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Abstract

Neutral atoms excited to Rydberg states are one potential platform to realize quantum
computing. The laser-controllable, strong dipole-dipole interactions which are effective
at several micrometer range allow the implementation of fast and individual-addressable
quantum gates. Nevertheless, owing to the long lifetime of Rydberg states, the natu-
ral linewidth is at the sub-kilohertz level. This demands the use of a sub-kHz, narrow
linewidth laser that is tightly locked to achieve two-qubit gates with high fidelity and
long coherence time. We lock an external-cavity diode laser (ECDL) at both 1039nm and
918nm wavelengths to a high finesse Fabry-Pérot cavity spaced with an ultra-low expan-
sion glass (ULE) using the Pound-Drever-Hall (PDH) technique. Furthermore, the 459nm
laser is generated by passing the 918nm laser through a second harmonic generation crys-
tal, resulting in frequency doubling. Both the 1039nm and 459nm lasers are utilized as
excitation lasers to drive cesium atoms to Rydberg states. The feedback bandwidth of the

1039nm (918nm) laser is as high as 760kHz (1MHz), allowing for precise control of the
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laser frequency. By analyzing the fluctuations in the transmitted light through the cav-

ity, we estimate a frequency disturbance of 350Hz (621Hz) within a 40ms time interval,

demonstrating the effective suppression of laser phase noise. Furthermore, we utilize the

transmitted light through the cavity to amplify the optical power, effectively preventing

servo bumps from becoming additional sources of noise. To determine the zero-crossing

temperature of the cavity, we utilize Doppler-free saturation spectroscopy to accurately

measure the frequency drift. The cavity is set near the zero-crossing temperature, and

over a period of 50 days, we observe an average frequency drift of 7kHz per day. Using

trap-loss spectroscopy, we have excited atoms to Rydberg states with this laser system.

Keywords: Laser phase noise, Laser frequency stabilization, Rydberg states, Pound-

Drever-Hall technique, Doppler-free saturation spectroscopy
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Chapter 1

Introduction

Neutral atoms excited to Rydberg states offer great potential as a platform for realiz-
ing quantum computing, and several research teams have already published their work on
quantum gate and algorithm operations using Rydberg atoms [1][2]. However, achieving
long coherence times and high fidelity in quantum operations with Rydberg atoms is a
challenging task, and one significant obstacle is the phase noise of the lasers used in the
Rydberg excitation. Laser phase noise introduces fluctuations in frequencies, leading to

errors in quantum operations.

Lifetime Linewidth
7P1/2 ~ 150ns ~ 1MHz
81Sy/2 | ~200us ~ 0.8kHz

Table 1.1: The lifetime of cesium atoms in our system at the intermediate state and Ryd-
berg state.

In this chapter, we first explore the advantages of Rydberg atoms in quantum informa-
tion processing and discuss their unique properties that make them a promising candidate
for this purpose. Additionally, we discuss the implementation of two-qubit gates using
Rydberg atoms, showing their potential for advancing quantum computing applications.
Furthermore, we will emphasize the significance of laser phase noise in achieving long
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coherence times and high fidelity in quantum operations. We investigate the sources of

laser phase noise and quantify it by analyzing laser linewidth and stability.

1.1 Rydberg Atoms in Quantum Information Processing

Rydberg atoms are atoms that have been excited to high principal quantum numbers
n, resulting in a strong dipole moment that significantly influences their dipole-dipole
interactions, which are proportional to n*.The remarkable advantage of Rydberg atoms
lies in their ability to precisely control the interactions between them, with the ability to
turn these interactions on and off over a wide range, exhibiting a contrast of up to 12 orders
of magnitude [3]. This precise control enables the manipulation of quantum bits with high
precision. In addition, Rydberg atoms offer the ability to control entanglement between
any two atoms by conveniently manipulating the distances between them using techniques
like tweezers. Moreover, the long radiative lifetimes of Rydberg states, lasting over 100
microseconds, provide a long timescale for quantum gate operations in the microsecond
range. These distinctive features make Rydberg atoms highly promising for applications

in quantum information processing (QIP).

1.2 Implementation of Two-Qubit Quantum Gates

Using Rydberg blockade to implement a two-qubit gate is fundamental and crucial to
quantum information processing. As shown in Fig. 1.1, in this implementation, initially,
two atoms are in the state |01), where the control atom is not excited to the Rydberg state,
while the target atom receives a 27 pulse, resulting in a 7 phase shift.
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Figure 1.1: Operation of a controlled phase gate using Rydberg blockade.

When two atoms are initially in the state |11), the Rydberg blockade effect arises
due to the significant interaction between Rydberg states compared to the excitation Rabi
frequency. This leads to the blocking of excitation for the target atom, enabling the suc-
cessful implementation of the controlled-Z gate, commonly referred to as the CZ gate.

The evolution matrix in the computational basis |00),|01),|10),|11) is

1 0 0 0
0 -1 0 0

CZ = . (1.1)
0 0 -1 0
00 0 -1

The computational basis states are transformed by the unitary CZ gate as follows:

lq1q2) — |Q1Q2>¢q1q2- (1.2)

Here, qubit 1 and qubit 2, denoted by ¢; and ¢, respectively, can each take the states 0 or

1. The CZ gate has a phase requirement given by:

b0 — o1 — P10 + P11 = E. (1.3)

This condition ensures that the CZ gate introduces the correct phase shift between different

computational basis states, essential for performing quantum computations.
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The application of the Hadamard gate before and after the CZ gate on the target
atom transforms the CZ gate into a CNOT gate. Combining the CNOT gate with other
single-qubit gates like Hadamard and phase gates forms a universal gate set, allowing
for the implementation of various quantum algorithms. As a result, many research teams
prioritize the implementation of the CZ gate as a fundamental building block in quantum

computation.

In addition to the previously mentioned scheme, there have been other works that
have successfully implemented high-fidelity CZ gates. In 2019, Mikhail D. Lukin’s group
demonstrated a protocol utilizing two global laser pulses [4]. Subsequently, Ming-Sheng
Zhan’s team proposed another method called the single-modulated-pulse off-resonant mod-
ulated driving (SORMD) protocol [5]. Both of these approaches allow lasers to interact
with atoms simultaneously, eliminating the need to distinguish between control and target

atoms, while satisfying the condition mentioned in Eq. 1.3 to achieve the CZ gate.

1.3 Laser Phase and Frequency Noise

The finite phase noise of lasers, which affects the damping of Rabi oscillations, is
one factor leading to a decrease in gate fidelity [0]. Although stabilized lasers are used,
the limited bandwidth of the feedback loop can result in high-frequency noise that cannot
be fully suppressed. To address this issue and achieve good gate fidelity [7], a reference
cavity is employed as a spectral filter, effectively suppressing the phase noise induced by
frequencies above the lock bandwidth. This approach helps enhance the coherence time,

thereby emphasizing the significance of suppressing laser phase noise.
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1.3.1 Laser Noise Sources

Diode lasers typically have linewidths in the range of several MHz. To reduce the
linewidth, an external cavity can be formed by using a grating, the first diffraction order
of the grating is reflected back towards the laser diode. By selecting the wavelength for
feedback and achieving resonance between the grating and the rear facet, the optical feed-
back suppresses the spontaneous emission noise. The external cavity is designed to have
a longer length compared to the internal cavity, resulting in a smaller free spectral range
(FSR). A grating-stabilized external cavity diode laser (ECDL) with higher finesse has
the potential to achieve linewidths narrower than 1 MHz, and it could even reach around
100 kHz. However, despite the improved linewidth, it is still not sufficient for efficient

excitation of specific Rydberg states.

For diode lasers, the fundamental linewidth of a free-running laser primarily origi-
nates from spontaneous emission, which is a form of quantum noise. This quantum noise
is amplified by the gain medium. However, if the losses in the resonant cavity are very
low, allowing for high-power operation within the cavity, the impact of quantum noise
on the laser is relatively smaller compared to technical noise. In practice, the frequency
noise of a laser is predominantly influenced by mechanical fluctuations, which introduce

1/f noise and white noise components. Fig. 1.2 illustrates that in an open-loop configu-

Disturbance

d

Desired output r PID AN Y _ Actudl
response Confroller Actuator ~ Output

Figure 1.2: In an open-loop system, disturbances couple to the system and affect the output
without any feedback control.

ration, the ECDL is sensitive to noise sources arising from external disturbances. In the
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case of a laser diode, these disturbances primarily stem from environmental factors, in-
cluding temperature fluctuations and variations in injection current. Temperature changes
directly impact the length and wavelength of the resonance cavity in the diode, while fluc-
tuations in injection current lead to variations in the refractive index of the semiconductor
material, thereby modifying the effective cavity length and resulting in output frequency

fluctuations. To describe the stability of laser frequency, the laser linewidth is often used.

Air pressure & humidity

Laser diode current noise

Environment
Acoustics & vibrations temperature

Temperature Piezo drifts

Ty 10 100 Tm  10m 100m 1 10 100 1k 10k 100k  Time scale (s)

Figure 1.3: Sources of laser noise.

However, the accurate value of the linewidth is not solely determined by the laser itself,
but also depends on the measurement time. As shown in Fig. 1.3, different environmental
disturbances have varying effects over time. Therefore, if the measurement is conducted
on a microsecond timescale, the influence of air pressure fluctuations within that time
period may not affect the linewidth of a single measurement. However, it can cause long-
term drift or jitter of the central frequency, which can have an impact on measurements
conducted over longer durations. Therefore, in addition to frequency domain analysis,

time domain analysis is also required to assess laser frequency stability.

6 doi:10.6342/NTU202302912


http://dx.doi.org/10.6342/NTU202302912

1.3.2 Laser Linewidth and Stability

The instantaneous beat frequency obtained from the radio frequency spectrum is [¢]

v(t) = vy + %dq;_(tt) =1y + Av(t), (1.4)

1y is the beat note signal produced by lasers with a frequency difference, and ¢(t) repre-
sents the difference in the individual phases. Awv(t) is the frequency deviation over the
sampling period 7 caused by phase noise. In time-domain analysis, the Allan variance is
obtained by quantizing measurements or signals and taking consecutive samples at differ-

ent intervals of 7:

o2(7) = % (a(t) — n(t + 1), (1.5)

Where the brackets () denote time averaging.

The power spectral density (PSD) of the frequency noise, measured in Hz?/Hz, is

used to analyze the frequency domain and in terms of Fourier frequency f is given by
Sau(f) = 2/ (Av, (D) Av,(t + 7)) e 2 7 dr. (1.6)
0

Consequently, the root mean square (rms) linewidth is

Aans = /0>OO SAI/(f)df (17)

The Allan variance can be calculated by integrating the frequency noise spectrum:

o sin*(m fr
i) =2 [ s Z iy (18)

In general, the frequency noise spectrum cannot be directly obtained from the Allan vari-
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ance. Instead, it is preferable to first obtain the frequency noise spectrum.

1.4 Thesis Outline

After discussing the utilization of Rydberg atoms for performing two-qubit gates in
quantum information processing and highlighting the importance of laser noise in achiev-
ing high gate fidelity, we explore the various sources of noise that can lead to phase noise
at different time scales. In Chapter 2, we will introduce closed-loop control systems and
their role in laser control. We will also discuss the components and structures involved
in the laser control system, with a focus on the Pound-Drever-Hall (PDH) laser frequency
stabilization technique. In Chapter 3, we will describe our experimental setup for laser fre-
quency stabilization, including the construction of stable 1039nm and 459nm lasers used
to excite atoms to Rydberg states. Both lasers will be locked to the same high-finesse
cavity. Subsequently, we will conduct measurements on the cavity and assess the stability

of laser locking.

Once the laser locking performance is confirmed, Chapter 4 will focus on using the
lasers to excite cesium atoms to Rydberg states. For the 1039nm laser, we will use the
transmitted light through the cavity, and we will describe how injection locking is em-
ployed as a fiber amplifier seed to achieve higher power. Furthermore, we will utilize
Doppler-free saturation spectroscopy to determine the zero-crossing temperature of the
cavity and set it at that temperature. Then, we will use this stabilized laser system to ex-
cite cold atoms to different Rydberg states. Finally, Chapter 5 will be dedicated to the

conclusion of the research.
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Chapter 2

Frequency Stabilization of Lasers

Numerous techniques, including atomic spectroscopy, frequency comb, and optical
cavity, can be used as frequency references for laser frequency stability. To lock a laser
to an atomic spectral line, first excite the atom to a given state, and then use the matching
spectral line to lock the laser. However, for two-photon excitation to drive Rydberg states,
it is common to choose a detuning at the intermediate state to avoid spontaneous emission.
In such cases, relying solely on atomic spectroscopy for laser stabilization may not be the
optimal choice. Additional techniques and approaches are often required to achieve stable
and precise control of the laser frequency in these scenarios. A stable optical cavity is used
as a reference to create a signal for feedback of the laser stability because frequency combs
have significantly higher prices than optical cavities. In this chapter, we will discuss the
detail of the Pound-Drever-Hall (PDH) locking process that uses an optical resonator for

laser stabilization.
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2.1 Control System

2.1.1 Closed-Loop System

In an open-loop system, the control actions are determined based on a predefined
input, regardless of external disturbances. This lack of feedback makes open-loop systems
vulnerable to errors and disturbances. Therefore, in order to compensate for laser phase
and frequency noise caused by the environment dynamically, a closed-loop system must
be used to provide feedback and control the stability of the laser. The basic closed-loop
setup builds upon the open-loop system illustrated in Fig. 1.2. In the closed-loop system,
the system output is compared to the desired output, resulting in an error signal. This error
signal is then used to adjust the control actions of the controller, completing the closed-
loop feedback loop. By continuously monitoring and comparing the actual output with
the desired output, the closed-loop system can make real-time adjustments to minimize

the error and improve the overall performance and stability of the system.

Disturbance

d
Desired output " € PID JL Y  Actual
response Confroller Actuator ~ Output
Sensor  [¢
Measurement output L>="" | Feedback

Figure 2.1: In a closed-loop system, the output signal y, which is measured by the sensor
H, is compared to the reference input signal . The difference between the output and the
reference input is the error signal e. The error signal is then processed by the controller
K to generate control actions. These control actions are sent to the actuator ¢, which
produces the desired output signal y based on the feedback information from the sensor.

According to the setup shown in Fig. 2.1, in a closed-loop system, the output signal

y can be measured by a sensor and compared to a reference signal r to generate an error
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signal e. This error signal is then input to the controller, which outputs a control signal
to the actuator, generating the output signal y. The goal of the entire loop is to make
the output signal y match the reference signal r, even in the presence of disturbances or
variations. This setup forms a feedback loop, where the sensor, controller, and actuator
are adjusted based on system requirements and control objectives. The transfer functions
H(s), K(s), and G(s) represent the characteristics and actions of the sensor, controller, and

actuator, respectively.

In addition to input signals and feedback information, the consideration of output dis-
turbances is crucial in a system. These disturbances can be noise, environmental changes,
or other external factors that impact the system output signal, leading to deviations from
the desired response. The relationship between the system output signal and the input

signal can be effectively described using transfer functions

y=d+G(s)(K(s)e)

(2.1)
e=r— H(s)y.
The output disturbance can be expressed as follows:
K 1
y Glok(s) -, d=T(s)r+S(s)d. (2.2)

T 1+ G()K(s)H(s) | 1+ G(s)K(s)H(s)

In the given equation, the transfer functions before d and r can be referred to as the distur-
bance transfer function S(s) and the reference transfer function 7'(s), respectively. The
transfer function S(s) characterizes the sensitivity of the control system to disturbances af-
fecting the output. It reveals how the system reacts to changes in the environment. When
the controller gain is sufficiently large and the transfer function H(s) is equal to 1, the

output signal closely tracks the reference signal, effectively suppressing any disturbances.
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2.1.2 Loop Stability

According to Eq. 2.2, the denominator of the closed-loop transfer function is the
same, and the closed-loop poles occur at the positions where the denominator is equal to

0. Therefore, we can find the closed-loop poles by solving the characteristic equation

1+ G(s)K(s)H(s) = 0. (2.3)

By defining the loop transfer function as L(s) = G(s) K (s)H (s), a feedback control
system is stable if all the poles of L(s) are negative real values. Ensuring that the phase
condition Arg|L(s)] of the loop transfer function L(s) is less than 180° is a crucial criterion
for stability. If the overall phase delay exceeds 180°, the magnitude of the denominator
1 + L(s) can become very small, leading to a positive feedback loop gain that amplifies
deviations from the reference value. This situation can lead to instability in the feedback
system, resulting in the appearance of a ’servo bump” in the spectrum. In this region, the
phase approaches 180°, leading to an increase in noise instead of being suppressed. If the
loop gain is increased, the system will oscillate in this region, exhibiting high peaks, and

the oscillation frequency approximately indicates the bandwidth of the servo system.

2.2 Laser locking system

For a basic laser locking system, it is necessary to generate an error signal and send
it to the servo to control the actuator and stabilize the laser frequency output.
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2.2.1 Frequency Discriminator

In frequency stabilization methods, atomic or molecular transition frequencies or the
resonant frequency of a cavity are often used as frequency discriminators to provide an ”
error signal.” The frequency discriminator can be seen as an optical frequency-to-voltage
converter, and its output signal has a monotonic slope. This means that when the laser
frequency changes, the output of the “error signal” will also change with a clear slope.
This characteristic allows us to accurately read the frequency variations and make pre-
cise frequency stabilization adjustments.The thesis utilizes a high-finesse cavity with the

Pound-Drever-Hall technique to generate a frequency discriminator.

2.2.2 Actuator

The output signal from the discriminator is then sent to one or multiple laser actuators,
which can be finely controlled using voltage signals. These actuators encompass adjust-
ments to the diode temperature and current, along with piezoelectric transducers (PZT).
However, due to different response speeds of the actuators, each actuator has its own op-
erating bandwidth. For example, adjusting the temperature of the diode usually requires a
longer time to reach equilibrium, and therefore, it is not instantaneously controlled in the

feedback system.

PZT is a piezoelectric component that is typically mounted on the grating. It can
tune the frequency of the output light by adjusting the position and angle of the grating in
response to variations in the piezoelectric voltage. Because PZT is a mechanical part with
a feedback bandwidth that is typically in the kHz range, it is suitable for compensating
slower frequency drifts. On the other hand, adjusting the current of the laser diode allows

13 doi:10.6342/NTU202302912


http://dx.doi.org/10.6342/NTU202302912

for rapid changes in its output frequency, providing a feedback bandwidth of several MHz.
This feature makes it well-suited for delivering high-speed feedback, effectively reducing

the laser linewidth.

By combining these two feedback methods, a broadband feedback control system is
achieved, enhancing both the frequency stability and linewidth of the laser. The combi-
nation of these two feedback methods overcomes the slow response of PZT while main-
taining high-speed feedback capability, enabling effective compensation for frequency

variations at different time scales.

2.2.3 PID Servo

The PID controller is a commonly used controller that consists of three components:
proportional (P), integral (I), and derivative (D). The output signal of the PID controller

is a combination of these three components, resulting in a controlled output signal

Kpe(t) + K, / dre(t) + Kp dz(:). (2.4)
0

After performing the Laplace transform, the transfer function of the PID controller is given
by

K
K(s) = Kp + ?I + Kps. (2.5)

The integral part K ; accumulates the error to generate a control signal, reducing the steady-
state error of the system. It introduces a phase delay of 90° between the output and input,
primarily controlling low-frequency signal gain, which helps eliminate steady-state errors.
On the other hand, the derivative part K generates a control signal based on the rate

of change of the error signal, enabling it to anticipate future trends in the system. Its
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gain primarily affects high-frequency signals and can be used to increase damping and
sensitivity to noise. The output phase will lead the input by 90°. By adjusting the values
of Kp, K, and Kp, the PID controller is tuned to achieve the desired system control

output.

2.3 High Finesse Cavity

In order to work effectively for feedback loops, a stable reference provides us with
a baseline to compare with the system output. An approach that can be used to achieve
our experimental requirement is to utilize the resonances of a Fabry-Pérot cavity. This
type of cavity consists of two parallel mirrors that are separated by a distance. The cavity
produces discrete resonances at discrete frequencies as light enters and escapes through
the mirrors. By locking the feedback loop to these specific frequencies, a highly stable
reference can be established, allowing for the feedback loop to function more effectively

and accurately.

2.3.1 Light Propagation in Optical Cavity

Einc - E
Ero ~——=|« t
Eq | = =» Ep
<= =<
Ey,
ol -, E
Epp <— — |+ - s

Figure 2.2: The propagation of an incident beam as it travels through a Fabry-Pérot res-
onator.

When a laser beam is perfectly matched and incident on two mirrors, it undergoes
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constructive interference within the optical cavity, amplifying the power of the laser. Con-
sequently, only specific frequencies can resonate and propagate when the distance between
the mirrors is an integer multiple of half the laser wavelength. This condition ensures that

the laser light constructively interferes within the optical cavity.

When an electric wave with an amplitude of £ and an angular frequency of w propa-
gates in a cavity with a distance of L between two mirrors, the light acquires a single-pass

phase shift ¢ at a frequency of v between the mirrors.

Since 2L is the round-trip path length, the round-trip time for light traveling through
the resonator is expressed as Tryr = % The free spectral range (FSR) of an optical
system is the distance between frequency peaks and is denoted by the inversion of Tg7.
The accumulation of phase shifts that occur during a round trip at a certain frequency is

referred to as

20(v) = 2nv TRy = 270 (2.6)
VFSR
The electric field of the incident light can be written as
Eipe = Epe™. (2.7)

Let ¢; and ¢, represent the electric field transmissions of two mirrors, and r; and 7, denote
their respective electric field reflectivities. Consider the additional phase shift of 'z = i
that occurs each time a signal passes through a mirror [9][10]. On the other hand, the
electric field reflects off from the side with the lower index of refraction, and the reflected
wave similarly causes a phase change for ¢i™ = —1. The direct electric field reflected
from the first mirror is

ET‘O =" Einc- (28)
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The electric field that goes through the first mirror and is reflected by the second mirror

is represented as

B, = 3rye?? By, (2.9)

and

B,y = t3r2re?E, (2.10)

Following several reflections inside the cavity, more light is reflected, and from this we

obtain contributions

E,p = im0, (2.11)
Add all of the reflected light contributions to

Erefi = Bine[—r1 + 1726 (1 4+ 11796 + .+ (r11)" e"'?))]

. 2.12
Binel = + 1287 -
= Liype\—T i :
VU rprgei29
The total reflection beam needs to consider the reflection coefficient F'(w)
. 2 | 42)ei2¢
F(w) = Byopt) e = — 20 H)ET 2.13)

1 — ryreei2?

Assuming the simplest case for a lossless cavity with r; = ro = rand t; = t, = ¢.
Replace the phase shift using Eq. 2.6 and for a lossless mirror 72 + t> = R+ T = 1, we

can get the reflection coefficient

z% _1
F(W) = Erefl/Einc = r(e T o )‘ (214)

— r2¢"vrsr
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2.4 Pound-Drever-Hall (PDH) Locking Technique

The Pound-Drever-Hall method is based on a simple concept that involves measuring
the frequency of a laser using a Fabry-Perot cavity and then utilizing this measurement to
provide feedback to reduce frequency fluctuations. This technique employs a type of null
lock-in detection to collect and analyze a specific signal of interest while limiting the
influence of noise or other undesired signals. The simplest scheme is illustrated in Fig.

23[11].

Opticallsolator

Faraday (a PBS and a quarter-wave plate)
Isolator

= Pockels Cell rﬁ
—-L }H } I
- — | L—J Cavity

A
A
I
Local Photodetector
Oscillator
Servo
Amp l:l Phase
I
T 1H®-

Shifter
|

Low-Pass Mixer
Filter

l___

Figure 2.3: The fundamental design for locking a cavity to a laser. Optical paths and
Signal pathways are denoted by solid and dotted lines, respectively.

2.4.1 Phase Modulation

The Pound-Drever-Hall method allows us to detect the phase of the reflected beam,
which is necessary for determining whether the laser frequency is higher or lower than
the cavity resonance. The total reflected power displays a beat pattern at the modulation
frequency, and sidebands with a definite phase relationship are produced when the laser

frequency is modulated. The laser diode injection current exhibits amplitude modulation
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in addition to phase modulation. As a result, an extra fiber-EOM is employed in exper-
iments to modulate the phase. Therefore, the phase-modulated electric field output after

the beam has traveled through the Pockels cell is
E = EJOei((,ut+ﬁsin(ﬂt))7 (215)

where w is the angular frequency of the carrier and € is the modulation frequency; as a
result, the two first-order sidebands are at w £ €2. /3 is the modulation depth of fiber-EOM,
which we can control by adjusting the RF output power, and Ji () is the Bessel function

of order k. For Fourier decomposition

eiﬁsinwt _ Z Jn(ﬁ)eiwt ~ JO(ﬁ) + Ji (ﬁ)stmwt (216)

To describe using the Bessel function as
E = Eoe™ {Jo(B) + D J(B)e™™ + 3 (=1 Jp(B)e™ ™™} . @2.17)
k=1 k=

1

In the case where 5 < 1, power is concentrated on the carrier and first-order sidebands,
P, +2P, = J3(B) + 2J:(B) =~ P,. (2.18)

The reflected electric field is calculated by multiplying each beam separately by its reflec-

tion coefficient at the appropriate frequency.

Ereqi = Eo[F(w)Jo(B)e™ + F(w + Q) (8)e! @+
(2.19)

+F(w — Q) Jy(B)e! @1,
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where F'(w) represents the reflection coefficient in Eq. 2.14. The measured reflected

power by a photodetector is

Prefl - |Erefl|2
= P|F(w)]’ + PA{|F(w + Q)" + |[F(w — Q)*}
(2.20)
+2/ P.P{ Re[F(w)F*(w+ Q) — F*(w) F(w — Q)]cos ()

+Im[F(w)F*(w+ Q) — F*(w)F(w — Q)]sin(Qt) } + (2Qterms).
The presence of the 2Q2 terms arises from the interference between the sidebands them-

selves. In the analysis, we are only concerned with the interference between the carrier

and the sidebands of the signal, which is described by the €2 terms.

2.4.2 Demodulation

Simplifies the following discussion by replacing F'(w) F*(w + Q) — F*(w) F(w — Q)
with x (w). The expression within the brackets can then be replaced with Re[x(w)]cos(Qt)+
Im[x(w)]sin(§2t). These terms contain sine and cosine components, which allow us to

demodulate the photodiode signal by mixing it with a reference frequency 2

Re[x(w)]cos(Qt)sin(Q't + ¢) + Im[x(w)]sin(Qt)sin(Q't + @)

_ %Re[x(w)]{sin[(Q Q) g sl - Q) —g]} @2
—l—%[m[x(w)]{cos[(ﬁ — )t — @] — cos[(Q + )t + @]}

Assuming the carrier is near resonance and the modulation frequency is large enough to
completely reflect the sidebands (F(w £ €2) =~ 1). For modulation frequencies 2 higher

than the cavity linewidth v, only a purely imaginary part is left [11].

When €2 = €', a low-pass filter can be used to remove the sum frequency term, leav-
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ing only the DC term. The phase shifter allows for the transformation of sine and cosine
components due to different delays in the two signal paths. If the modulation frequency
is high enough (€2 > dv,) and the carrier is close to resonance (F'(w £ 2) ~ 1), the
sidebands are almost totally reflected. As a result, for high modulation frequencies, only

a purely imaginary component remains as x(w) ~ —i2/m[F(w)]. The error signal is

1 —_—MHz
e 20MHz
13MHz

Imag(e)
e
r

1k 4
-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015
Detuning/FSR

Figure 2.4: The simulation involves varying the modulation frequency to observe changes
in the imaginary part of the error signal.

€ = =2/ PP Im{F(w)F*(w+ Q) — F*(w)F(w—Q)}. (2.22)

Fig. 2.4 shows the plot of the imaginary part of the error signal, calculated using Eq. 2.22,
with varying modulation frequencies generated by the Pockels cell. If the deviation from
resonance of the laser frequency in a high-finesse cavity is small enough in comparison
to the cavity linewidth, the error signal will approximate linear behavior at the resonance
peak.

e=DJif (2.23)
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A definition for the proportionality constant is “frequency discriminant”

8YP.P,  16FLP,

D =
v, c

Jo(8)1(B). (2.24)

By combining Eq. 2.6 with the finesse F = vpgr/0v., we can deduce that the frequency
discriminant, representing the slope of the error signal, is affected by two key factors: the
cavity linewidth and the modulation depth of the EOM. As depicted in Fig. 2.5 (a), the
slope of the error signal is visually affected by the cavity linewidth. A narrower linewidth
leads to a steeper slope, particularly near the resonance of the cavity. Furthermore, Fig. 2.5
(b) demonstrates that the modulation depth 5 determines the power distribution between
the carrier and sidebands. It reveals that there exists an optimal modulation depth that
maximizes the slope of the error signal.

(a) (b)

\ ——37.5kHz T 035}
‘ ——— 25kHz

18.75kHz 0301
0.25}

0.20 -

Imag(e)

0.15+
0.10 +
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Frequency discriminant | D |

) \
' 0.00 : :

-0.0001 0.0000 0.0001 00 03 05 08 10 13 15

Detuning/FSR Modulation index B

Figure 2.5: (a) The imaginary part of the error signal with a narrower cavity linewidth has
a higher magnitude for the frequency discriminant. (b) The modulation index also affects
the frequency discriminant, with the maximum occurring at 3 = 1.08.

2.4.3 Frequency Offset Locking Technique

Due to the fact that the resonance frequency of the cavity may not necessarily match
the required frequency for Rydberg excitation, we can employ the frequency offset locking
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technique by using dual frequency modulation to lock the 918nm laser.

The electric field of the incident light can be written as
Einc — Eoe(iwotJriBlsinwltJriBgsinwgt) (225)

The phase modulation yields a carrier at angular frequency wy, sidebands at angular fre-
quencies wy + wy and wy — wy, and sub-sidebands at wy + wy + w9 and wy — wy £ wy. This
technique involves phase modulation using two sinusoidal signals with depths 3; and /3,
and angular frequencies w; and wo, respectively. The modulation scheme aims to generate
sidebands at frequencies wy +w; and one of the sidebands is selected to match the resonant
frequencies of the cavity. By utilizing w, for demodulation of the reflected power, an error

signal is generated. The frequency discriminant can be expressed as follows [12]:

Disi = 222 2 (50)o(52) M (52 (2.26)
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Chapter 3

Experimental Realisations

In this chapter, we present the setup of the entire Rydberg laser system. To minimize
vibrations from the optical table, we place both Rydberg lasers and the ultra-low expansion
(ULE) cavity on the same optical breadboard (Newport M-PG-34-4-ML). We will provide
a detailed description of the laser locking procedure, assess the locking performance, and

discuss the cavity measurement.

3.1 ULE Cavity in the Vacuum System

We utilize a Fabry-Pérot (F-P) cavity manufactured by Stable Laser Systems. The
cavity is constructed using ultra-low expansion (ULE) glass, which allows its heat expan-
sion coefficient to approach zero when operated at the zero crossing temperature of the
cavity. Because the temperature-controlled F-P cavity is intended to avoid circumstan-
tial fluctuation, it is housed in a chamber. As the roughing pump, we utilize a dry scroll
vacuum pump (Qualytest HLT260), and then put on an external turbo pump to reduce the
pressure to roughly 10~° torr. Following that, in the baking process, we must carefully
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Figure 3.1: (a) Our temperature-controlled vacuum cavity system incorporates notched
cavity and multistage cavity housings. (b) The internal structure of the multistage cavity
housings is shown in the image from the website of Stable Laser Systems.

heat the chamber to avoid a significant increase in water gas to fast boost air pressure. Fi-
nally, activate the ion pump and halt baking when the pressure stabilizes. The F-P cavity

is housed in a low-pressure chamber with a pressure of 10~ torr.

3.1.1 Mode Matching

To achieve mode matching, the spatial and phase characteristics of the laser beam
must match the resonant cavity; in other words, the geometry of the cavity and the beam
must be taken into account while mode matching. This alignment maximizes the power of
the spatial mode that we want to use in the subsequent experiment by efficiently coupling

the laser beam into the cavity.

The ray transfer matrix approach can be used to analyze beam-transmission quali-
ties, and the complex beam parameter, g-parameter, contains information about Gaussian

beams, with the size and curvature of the beam given by this complex-valued parameter.
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1 1 A
()  R(z) mw(z)

(3.1)

where ) is the wavelength of the Gaussian beam, w is the beam radius, and R is the radius

of curvature (ROC) of the wavefronts. Both can be written as

1
TR o
and
A

The following equation describes how light moves through an optical component or an

optical system that is expressed in terms of ABCD matrices.

,  Agq+B
¢ ~ Cq+D

(3.4)

The F-P cavity is 100mm long, and the mirror pair will consist of a plane mirror on
one side and a 50cm ROC (radius of curvature) mirror on the other. To accommodate the
curved mirror, we must change the beam size of the input light to correspond to the spatial
mode of the cavity TEM,. Because the curvature of a pair of mirrors affects the evolution
of the beam radius and ROC, we can modify the input beam size to change the wavefront

curvature to fit the ROC mirror.

To conduct mode matching, several alternative lens systems can produce the same

ABCD matrix; in this case, I simply utilize a lens to focus the beam.

When we consider a laser beam that has a plane wavefront and it is incident on a thin

lens, and we are given the laser beam size w; and the lens focal length f, then under the
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condition zg, > f, we may obtain the beam size w, at the focal plane after it has passed

through the lens [13]:

wy = A
ol G (3.5)
Af
~ 2L

We can use a CCD in the experiment to measure the size of the light spot before the
lens. If the angle of divergence is small enough and the Rayleigh length is very long, the
incident light in front of the lens can be regarded as a simple plane wave. As a result, the
estimated value of Eq. 3.5 allows us to estimate the focus of the lens we can utilize for

cavity mode matching.

During the mode matching procedure, intensity patterns of several spatial modes are

observed in Fig. 3.2.

Figure 3.2: Patterns of intensity for a few various spatial modes during the mode matching
procedure.

3.2 Rydberg Laser Experimental Setup

It takes an ultraviolet wavelength to transition from the ground state to the Rydberg

state, but fiber losses pose a significant technical challenge. As a solution, a two-photon
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Figure 3.3: Two-photon excitation configuration for driving cesium atoms to Rydberg
states. The 459nm laser is used to drive the transition from 6S;,, to 7P; /5, while the
1039nm laser is used for the transition from 7P/, to the Rydberg state.

transition is utilized to reach the Rydberg state via an intermediate state. We used a 459nm
laser to drive the 65/, to 7P/, transition, then a 1039nm laser for the 7P /5 to n.S;
(n = 60 — 100) transition. The 7P /, state is chosen as the intermediate state to minimize
scattering, as its lifetime is longer than that of the 7P/, state. Additionally, a higher
optical power laser can be obtained easier from the intermediate state to drive the Rydberg

transition.

3.2.1 1039nm Rydberg Laser

_Isolo‘ror PBS HWP
- £ e oo+
ens i ]
QWP —/— O
F_p ?PD] @ UppH~26.3MHz
cavity

Current

: |_ servo
I . ........... > m ’: | LP | PZT servo |.1

PD2

Figure 3.4: 1039nm laser system experimental setup for the PDH lock. ECDL, exter-
nal cavity diode laser; F-P cavity, Fabry - Pérot cavity; PZT, piezo actuator; HWP,
half-wave plate; QWP, quarter-wave plate; PBS, polarizing beam splitter; Fiber-EOM,
Fiber-Coupled electro-optic modulator; BP, bandpass filter; LP, low-pass filter; PS, phase
shifter; PD, photodiode

The complete setup for the 1039nm laser is depicted in Fig.3.4. In the initial stage,
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the ECDL (Toptica DL pro) with a maximum output power of greater than 100mW is used,
with an input power of 15mW coupled into a fiber-coupled EOM. A pair of cylindrical
lenses is employed to shape the output beam from the ECDL. A half-wave plate and a PBS
are utilized to split off some power for wavelength monitoring. An HWP is placed before
the EOM to adjust the polarization and match it to the PM fiber, as the crystal inside the

EOM requires a specific polarization input.

The phase modulation is achieved using a fiber-coupled EOM (EOSPACE PM-0S5-
10-PFA-PFA-106-UL), where the refractive index of the light changes by applying an RF
voltage. This causes variations in the optical path length and results in an initial phase
shift. As the voltage is increased, the delayed phase shift becomes proportional to the
voltage, thus leading to changes in the instantaneous frequency, which is defined as the
time derivative of the phase. Applying sinusoidal phase modulation results in sinusoidal

frequency modulation at a frequency {2 = 26.3MHz.

Compared to a free-space EOM, the fiber-coupled EOM requires a much lower mod-
ulation RF voltage to achieve the same optical phase shift. It is also possible to simultane-
ously couple two modulation frequencies to avoid the need for multiple free-space EOMs.
This advantage can be utilized for frequency offset locking (Sec. 2.4.3) and FSR locking

(Sec. 3.5.2).

The laser beam output from the fiber-EOM closely resembles the TEM,, mode, and
an isolator is employed to prevent any reflected light from entering the F-P cavity. The
half-wave plate and PBS are used to adjust the power input to the cavity to a level below
ImW. This is important because excessive power resonating in a high-finesse cavity can

cause thermal shifts in the cavity resonance[ |4][15][16]. The lens placed after this stage
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is used for mode matching with the F-P cavity, and the choice of its focal length is deter-

mined and calculated as described in Sec. 3.1.1. By passing through a QWP, the light’s

polarization is transformed from horizontal to 45°, and when the light reflected from the

F-P cavity is recombined with the original beam, it passes through the QWP once more,

resulting in vertical polarization. This allows the reflected light from the cavity to be

directed into a high-bandwidth photodiode (New Focus 1811) by the PBS.

The reflected signal is received and then passed through electronic components, in-

cluding filters and mixers, for demodulation to obtain a high S/N error signal. This error

signal is then fed into the current (Toptica mFALC 110) and PZT servo (DLC pro) to con-

trol the signal. The components used in this setup are shown in Fig. 3.4, and we will

provide a detailed discussion in Sec. 3.3.

3.2.2 459nm Rydberg Laser
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Figure 3.5: The setup for the 918nm laser uses offset locking to stabilize the frequency.

A Toptica DLC-TA-SHG pro-SHG laser to generate 459nm light for the Rydberg

laser. The main elements of the laser system are a grating-stabilized diode laser (Master

Oscillator), a tapered amplifier (TA), and a second harmonic generation (SHG) cavity.
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An ECDL, configured in a Littrow configuration, serves as the primary light source, com-
monly referred to as the master oscillator, in the laser system. The master oscillator emits
light at a wavelength of 918 nm, which can be adjusted using a tunable grating. After
the light from the master oscillator is injected into the TA, it produces a high-power in-
frared light with a maximum output of approximately 3 W. The infrared beam then passes
through a nonlinear crystal within the SHG cavity, resulting in the generation of frequency-
doubled laser light at 459 nm. When locked to the PDH error signal that is produced within

the commercial laser system, the power of this blue light can reach roughly 1.5 W.

The 918nm laser is also locked to the same F-P cavity for stabilization purposes.
However, to ensure that the frequency of the 459nm laser is close to the 6S;/; to 7Py,
transition, we use the offset locking technique discussed in Sec. 2.4.3. Based on our
estimation, the required frequency of the master laser deviates from the cavity resonance
by approximately 200MHz. To achieve this frequency offset, we utilize a power splitter
(ZFSC-2-1+) to combine the offset frequency with the 2SMHz modulation frequency, and
then apply this combined signal for modulation to the fiber-EOM (EOSPACE PM-0S5-
10-PFA-PFA-910-UL). The reason for choosing a power splitter instead of an RF coupler
is due to the high power attenuation of one of the input frequencies by the RF coupler. The
reflected signal is detected using a New Focus 1801 detector, and then it passes through
a bandpass filter (ZABP-16+) to obtain a low noise signal. This signal is sent into the
controller (Toptica FALC pro), which includes a mixer for demodulation and generates a
control signal. K; and K are adjusted by the controller to control the current loop and

PZT loop (DLC pro).
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3.3 RF Layout

The layout of RF circuit components for the 1039nm laser is shown in Fig. 3.10.
The complete layout includes the RF circuit elements for demodulation and measuring
the cavity FSR, as described in Sec. 3.5.2. Unlike the simplest setup, in experiments
aiming to generate high signal-to-noise ratio signals, it is often necessary to amplify or
filter the original signal from the detector in order to minimize electronic noise introduced

by the RF circuit components.

3.3.1 RF Oscillator

PDH laser locking typically involves the use of higher modulation frequencies, typi-
cally in the range of several megahertz. High modulation frequencies reduce low-frequency
noise and disturbances, improving signal-to-noise ratio. Because the signal is modulated
at a higher frequency, it helps isolate the desired information from noise components at
lower frequencies. The feedback loop also responds faster with higher modulation fre-
quencies. The modulation frequency determines how rapidly the control system can track

and modify the laser frequency, improving stability and correction speed.

In our experimental setup, we utilize three different signal generators for various pur-
poses. For the 1039nm laser system, the RIGOL DG4162 (160MHz function generator) is
employed for PDH error signal generation. The Agilent E4435B (2.0GHz RF signal gener-
ator) is used for FSR error signal generation, and it offers superior performance compared
to the VCO (CVCOS55CC-1443-1523). On the other hand, for the 918nm laser, both the
local oscillator signal and the modulation signal for the fiber-EOM are obtained from the
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Toptica PDH module embedded in the DLC pro.

To ensure frequency stability and minimize frequency instability between the two
signals, an additional rubidium (Rb) atomic clock (FS725) is utilized. All signal generators
in the setup are connected to this atomic clock. The output frequency of the atomic clock
serves as a stable reference signal for the frequency output of the signal generators. By
synchronizing the signal generators to this stable reference signal, the system maintains
a high degree of frequency stability, reducing any frequency differences between the two

signals and ensuring accurate and reliable operation.

3.3.2 Phase Shifter

The Phase shifter is utilized to compensate for the path mismatch between the re-
ceived signal from the detector and the demodulated signal, which leads to the error signal
mentioned in Eq. 2.21. The magnitude of the error signal at the resonance is desired to be
maximized, as it corresponds to the maximum slope. However, in practical experiments,
the error signal can be affected by laser phase noise, making it difficult to visually deter-
mine the point of maximum slope. However, we have modified the method of adjusting
the phase shifter. Instead, we now aim to minimize the error signal at the resonance point.
By doing so, the cosine function within the phase-shifted signal compensates for the phase,
effectively transforming into a sine function. By subsequently adding or subtracting a 90°
phase shift, the signal is restored to its maximum value. At this point, the error signal is

ready to be prepared and fed into the servo system as the input signal.

To adjust the phase, when there is only one channel output from the signal source

in the experimental setup, it can be split using a power splitter. In the local oscillator
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path, a phase shifter with the corresponding frequency is added. For FSR locking, we
use the Mini-Circuits SPHSA-152+ phase shifter. The phase adjustment is achieved by

controlling an additional DC voltage to control the corresponding phase shift.

In PDH error signal generation, we utilize a function generator with two output chan-
nels as an RF oscillator in the setup. One channel generates the modulation frequency for
the fiber-EOM, while the other channel serves as the local oscillator for demodulation.
During the demodulation process, any original phase difference between the two signals
caused by the path can be adjusted by manipulating the phase. By accurately adjusting
the phase, we can mitigate these fluctuations and reduce the impact of noise on the error
signal. This leads to a higher signal-to-noise ratio, enhancing the overall performance of

the system.

3.3.3 Mixer

When choosing a mixer for various applications, it is important to consider several
factors. The selection depends on the specific requirements of the application. Three key

considerations are bandwidth, LO level, and LO isolation.

The bandwidth of the mixer is crucial and depends on the intended use. For demod-
ulation purposes, the intermediate frequency (IF) output bandwidth of the mixer should
encompass the DC signal, which is mentioned in Sec. 2.4.2. Alternatively, a phase detec-
tor can be utilized as a multiplier to extract the DC signal. On the other hand, if the mixer
is employed to generate the difference or sum frequency of two input signals, the output

bandwidth only needs to cover the desired output frequency.

The LO level is another important factor to consider. It determines the driving power
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of the local oscillator and affects the conversion efficiency of the mixer. Therefore, the

LO level should be chosen appropriately to optimize the performance of the mixer.

Lastly, selecting a mixer with good LO isolation is beneficial. This helps minimize
any leakage of the LO signal to the IF and RF, which could otherwise impact the quality
of the signal. Ensuring proper LO isolation helps maintain signal integrity and enhances

the overall performance of the mixer.

By carefully considering these factors, the most suitable mixer can be selected to
meet the specific requirements of the application at hand. In the 1039nm laser system,
we use a phase detector (ZRPD-1+) for PDH locking and a mixer (ZFM-2000) for FSR

locking.

3.3.4 Photodetector

In order to accurately capture the reflected cavity signal at the modulation frequency
Q ~25 MHz, it is crucial to employ a high-bandwidth photodiode. For our 918 nm laser,
we have selected the New Focus 1801 photodetector, while for the 1039 nm laser, we
utilize the New Focus 1811. These photodetectors are chosen for their fast response times
and low noise characteristics. Additionally, we have implemented effective grounding

techniques to minimize noise interference.

Additionally, to monitor the cavity transmission, we need a high-gain photodiode
with low noise characteristics. For this purpose, we utilize the Thorlabs PDA36A high-
gain photodetector, as the signal intensity after passing through the cavity is only a few
1W. The high gain of this detector allows us to accurately measure and monitor the weak

transmission signal from the cavity.
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3.3.5 Filter and Amplifier

Before turning on the amplifier, it is important to ensure that the output is properly

terminated with a 502 load. Failure to do so can lead to potential damage to the amplifier.

In the setup, a band-pass filter is placed after the photodetector to prevent the direct
amplification of the signal received by the detector. This is done to avoid amplifying all
the noise generated by the detector itself within the bandwidth of the amplifier. By using
a band-pass filter close to the modulation frequency, only the reflected signals of our main

interest, such as the sidebands, can be amplified and fed into the mixer for demodulation.

On the other hand, a low-pass filter is employed to ensure that only lower frequency
components of the output signal can enter the PID servo. The selection of the low-pass
filter bandwidth is typically chosen to be slightly higher than the maximum feedback band-

width of the servo.

In FSR locking, tunable bandpass filters (such as SBT-1000/2000-1-N/N) are utilized
to filter the frequency components from the mixer output at one of vpgr £ w,. This filter
is used to retain the differential frequency components, which are then employed as the

local oscillator (LO) for demodulating the FSR error signal with high S/N.

3.4 Phase Lock to Laser Stabilization

The process of stabilizing the 1039 nm laser to the ULE cavity involves several steps.
Initially, as depicted in Fig. 3.6 (a), the PZT is scanned at a rate of 10 Hz. The transmission
peak corresponds to a resonant TEMy, mode, as confirmed by the CCD by reducing the
scanning frequency and range. Adjust the HWP before the PBS to restrict reflected power
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and to fine-tune the error signal. If the power is too low, the S/N will be low, affecting
the locking performance. On the other hand, if the power is too high, the photodiode will

become saturated and the error signal will become distorted.
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Figure 3.6: Cavity transmission signals of 1039nm laser with servo current loop (a) off
and (b) on. (c) Laser initiates locking to cavity with PZT loop also enabled.
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Figure 3.7: Cavity transmission signals of 918nm laser with both current and PZT servo
loop (a) off and (b) on.

After preparing the error signal to be used as the input signal for the servo, the next
step that needs to be taken is to adjust the input offset before moving on to change the
gain. This offset adjustment is done to compensate for any background signals, ensuring
that the lock level is positioned at zero. Frequency jitter near the cavity resonance is
quickly compensated by the fast current loop feedback. This behavior is depicted in Fig.
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3.6 (b), where it can be observed that the fast current loop increases the amplitude of the

transmitted peak.

We utilize the Toptica mFALC 110 and FALC pro as the fast laser locking servos for
the 1039nm and 918nm lasers, respectively. These servo designs lack a P gain component,
but include multiple I gain components that influence low-frequency behavior and D gain
components that influence high-frequency behavior. Each of these gains corresponds to a
different switch, which in turn affects the transfer function. By utilizing various combina-
tions of these switches, we can effectively adjust the I and D gains to achieve the desired

outcome.

Next, let’s discuss how to adjust the servo of the current loop. Firstly, it is important to
confirm whether the slope of the error signal at the resonance point is correct. To begin, all
I and D gains are turned off, and the overall main gain of the servo is gradually increased.
As the slope becomes steeper, indicating that the error signal is out of phase, the phase

shifter needs to add or subtract 180°. This adjustment results in a flatter slope.

Following that, the I gain is fine-tuned to ensure the error signal remains locked at
the resonant frequency for a short duration. This adjustment leads to a broadening of the
transmission peak. Subsequently, the scanning range of the PZT is gradually reduced until
the scanning operation completely stops. During this process, it is crucial to maintain the
error signal locked at the desired lock point through the feedback provided by the current

loop.

After fine-tuning the I gain, the subsequent step involves optimizing the D gain. The
D gain plays a crucial role in providing feedback for higher-frequency phase noise. To

optimize the D gain, a spectrum analyzer is utilized to analyze the servo bump. The D
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gain is adjusted iteratively until the frequency at which the servo bump occurs reaches
its maximum value. This derivative action enhances the system ability to anticipate and
respond to rapid changes in the error signal. Adjusting the D gain makes the controller
more sensitive to these changes, enabling it to provide a faster corrective action and reduce
the error between the reference signal and the system output. It is important to carefully
tune the PID parameters, as excessively high gains can lead to instability and oscillations

in the control system.
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Figure 3.8: The error signal beat note, measured from the photodiode, exhibits a servo
bump, indicating the bandwidth of the servo loop.

3.4.1 Servo Bump

Servo bumps are characteristic peaks or bumps in the spectrum that can affect the
servo bandwidth due to the instability of the servo, as discussed in Sec. 2.1.2. To diagnose
the servo bump, a portion of the error signal power is extracted prior to demodulation
by the mixer. This extracted signal is then fed into a spectrum analyzer, with the center
frequency set at the PDH frequency. The resulting spectrum, shown in Fig. 3.8, provides
information about the locking bandwidth based on the noise peak. Additionally, when the

gains are set too high, the spectrum analyzer may show an increase in peak height or the
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appearance of additional frequency oscillations, indicating excessive gains.

3.5 Measurement of Cavity Characterization

3.5.1 Cavity Ring-Down Signal

To determine the cavity finesse, one method is to scan the laser frequency and observe
the corresponding changes in the transmitted light. From the transmitted light, one can
obtain the ratio of the FSR to the cavity linewidth, which gives the cavity finesse, F =
Vpsr/OVeay- However, in high-finesse cavities, photons can have longer lifetimes, and the
cavity linewidth can be narrower than the laser linewidth. Therefore, it is necessary to

directly measure the cavity decay time to accurately determine the finesse.

A method to measure the cavity decay time is by utilizing an AOM or EOM as a
switch. However, if an optical path with an active switch is not required, using this method
for measurement can be somewhat cumbersome. In 1997, Poirson proposed a simpler
method to measure the cavity decay time [17]. When the laser frequency sweeps across
the cavity resonance, the light undergoes multiple reflections between the two mirrors,
with a portion of the light transmitting through the mirrors each time. By monitoring the
final transmission of the light, the time it takes for the transmitted intensity to decay to 1/e
can be determined, which corresponds to the cavity decay time. To obtain the cavity decay
curve, the laser frequency or the length of the cavity can be scanned, and the scan speed
can also impact the shape of the transmission curve. The cavity finesse can be determined

by observing the changes in the I; /I ratio using the relationship defined in

I
2mUpsrAt = J—T(—l +2—e). (3.6)
2\ I,

41 doi:10.6342/NTU202302912


http://dx.doi.org/10.6342/NTU202302912

T T T T 87
6f . 18
. £
-
O
N —
= 4f -

[
el "~ , -
2+ : Finesse . é

aclisao  |os
0.5 1.0 1.5 20 2.5 3.0 &
21TVESRAT

Figure 3.9: Measurement of the ringing effects in a Fabry-Perot cavity. (a) The finesse
can be determined by the ratio ; />, which equals e. The transmitted intensity curves for
different laser scanning frequencies are shown in (b) at 30Hz and (c) at 25Hz.

When the ratio of the first peak and the second peak is approximately e in Fig. 3.9
(a), we can estimate the cavity finesse to be around 113440. The transmitted intensity

output is illustrated in Fig. 3.9 (b) for a laser scanning frequency of 30 Hz (c) 25 Hz.

3.5.2 FSR Locking

DeVoe and Brewer proposed the dual frequency modulation (DFM) technique in
1984 [18] to generate an error signal for locking the modulation frequency to the cav-

ity FSR.

This method is similar to the PDH locking technique, where modulation is applied
to the fiber-EOM and the error signal is obtained through demodulation. PDH provides
the foundation for laser frequency stabilization, while FSR locking allows providing feed-

back to the piezo element of an Etalon or Fabry-Perot cavity, and these two techniques
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can be combined. As a result, the utilization of dual frequency modulation (DFM) is nec-
essary, similar to the frequency sideband locking technique discussed in Sec. 2.4.3. In the

following, we will provide a detailed explanation of the DFM process.

3.5.2.1 Dual Frequency Modulation (DFM)

When an incident light with an angular frequency of wy is modulated at two frequen-
cies, wy and wy, the electric field entering the cavity can be represented using Fourier

decomposition with Eq. 2.16.

Einc _ Eoe(iwot+iﬂ1sinwﬁ—&—iﬁgsinwgt)
(3.7)
~ Eoe™'Jo(B1) + J1(B1)2isinwit][Jo(Ba) + Ji(Ba)2isinwst]
To simplify the analysis, let’s assume that the initial phases are set to 0. Here, w; and
w9 represent the RF frequencies close to the FSR of the cavity and the PDH modulation,
respectively. [ and [; are the modulation indices for these frequencies, respectively,
assuming they are both much smaller than 1. In this case, we can focus on the carrier and

the first-order sidebands in the modulated signal. The incident light can be rewritten as

follows:

Eine = Eoe™'[Jo(B1)Jo(B2) + Jo(B1)J1(B2)2isinwat
+ J1(B1) Jo(B2) (1" — e7"1Y)
(3.8)
+ J1(B1) J1(Ba) e 2isiniwyt

— J1(B1)J1(Ba) e  2isinwat].
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The lineshape function of the cavity is a Lorentzian

A(A —iT)

98 = VRt ey

(3.9)

The reflected light can be represented as E,.;; = g(A)Ej,., assuming that w, is greater
than the cavity linewidth. Thus, wy 4= ws and wy + w; + wo will all be reflected with g = 1
when wy is close to the cavity resonance. The RF detuning is denoted as § = wy; — vrgg
and the optical detuning as A = wy — nvpgg. Therefore, the reflected electric field can

be expressed as:

Erept = Eoe™ {Jo(B1)Jo(B2)g(A) + 2iJo(B1)J1(B2) sinwat
+ [T (81) Jo(Ba)g(A + 8) + 21 (B1)J1(Ba) sinwat] (3.10)

— eiiwlt[a]l(ﬁl)t]o(@)g(A = 0) + 2iJ1(81) J1(B2) sinwst]}.

3.5.2.2 Demodulation

The extracted detector heterodyne beat signal at wy £ ws is

Erepi Bl p(wr + wa) = 4| Eo|* Jo(B1) J1 (1) Jo(B2) 1 (B2) sinwsat
X {Im[g(A +0) — g(A — §)]cosw t (3.11)

+ Re[g(A +9) + g(A — §) — 2g9(A)]sinw t}

The coefficient of sinw,t 1s 0, indicating that it does not contribute to the DFM signal.
However, the cosw;t term plays a role in the DFM signal. It is directly proportional to
the difference in the cavity phase shifts of the wy + w; sidebands. The error signal can be
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made simpler with the Lorentzian line-shape function to

Eresi By, py(wi £ wa) = —4|Eo|* Jo(B1) J1(B1) Jo(B2) J1(B2) A5

4]
X F[sm(wl + wo)t + sin(wy — wo)t].
The error signal remains unaffected by optical frequency jitter. Furthermore, when 3, =

By = 1, the expression

4Jo(B1)J1(B1) Jo(B2) J1(B2) = 0.45. (3.13)

indicates an excellent signal-to-noise ratio.

3.5.2.3 Setup

The experimental setup, depicted in Fig. 3.10, is built upon the 1039nm laser sys-
tem. To introduce an additional modulation frequency close to the cavity FSR, we employ
a signal generator (Agilent E4435B) to generate a modulation frequency of approximately
1.4966GHz. This specific frequency value, obtained through manual scanning of the cav-
ity linewidth, will be discussed in detail in Sec. 3.5.3. The signal source can also be
replaced with a voltage-controlled oscillator (VCO). The FSR frequency and the PDH
frequency are combined using a power splitter (ZFSC-2-1+), and the resulting combined

signal is fed into a fiber-EOM for modulation.

The setup for FSR locking is similar to PDH locking in that it requires the detection
of reflected light. We utilize the Thorlabs APD310 photodetector, which has a bandwidth
of up to 1600MHz, to receive the FSR frequency signal. However, if we were to use this
detector for both FSR locking and PDH locking simultaneously, the error signal would
be susceptible to higher-frequency noise, leading to a compromised signal-to-noise ratio
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Figure 3.10: PDH and FSR locking configuration for 1039nm laser.

compared to using a Newport detector with a narrower bandwidth of 125MHz. Therefore,

we have opted to use two detectors to maintain better laser locking performance.

For FSR locking, the demodulation frequency utilizes one of w; + ws. We have
chosen to demodulate the frequency w; — w-, and thus it is necessary to generate the sum
and difference frequencies of the PDH frequency and FSR frequency using a mixer. The
mixer we use in this setup does not require a DC output. Subsequently, a band-pass filter

is employed to allow only the desired difference frequency w; — w- to pass through. The

46 doi:10.6342/NTU202302912


http://dx.doi.org/10.6342/NTU202302912

selection and limitations of other RF components align with Sec. 3.3.
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Figure 3.11: The error signal obtained from FSR locking and the cavity transmission signal
can be observed by scanning the signal generator (a) and when locked at FSR (b).

The FSR signal source, operating at a frequency close to the cavity FSR with a scan-
ning frequency of 10 Hz and a frequency range of 50 kHz, generates an error signal after
demodulation, as depicted in Fig. 3.11 (a). The zero crossing of the error signal corre-
sponds to the FSR. In Fig. 3.11 (b), it can be observed that the FSR signal is locked to a
specific output frequency. At this frequency, both the carrier and the sidebands at w; are

able to pass through the cavity, leading to a sustained maximum transmission intensity.

The value of FSR can be measured using a frequency counter, but the accuracy of
the frequency reading is influenced by the gatetime of the frequency counter (Keysight
53220A). In our experimental setup, we ensured that the servo gain and phase shift re-
mained unchanged to avoid altering the lock level of the FSR error signal. We employed
external frequency modulation to lock the FSR value to the output frequency of the RF
function generator. The gatetime of the frequency counter was set to 500 ms. We recorded
the FSR value four times, with each recording lasting for 2 minutes, for a total duration
of 20 minutes. By choosing these recording parameters, we made the assumption that the

measurement fluctuations would be much larger than any actual FSR drift. Fig. 3.12 dis-
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plays the recorded FSR values obtained as we adjusted the lock level of the PDH-locked

laser. It is evident from the results that the RF frequency locked at the FSR exhibited slight

1496596715
1496596710 } } -

1496596705

FSR [Hz)

1496596700

1496596695 L L L L L
1.5 2.0 2.5 3.0 3.5

Lock Level (mV)

Figure 3.12: The frequency counter reads the output frequency of the signal generator,
which is locked to the FSR, with slight variations in the laser lock level.

center frequency shifts of a few Hz, while the frequency fluctuations remained relatively
consistent. Consequently, in our FSR locking system, when adjusting the laser lock level
within a range of 20 mV, the average FSR at a wavelength of 1039.236 nm was determined

to be 1496596707 + 6.299 Hz at that time.

3.5.3 Cavity Linewidth

As mentioned earlier in Sec. 3.5.2, automatic feedback is employed to lock RF mod-
ulation signals and determine the FSR. However, the measurement results of the FSR
locking method are influenced by the servo feedback control. In our system, when mak-
ing adjustments to the phase shifter, an offset is introduced and shifts the input signal. It
is necessary to compensate for this offset to align the background level with the zero point
of the error signal. However, adjusting the offset and fine-tuning the servo gain may also
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affect the accuracy of the FSR measurement. Therefore, FSR locking might not be the
most efficient approach when only a few measurements are required. In such cases, alter-
native methods or strategies may need to be considered to achieve efficient and accurate

FSR measurements.

(a) (b)
T T T ]~9 T T T
Without modulation .
slér 1 =18t 1
(0] 0] @1496.593 MHz
g 217
E 150 @1496.592 MHz ] I<Ba r 7
€ €16} ]
-
514l 1 25
> [2 0 20 >'2l20 0 20 1
g Time (ms) > Ll Time (ms) ]
O13¢ ] o
I ]3 _ I I I
1496.50 1496.55 1496.60 1496.65 1496.70 1496.4 1496.6 1496.8
Frequency (MHz) Scan Frequency (MHz)

Figure 3.13: The cavity linewidth is measured by employing DFM and manually scanning
the frequency near resonance to determine the FSR using both the 1039nm (a) and 918nm
(b) lasers.

Indeed, the concept of this method is similar to the FSR locking concept, as both
are based on dual frequency modulation. The main difference is that in FSR locking, the
frequency scanning is performed using a function generator, while in this method, it is done
manually. During the laser locking process, when the additional modulation frequency w,
is adjusted, it leads to a decrease in the power of the carrier. However, when w; is tuned
close to the FSR frequency, the transmitted intensity exhibits variations as the scanning
frequency sweeps within the cavity linewidth. This behavior is depicted in Fig. 3.13. The
transmitted optical intensity follows a Lorentzian profile. Since the laser linewidth is much
narrower than the cavity linewidth in this case, the F-P cavity linewidth and FSR can be
determined [19]. With these values, the finesse of the cavity can be calculated. Table 3.1
shows that the reflectivity of the mirror coatings varies for different wavelengths, resulting
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in different finesse values.

However, this method is only applicable when the laser linewidth is significantly
smaller than the cavity linewidth (dv;, < dv¢). Therefore, it is crucial to ensure that the

laser is properly locked to the cavity resonance and exhibits good locking performance.

Wavelength | Cavity Linewidth FSR Finesse
1039.2365nm | 14.917+0.206kHz  1496596511+58Hz 100288.26+1385.51
918.8972nm | 22.560+0.140kHz 1496599400+38Hz  66338.63+411.68

Table 3.1: The results of our F-P cavity characterization using DFM with manual scanning
of w; are shown in Fig. 3.13. The data points are fitted with a Lorentzian function to obtain
the cavity linewidth.

3.6 Laser Characterization

3.6.1 Laser Linewidth

A commonly used method for measuring laser linewidth is self-heterodyne detection
combined with a Mach-Zehnder interferometer, as shown in Fig. 3.14 (a). This method is
preferred for achieving high measurement precision among the multiple methods available
for linewidth measurement. In this method, the optical phase or frequency fluctuations
are converted into intensity variations by modulating the frequency on the long arm of
the interferometer. The linewidth is determined by measuring the beat signal obtained
on a spectrum analyzer. However, in order to eliminate any residual phase correlation
between the arms of the interferometer, the delay length of the fiber must be longer than the
coherence length of the laser. This requirement can lead to long delay lengths, sometimes

spanning several kilometers, especially when the laser linewidth is narrow.
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Figure 3.14: Setups for measuring laser linewidth. (a) Self-heterodyne configuration; (b)
Self-homodyne configuration. Taken from [20].

In Fig. 3.14 (b), an improved method for measuring laser linewidth is self-homodyne
detection. In this method, the phase modulation is performed on the long arm of the in-
terferometer, and an additional RF or microwave mixer is added to obtain the linewidth
measurement. However, it is important to note that to ensure accuracy in laser linewidth

measurement, the length of the delay fiber also needs to be properly chosen.

Another method for accurate laser linewidth measurement is to use a stable reference
laser of the same wavelength. However, due to the constraints of our laboratory equip-
ment, we have not been able to employ these methods for precise linewidth measurement.
Instead, we rely on rough estimates of laser frequency fluctuations by analyzing the inten-
sity fluctuations of the transmitted light. Although this approach does not yield a direct
measurement of the linewidth, it allows us to make a rough assessment of the laser fre-
quency variations by monitoring changes in the intensity of the transmitted light. Based
on the measurement results presented in Sec. 3.5.3, where it was determined that the laser
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linewidth is narrower than the cavity linewidth, we assume a coupling efficiency of 1
for the carrier laser light into the cavity [21]. Therefore, we employ a rough estimation
method based on the relationship between the intensity variation of the transmitted light
and the laser scanning frequency, utilizing the measured data of the F-P cavity linewidth
shown in Fig. 3.13. This estimation method enables us to approximate the variations in

the laser frequency by observing the changes in the transmitted light intensity.

The frequency fluctuation can be estimated within the Lorentzian fitting of the cavity
linewidth by adjusting w; in the DFM to the frequency where the slope shows the largest
change. Frequency fluctuations at 1039 nm and 918 nm lasers are roughly 350 Hz and

621 Hz in 40 ms, respectively, as shown in Fig. 3.13.

3.6.2 Laser Stability
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Figure 3.15: The error signal beat note exhibits a servo bump, which provides information
about the bandwidth of the servo loop at 1039nm (a) and 918nm (b).

In the final locking performance, as observed in the in-loop photodetector RF spec-
trum signals in Fig. 3.15, servo bumps are clearly visible at | MHz and 760 kHz for the
918 nm and 1039 nm lasers, respectively. These bumps indicate the bandwidth of the fast
current feedback. In diode lasers, phase noise at low frequencies contributes significantly
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to linewidth broadening [20]. Therefore, the high feedback bandwidth in our system ef-
fectively suppresses low-frequency phase noise. The frequency fluctuations of the 459

nm laser are twice that of the 918 nm master laser.
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Figure 3.16: The Allan variance analysis is applied to a laser time series with 74 ranging
from 1072 to 102 ns. The green and purple dots represent the Allan variance when 74 is
(a) 0.1 ns and (c) 1.0 ns, respectively. Taken from [22].

The Allan variance of a time series s() provides insights into the variation or insta-

bility over time, and it is defined using the variance of As;, (™) as [22]

1 2
2 -~ (7
oX(ra) = 5 <(Ask( ) > (3.14)
Where
A5 = 5T _ glra) (3.15)
and
1 tet1
s = = /t s(t)dt. (3.16)
k

The quantity As kTA) is represented by the blue arrows in the examples shown in Fig. 3.16
(a) and (c). Here, tx11 = tx + 74. Fig. 3.16 (b) displays the Allan variance analysis for
different 74. This method allows obtaining the Allan variance using laser intensity time

series instead of a phase time series.

We measured and recorded the variations in laser light intensity using a Rohde &
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Schwarz RTO2000 oscilloscope, as shown in Fig. 3.13. The measurements were taken

over a record time of 40ms, with sample rates set at 100kHz for the 1039nm laser and

50kHz for the 918nm laser. The time series data is utilized to calculate the Allan variance

using Eq. 3.14. The frequency uncertainty is calculated by evaluating the variation in

transmission intensity going through the cavity, as shown in Fig. 3.17. This analysis

provides information about the laser linewidth, which is narrowed down to 1kHz with an

integration time of 1ms for the 1039nm laser and 0.1ms for the 918nm laser. The cavity

Lorentzian spectral line form is used for voltage-to-frequency conversion.

(a)

Allan variance (kHz)

©

o
=

0.001

(b)

1E-4

0.001

Integration fime (s)

0.01

Allan variance (kHz)

(@]
T

0.1

1E-5

1E-4

Integration time (s)

Figure 3.17: The Allan variance of the laser frequency relative to the cavity resonance is
shown for the 1039nm laser in (a) and the 918nm laser in (b). Both axes are in logarithmic

scale.
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Chapter 4

Lasers for Rydberg Excitation

To suppress the phase noise of the lasers and minimize the influence of laser fre-
quency fluctuations on Rydberg excitation, we lock both lasers to an additional high-
finesse resonator. However, since the frequency used to excite atoms to the Rydberg state
is different from the resonant frequency of the cavity, we need to employ other methods
to adjust the frequency of the 1039 nm laser. As mentioned earlier in Sec. 3.2.1, it is
important to avoid high laser power to prevent thermal shifts in the cavity resonant fre-
quency. However, this low power transmission through the cavity makes it challenging
to directly use the transmitted light for excitation. In order to achieve high power at the
desired frequency for atom excitation, we use diode injection locking as the seed of a fiber

amplifier.

Additionally, although the ULE cavity helps to mitigate the impact of environmen-
tal temperature fluctuations, it still experiences long-term frequency drift. To establish
a frequency reference, we employ Doppler-free saturation spectroscopy. This technique
allows us to measure the frequency drift at different cavity temperatures and select the

temperature at which the long-term frequency drift is minimized.
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4.1 Cavity Filtering

In PDH frequency locking, the finite bandwidth of the feedback loop introduces the
servo bump, which can be considered a form of noise. However, due to the high finesse of
the optical cavity, it acts as an optical frequency filter, allowing only frequencies within
the cavity linewidth to pass through. Hence, the light transmitted through the cavity ef-
fectively filters out the influence of the servo bump, preserving only the narrow linewidth
laser with reduced phase noise. This characteristic makes the optical cavity an impor-
tant component for reducing noise and improving locking stability. Additionally, besides
eliminating the servo bump, the cavity also helps in eliminating other sources of noise,
such as environmental vibrations and instability in the light source, thereby providing a

cleaner and more stable output beam.

4.1.1 Injection Lock

Laser injection locking is a technique used to achieve high power output by injecting
a weak, low-noise, low-power master laser (or seed laser) into the resonant cavity of a sec-
ond diode laser, referred to as the slave laser. By adjusting the temperature and current of
the slave laser, and ensuring that the frequencies of the master laser and the free-running
slave laser are sufficiently close, the injection forces the slave laser to operate precisely at
the injected frequency. The higher the injection power, the larger the allowable frequency
offset between the master laser and the slave laser. Through injection locking, the master
laser captures and controls the oscillating behavior of the free-running slave laser, ensur-
ing that it operates precisely at the injected frequency. This process leads to a high power
output with reduced noise. The experimental setup is illustrated in Fig. 4.1. We utilize a
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Laser Diode
Amplifiers - E]

Figure 4.1: A diode is injected by sending a seed laser, which is a frequency-stabilized
laser passing through a fiber-EOM to modulate the +1 or -1 sideband. The injection-
locked laser then serves as the seed for fiber amplification, allowing for high-power laser
generation with outputs reaching up to SOW.

Atoms

low-power transmitted light at 1039 nm, with an approximate power of 500 pW, obtained
from an ECDL locked to a cavity using the PDH technique. This transmitted light is mod-
ulated using a fiber-EOM to generate sidebands. To prevent both the carrier frequency
and sideband frequencies from being injected into the slave laser simultaneously, we uti-
lize an additional scanning Fabry-Pérot cavity. This cavity helps optimize the modulation
depth, enabling the sideband power to exceed the carrier power significantly. As a result,
we have the flexibility to choose either the +1 order or -1 order sideband frequency for

injection into the slave laser, depending on our requirements.

In order to shape the light emitted by the diode laser, two cylindrical lenses are used,
and the light is directed through an isolator coupled to both ends of a PBS. The master laser
beam is reflected by the PBS at the rear end, directing it back towards the diode laser.
A half-wave plate is used to adjust the polarization of the master laser beam, enabling
efficient injection of the power into the diode laser. The output light from the injection-

locked slave laser is characterized by its low-noise properties.

To prevent the instability caused by light reflecting back into the diode laser dur-
ing subsequent experiments, we incorporate a second isolator. However, for the desired
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atomic applications, the laser output after injection locking becomes the seed laser for fur-
ther amplification using a fiber amplifier. This amplification stage increases the power to
50W, allowing for efficient excitation with a large detuning in the intermediate state for

Rydberg excitation.

4.2 Laser Calibration

The ULE glass used in the cavity has a vanishing first-order derivative term j—:’; with
respect to temperature, and the cavity is already placed in a vacuum environment, making
it less sensitive to temperature fluctuations. However, it can still be affected by long-term
heating when the laser is operational or by the influence of the final equilibrium tem-
perature set by the temperature control system, leading to long-term resonant frequency
drift. To mitigate significant frequency drift that would necessitate frequent recalibration
of the laser to the atomic wavelength, our objective is to set the cavity at the zero-crossing

temperature.

To determine the zero-crossing temperature, the commonly used approach is to mea-
sure the beatnote using a stable reference laser with a similar wavelength. However, in
our case, we do not have another laser available with a comparable frequency. Therefore,

we employ Doppler-free saturation spectroscopy [23], as described in Sec. 4.2.1.

This technique utilizes the 459nm laser in our Rydberg laser system, where the master
laser at 918nm is locked to the cavity using PDH locking, as depicted in Fig. 4.5. The
frequency difference between the crossover lines corresponding to the transitions from
6S1/2 F=41t0 7P/, F’ =3 and I’ = 4 is measured using the 459nm laser. This frequency
difference provides us with the relative frequency drift of the 918nm laser with respect to
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the cavity resonance. By determining the zero-crossing temperature, we can mitigate the

long-term frequency drift of the cavity.

4.2.1 Doppler-Free Saturation Spectroscopy

When a laser beam is directed into a vapor cell at room temperature, if the frequency
of the laser light matches the transition frequency of the cesium atoms, the atoms will
absorb the laser light. This absorption leads to a reduction in the power of the laser beam
after passing through the cell. By analyzing the transmitted laser power, we can obtain
an atomic absorption spectrum. The linewidth of this spectrum is typically very wide,
reaching a few hundred megahertz. The broadening observed in the absorption spectrum,
characterized by a Gaussian profile, is significantly larger than the intrinsic frequency
width of an atomic transition. This broadening is mainly attributed to the Doppler effect,

which arises from the thermal motion of atoms at room temperature.

From Fig. 4.2(a), it can be observed that when an atom at room temperature moves
along the z-axis with a velocity V, and interacts with a laser beam propagating in the -z
direction, the laser frequency observed by the moving atom is given by fuiom = fprobe(1+
V. /c). When the laser frequency is lower than the transition frequency fo, it matches the
resonant frequency for the moving atom. Conversely, if the atom is moving in the same
direction as the laser beam, the laser frequency observed is given by futom = fprobe(1 —

V./c). As a result, the atom absorbs photons of higher frequencies.

When a pump beam, with higher power than the probe beam, propagates through the
cell in the opposite direction, the probe beam experiences a redshift, while the pump beam

experiences a blueshift, when interacting with atoms moving in the same direction as the
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Figure 4.2: (a)(c) In absorption spectroscopy, when a probe beam is incident on an atom,
atoms with a relative velocity experience the Doppler effect, and they perceive the probe
beam’s frequency to be exactly matching the atomic transition frequency. The absorption
of photons by the atoms leads to a decrease in the transmitted intensity of the probe beam.
(b)(d) In saturated absorption spectroscopy, another pump beam is counter-propagated
with respect to the probe beam and is incident on the atoms. Atoms with zero relative
velocity along the z-axis have already absorbed the pump beam, allowing the probe beam

to pass through.
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Figure 4.3: When scanning the laser frequency between two hyperfine levels, atoms from
two velocity groups simultaneously absorb the pump beam, resulting in a crossover line.
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probe beam. As a result, atoms within the same velocity group do not simultaneously
absorb the probe and pump beams. Only atoms with zero velocity in the z-direction,
which absorb the pump beam, leading to a decrease in the population of ground state
atoms, exhibit a reduction in the absorption rate of the probe beam, resulting in a spike in

the spectrum, as shown in Fig. 4.2 (d).

0.37

036+

0351

0.34 -

0.33
0.37

036+

035}

0341

Detector Signal

0.33 . f : } . i
03}

021

00" — T~
-0.2 -0.1 0.0 0.1 0.2

Time (s)

Figure 4.4: The probe transmission through the Cs cell exhibits (a) absorption spectrum,
(b) saturated absorption spectrum, and (c) Doppler-free saturation spectroscopy.

When multiple hyperfine energy levels are present in an atomic system, the excitation

of the system using a counter-propagating beam can result in the appearance of crossover
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lines. The presence of crossover lines is attributed to the interaction between moving
atoms and the pump and probe beams. As depicted in the lower diagram of Fig. 4.3, each
peak on the left and right represents a different transition frequency, while the peak in the
middle corresponds to the crossover line. As depicted in the upper diagram, at the central
frequency between the two transitions, two velocity groups of atoms are excited by the
pump beam, leading to a reduction in the population of the ground state. Consequently,
the intensity of the probe beam that is not absorbed becomes more pronounced. Crossover
lines can exhibit higher intensities compared to the main saturation absorption peak and

are often preferred for subsequent experimental studies.

4.2.2 Experiential Setup

In our experimental setup for saturated absorption spectroscopy with a 459 nm laser,
the laser power is approximately 100 uW, which is generated from a SHG laser system
capable of exciting Cs atoms from the 6S, , to 7P, /, state. The experimental configuration
is illustrated in Fig. 4.5. Initially, the laser beam is focused using a lens to achieve the
desired beam size and shape. The beam is then split into two paths, and their respective
intensities are adjusted using a combination of a PBS and a HWP. One path serves as the
probe beam, which passes through the Cs cell directly. The other path is the pump beam,
which is used to eliminate the Doppler broadening effect. While a common approach
involves using a chopper to switch the pump beam on and off, we have chosen to employ
an AOM to prevent the vibrations from the chopper that may affect the stability of the
laser locking. By using the AOM, we ensure that the first-order diffracted light passing

through the AOM exhibits maximum power and efficiency.

The probe and pump beams are combined and overlapped by passing through a PBS
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Figure 4.5: Setup for Doppler-free saturation spectroscopy utilizing AOM to switch the
pump beam.

positioned after the Cs cell. To ensure excellent overlap of the optical paths, a BK7 glass
element is placed before entering the cell. This helps align and overlap the probe beam
and pump beam. To minimize the influence of environmental magnetic fields, we utilize
a magnetic shielding material called soft ferromagnetic alloy sheets (Moxie FKR-120)
that completely surrounds the cell, leaving only a small aperture for laser beam entry. To
effectively shield against environmental magnetic fields, we have implemented a four-
layer isolation setup, which provides magnetic field attenuation in the range of 20 to 30

dB for magnetic fields below 100 puT (1000 mG) at 50 Hz.

Due to the weak signal that is often hidden by the Doppler broadening background,
a lock-in amplifier is employed to extract the signal. The TTL signal from the lock-in
amplifier is utilized to control an AOM, acting as the frequency switch for the pump light.
The time constant of the lock-in amplifier is set to 1 ms to minimize background noise,
and the phase shift is adjusted to maximize the signal strength. The resulting Doppler-
free saturation spectroscopy measurements are shown in Fig. 4.6. The transition from
6S, /2 to 7Py /5 has a natural linewidth of 27 < 126kHz as mentioned in the paper [24]. The
linewidth obtained from the fitting of the signal to a Lorentian function, as shown in Table
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Figure 4.6: Hyperfine spectroscopy from the 6S;/; F = 4 to the 7P, , state.

4.1, 1s approximately 4 MHz. This linewidth is broader than the natural linewidth of the

transition, which is mentioned to be 27 x 126 kHz. The broadening of the linewidth may

be attributed to power broadening, which occurs when the transition is subjected to a high

power level, resulting in an increase in linewidth.

Transition

Linewidth

F=4-3’
Crossover
F=4-4

4.02MHz + 3.08kHz
4.06MHz + 2.10kHz
4.05MHz + 4.22kHz

Table 4.1: The measurement result of the linewidth for the transition from 6S, /5 to 7Py 5

However, it should be noted that the measured probe light frequency used in the

measurement process is shifted by the AOM. Therefore, the resonant frequency of the

transition needs to take into account the frequency shift caused by the AOM. Let’s assume

that the frequency of the crossover line for the 6S; ,-7P; /, transition is denoted as fotom-

The relationship between the 459nm laser frequency fi59 and fu0, can be expressed as

follows:

1
f459 = fatom + 5fAOM~
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4.2.3 Long-Term Cavity Drift

In Sec. 2.4.3, it was explained that the 918nm laser employs the frequency offset
locking technique to lock to one of the resonance frequencies of the cavity using DFM.
By matching the +1 order sideband frequency to the cavity resonance, the relationship

between the frequencies of the 918nm laser and the cavity can be expressed as:

f918 = fcam‘ty - fEOM' (42)

Since the 459nm laser is the second harmonic of the 918nm laser, we can combine Eq. 4.1
and Eq. 4.2 to establish the relationship between the atomic spectral line and the cavity
resonance frequency. This relationship allows us to track the optical frequency drift and

make necessary adjustments for maintaining the stability of the system.

From Fig. 4.11(a), it can be observed that at around 33.04°C, we typically wait for
approximately 3 days after adjusting the cavity temperature controller before conduct-
ing measurements. This is because the cavity is in a vacuum environment, and it takes
longer for the temperature to reach equilibrium. Once the temperature enters a stable drift
range, we begin the measurements. On average, we perform measurements for more than
7 days to estimate the optical frequency drift at different temperatures. To adjust the fre-
quency of the 918nm laser locked to the cavity, we manually sweep the modulation offset
frequency w;. Despite the frequency changes, the cavity remains locked to the same res-
onance mode, leading to a shift in the center frequency of the laser. Frequency scans are
typically conducted 2 to 4 times per day, with each scan lasting for approximately half
an hour. During these scans, we record the center frequency of the crossover lines in the

spectrum, as shown in Fig. 4.7. These measurements provide valuable data for analyzing
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and characterizing the frequency drift of the laser.
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Figure 4.7: The peak frequency drift of the crossover line at different temperatures while
scanning the frequency fron.
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Figure 4.8: The peak frequency variation is analyzed to understand the central frequency
error, which is attributed to the tilt angle of the probe and pump beams.

In order to optimize the power of the 459nm laser, the alignment of the optical path
in the SHG laser system can be adjusted automatically. The probe and pump beam paths
could slightly deviate from one another due to this optimization procedure. We made
three measurements in one hour to analyze the impact of this optimization on the peak
frequency of the Lamb dip, taking into account both the optimized and non-optimized
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conditions [23][25].

The pump and probe beams were overlapped over a distance of 54cm, and the spot

variations were recorded using a CCD. Fig. 4.8 shows the measurement error, where in

the non-optimized case, it was approximately 0.8 kHz. However, in the optimized case,

with the alignment of the pump and probe beams having an uncertainty of around 1 prad,

the measurement uncertainty in the Lamb dip frequency was approximately 3 kHz [23].
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Figure 4.9: The long-term frequency drift is observed while the cavity is at 35.42°C. The
shaded regions represent the periods during which the 1039nm laser is turned off to analyze

the laser thermal shift.
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Figure 4.10: The frequency offset is compared with the Cs cell, considering temperature
fluctuations, with the cavity temperature set at 35.42°C.
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During the experiment, it was observed that when the 1039nm laser is operated with
an input power greater than 1mW, there is a frequency offset of approximately 20kHz
between measurements taken with the laser turned off and measurements taken with the
1039nm laser on. This frequency offset is much larger than the variations observed during
consecutive measurements. The shaded region in Fig. 4.9 represents the results of mea-
surements taken over several days with the 1039nm laser turned off. It can be seen that the
thermal effects caused by the laser accumulate over time and have a significant impact.
Furthermore, the laser frequency is also influenced by the long-term temperature equilib-
rium. To mitigate these effects, the input power of the 1039nm laser has been reduced to
below ImW. As for the temperature fluctuations of the cell, as shown in Fig. 4.10, it is

not significantly correlated with the measurement of the spectral lines in our system.
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Figure 4.11: (a) The long-term frequency offset modulated by the fiber-EOM as indicated
by the crossover signal. (b) The average frequency drift per day is measured while chang-
ing the temperature to find the zero-crossing temperature.

The discussion included the effects of the probe and pump beam alignment, laser
power, and cell temperature on the measured spectral shift. The results of measuring
multiple temperatures are presented in Fig. 4.11 (a). Based on the frequency shifts cor-

responding to each temperature, a plot is generated as shown in Fig. 4.11 (b), yielding a
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zero-crossing temperature of 35.56 + 0.43°C. As of now, the temperature is maintained
at 35.42°C, and over a period of approximately 50 days, the recorded frequency drift has

shown an average of 7100.568 + 322.633 Hz per day.

4.3 Rydberg Excitation
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(296mW) Atoms
6310 F=4 459nm 1039nm

Figure 4.12: (a) The laser setup for two-photon Rydberg transition. (b) The lasers counter-
propagate to the atoms.

When Rydberg atoms are generated in a magneto-optical trap (MOT), they can lead
to fluorescence losses [260]. To determine whether the atoms are excited to the Rydberg
state, we utilize the trap-loss spectroscopy technique [27]. We utilize stabilized 1039nm
and 459nm lasers to excite atoms to specific Rydberg states, such as the 818, /5 and 79D3 5

states. The energy difference between these two Rydberg states is approximately 6.2GHz.

In this experiment, the 1039nm laser is modulated using an EOM after passing through
the F-P cavity. Subsequently, the modulated laser is injected into a laser diode locked to
the +1 sideband of the EOM modulation. By adjusting the modulation frequency of the

EOM, we can scan and control the frequency of the 1039nm laser.

During the frequency scanning process, our laser frequency is tuned by -20MHz from
the transition of 6S;/, F=4 to 7P/, F=4 as shown in Fig. 4.12. The scanning speed is
approximately IMHz/560ms. Throughout the scanning, the power of the 459nm laser is
maintained at 296mW, while the power of the 1039nm laser is 10W.
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Figure 4.13: Trap-loss spectrum for cesium 6S;/; F =4 to (a) 815,/ and (b) 79D3/, two

photon Rydberg transition.

Rydberg states | Transition frequency (MHz) FWHM(MHz)
818, /2 940982498 170.6
79D3 5 940976305 130.7

Table 4.2: The transition frequency to the Rydberg state and the full width at half maxi-
mum (FWHM) of the linewidth by fitting the data with a Lorentian function.

Firstly, the 1039nm laser is turned on for 5 us, followed by the simultaneous acti-

vation of the 459nm laser to drive the Rydberg state for 80 pus. During the last 30 us,

the CCD is activated to collect the fluorescence signal. We see the fluorescence trap-loss

signal near the expected frequency. We observe the fluorescence trap-loss signal near

the expected frequency, as shown in Fig. 4.13, and utilize Lorentzian function fitting the

Rydberg transition frequencies and linewidths in Table 4.2.
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Chapter 5

Conclusion

In order to achieve high-fidelity two-qubit gates with Cs atoms, it is necessary to
reduce the phase noise of the lasers and achieve narrow linewidths. To drive atoms into
Rydberg states, we are using lasers with 459nm and 1039nm wavelengths to conduct two-
photon excitations. However, in the case of the 459nm laser, which is the second harmonic
laser, we utilize its master laser for frequency stabilization. Both lasers are locked to the

cavity resonant frequency using the Pound-Drever-Hall (PDH) locking technique.

By generating an error signal with a high signal-to-noise ratio, we can provide feed-
back to the current source and piezoelectric transducer (PZT) of the external-cavity diode
laser (ECDL). This allows us to precisely lock both lasers to the resonant frequency of
a high-finesse F-P cavity. The feedback bandwidth of the servo controller is carefully

adjusted to maximize its effectiveness in suppressing laser phase noise.

To avoid servo bumps becoming a new source of noise for the atoms, we utilize the
cavity as an optical filter. Through the DFM method, we accurately measure the cavity

linewidth, which is much narrower than the servo bump frequency. We then utilize the
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transmitted light to perform injection locking on an additional laser diode, which serves

as the seed for the fiber amplifier used to amplify the power of the 1039nm laser.

To determine the zero-crossing temperature of the ULE F-P cavity, we set up Doppler-
free saturation spectroscopy as a frequency reference. This approach enables us to monitor
the long-term frequency drift of the 918nm laser resonance within the cavity caused by
temperature fluctuations. By setting the temperature near the zero-crossing temperature,
we have been able to track the frequency drift over a period of 50 days. On average,
the frequency drift amounts to 7kHz per day. Finally, we employ stabilized 1039nm and
459nm lasers to excite atoms to the 815/, and 79D3/, Rydberg states through trap-loss

spectroscopy.
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