a single flop on the blue
sideband was 0.89.

The Rabi oscillations on the red sideband have the same frequency as the os-
cillations on the blue sideband, as the experiment is initiated with a carrier 7
pulse because no red sideband transition exists for the ground state. As a result
for the red sideband the oscillation begins in the excited state (Fig. 4.4.6).
Comparing the frequency of oscillation on the sidebands to the frequency of the
carrier, the Lamb Dicke parameter can be determined with a value of n = 0.05.
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Figure 4.4.4: Rabi oscillations on the carrier transition with unfiltered light.

For low gain values the contrast of the Rabi oscillations quickly drops.
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Figure 4.4.5: Rabi oscillations on the first blue sidebands with filtered
The Rabi frequency inferred from the fit is ~ 6.5 kHz
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Figure 4.4.6: Rabi oscillations on the first red sidebands with filtered light. The
Rabi frequency inferred from the fit is ~ 6.4 kHz
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4.4.3 Mglmer-Sgrensen gate

MS gate time scan
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Figure 4.4.7: Time scan of a Mglmer-Sgrensen gate. The two ions reach a
maximally entangled state at ~ 64 us.

The spectrally filtered laser light could be used for implementing a two qubit

Mglmer-Sgrensen gate. After cooling and initialization a bichromatic beam was
applied to both ions, with each component of the beam detuned by 16 kHz from
the first red respectively blue sideband. Fig. 4.4.7 shows the evolution of the
population. At 64 us the probability of one bright ion and one dark one goes to
0 and the two ions are in the maximally entangled |dd) + i|uu) state.
The maximally entangled state could be confirmed by a parity measurement
(Fig. 4.4.8). Here a carrier pulse is applied, causing the system to oscillate
between a superposition of the |du) and |ud) states and a superposition of the
|uu) and |dd) states. The contrast of this oscillation gives a lower bound on the
fidelity of the gate. A fidelity of 0.99 has been achieved.
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Figure 4.4.8: Parity measurement of the maximally entangled state.
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Chapter 5

Conclusion

In order to perform qubit operations on Y Ca®™ with high fidelity a narrow
linewidth laser at ~ 729 nm is necessary. Locking the laser by PDH technique
to a high finesse cavity can achieve the required stability, but the servo of the
feedback loop causes additional spectral components in the laser spectrum off-
set from the center frequency by approximately the bandwidth of the controller.
These servo bumps can significantly drive the carrier transition when the laser
is detuned to a sideband.

In a first step a phase lock of the laser to a second narrow linewidth 729nm laser
was set up to allow experiments to continue during this work.

In order to remove the servo bumps, the laser was locked to the high finesse
cavity using an acousto-optic modulator. The cavity acts as an optical filter,
and the servo bumps in the transmission signal are strongly suppressed.

The ~ 40 uW strong transmission signal was then amplified by injecting a laser
diode. The injection characteristics of two different diodes were investigated,
and an amplification of the transmission to 45 mW was achieved while retaining
the spectral purity.

The zero-crossing temperature of the high finesse cavity was measured, giving a
result that is significantly lower than the value determined by a speed of sound
measurement.

In a next step the light should be further amplified as currently after the
losses by the fiber incoupling and the fiber noise setup only 17 mW arrive at the
BoostTA system which amplifies the light for the experiment. This is less than
the 30mW the TA should be seeded with.

Further there are multiple experiments in the lab using 4° Ca*, all of which
would benefit from using spectrally pure light. These experiments currently use
the light from the TA output of TApro system, whos spectrum still has the
servo bumps from the PDH lock.

One further diode per experiment could be injected with ~ 1mW each, out-
putting 40 — 50 mW which would be sufficient to properly seed a tapered am-
plifier.
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Appendix
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Figure .0.1: Original setup with the laser locked to the cavity by PDH lock
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Figure .0.2: Intermediate setup. The laser is beat locked to a master laser,
allowing work on the high finesse cavity without unlocking the laser.
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Figure .0.3: Final setup. The laser is again locked to the cavity, the amplified
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transmission signal is used for the experiment



