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Abstract

Optical Filter For 8Rb Atomic Transitions
by
Ryan Phillips
B.Sc. (Hons) in Physics

National University of Singapore

Optical filters are essential in quantum optics experiments for frequency selection
and attenuation. In particular, optical cavities also offer adjustable narrow-band
frequency selection. That being said, building a stable optical cavity with minimal
losses proves difficult as the system is highly sensitive to detuning; small length
deviations from the original design due to mechanical vibrations, or drift due to
thermal expansion often leads to spatial misalignment and poor coupling efficiency.
In this project, we present a systematic approach to the design of an optical cavity
resonant to a 8Rb atomic transition, including an overview of the techniques used.
The optical cavity uses an active feedback system that stabilizes the cavity to a laser
resonant to the ¥Rb D, F =1 ¥ F! = 0 hyper-fine transition. After assembly,
the optical cavity parameters were tested and matched the design parameters well,
yielding a free spectral range of 2.028 GHz, 20.9 MHz line width, and finesse of
97. Noise characterization was performed to measure length fluctuations during
operation and determine sources of noise. The cavity demonstrated low passive

length fluctuations of 2.63 A and a low noise limit factor of 0.06.
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CHAPTER 1: INTRODUCTION

Chapter 1

Introduction

The development of optical cavities is a landmark advancement in the eld of mod-
ern optics. At their core, optical cavities are arrangements of mirrors spaced apart.
These mirrors con ne electromagnetic (EM) radiation and support the formation of

standing waves of EM radiation through constructive interference. Optical cavities
have been integral in the development of masers{short for microwave ampli cation
by stimulated emission of radiation{by Basov, Prokhorov and Weber [1]. The suc-
cess of optical cavities in masers laid the foundation for the development of light
ampli cation by stimulated emission of radiation, or lasers, that revolutionized elds

from telecommunications to medicine and applied technologies. [2].

Lasers rely on an optical cavity to provide the feedback mechanism that supports
this feature by amplifying speci c frequencies and sustains coherent ampli cation of
light. Without this resonant structure to reinforce speci ¢ wavelengths, the laser's
key features of highly directionality, coherence and monochromatic output would not
be achievable. [2, 3] Most applications of lasers also contain additional elements that
grant researchers highly precise control over properties of the emitted light, namely
its polarization, beam size and shape, ampli cation and overall frequency selection
of light emitted. Some of these properties can be directly controlled via adjusting
the parameters of the optical cavity used, such as the optical cavity length, re ec-
tivity of the mirrors used and the spatial mode-matching of light into the optical
cavity. Generally, the high-level of precision required to control such parameters is
integral to the reliability and accuracy of optical cavities used in many atom-photon

experiments [4], and many commercially-available solutions are either inadequate or
1



CHAPTER 1: INTRODUCTION

far too expensive to meet the highly-speci ¢ needs of researchers. In this project,
we will explore the design, construction and characterization of a Fabry-perot inter-
ferometer built for use as an optical Iter to improve frequency selection and control

of light in single-photon experiments.

1.1 Project Overview

Figure 1.1:8Rb D, Energy level diagram. Values were taken from [5].

Many atom-photon experiments require the use of optical lters for frequency
selection and highly precise control of light. One such example is in single-photon
experiments that utilize four-wave mixing, a phenomenon commonly used in gen-
erating single photons and pairs of correlated photons. The optical Iters used in
such experiments typically have a narrow bandwidth to increase their extinguishing
e ectiveness. In other words, the smaller the range of frequencies transmitted by the
optical cavity, the better it is at attenuating other frequencies. For example, consider
an optical lter that transmits photons resonant to a 8’Rb D, (5°S;, ! 5%P3-)

hyper- ne transition, like the D, F =1 !  F°= 0 hyper- ne transition. At the

2



CHAPTER 1: INTRODUCTION

same time, this optical Iter must attenuate photons resonant to theD, F =2 !
F 9= 0 transition (see Figure 1.1). This Iter must have a bandwidth much smaller
than the frequency spacing between these transitions, otherwise it ends up trans-

mitting photons resonant to both transitions.

Figure 1.2: Four-wave mixing diagrams. (@) ¥Rb D, energy-level diagram
depicting the four waves used. (b) Diagram of the experimental setup used in four-
wave mixing. Optical Iters will serve as the Etalon Filters in the diagram. Figure
produced by Li Yifan, used with permission. [6]

Generally, narrow-band optical Iters made from optical cavities nd use in atom-
photon experiments and single-photon experiments. Figure 1.2 depicts one such
example, where an optical Iter serves to lter for the stokes beam and extinguish
the pump beam. In such cases, the extinguishing e ectiveness of the optical cavity

should be several orders of magnitude to su ciently attenuate light of all unwanted
3



CHAPTER 1: INTRODUCTION

frequencies. The same level of precision is required for Itering the anti-stokes beam
from the coupler beam. Ideally, two optical Iters are used to Iter photons from
the stokes and anti-stokes beams from the pump and coupler beams, respectively.

The position of these optical lters can be seen in Figure 1.2b.

One possible solution is band-pass Iters that use interference, absorption, or a
combination of both to lter light. Commercially available band-pass lIters with
narrow bandwidth are advertised with a full width at half-maximum of 0.5 nm for
wavelengths around 780 nm [7], which converts to a bandwidth that is approxi-
mately several hundreds of gigahertz. In some experiments, this is su cient but
many other experiments that require narrow-band optical Iters cannot use these
solutions. If we recall the previou$’Rb example of Itering light resonant to only
one hyper ne transition (see Figure 1.1), several hundreds of gigahertz is far greater
than the frequency separation between the hyper ne transitions shown. This means
the band-pass lIter will transmit an excessively large range of frequencies and falil
as a narrow-band optical Iter. An alternative solution is to construct an optical
cavity that serves as an interference Iter. One such optical cavity consists of two

high-re ectivity mirrors spaced apart, also called a Fabry-perot interferometer.

This project will focus on the design and characterization of an optical cavity
resonant to a®’Rb atomic transition. The parameters important to such a design
involves the length of the cavity, the re ectivity of the mirrors and spatial mode-
matching of light into the cavity. These parameters allow us to control the frequency
and bandwidth of the light transmitted. Using piezoelectric actuators, the length
of the cavity can be tuned, thereby controlling the resonance frequency. The two
cavity mirrors consist of 97% re ectivity, r=200 mm curved mirrors separated 7 cm
apart. An ECDL tuned to match a 8’Rb atomic transition frequency is used to send

light into the optical cavity.
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1.2 Project Goals

The main goals of the project are to design an optical cavity with the following

properties:

1. Maximally extinguish photons with frequencies other than thé’Rb D, F =

1! F%=0 hyper- ne transition

2. Maximum transmission of photons resonant to the‘Rb D, F =1 ! F%=0

hyper- ne transition

3. Not alter bandwidth of Itered photons

In Chapter 2, we discuss the relevant theory behind optical cavities, starting from
fabry-gerot interferometers. Next, Chapter 3 explains the necessary design speci -
cations and the construction of the optical cavity. Subsequently, we characterize the
optical cavity parameters and its stability in Chapter 4, including the experimental

setups used, the relevant theory, and a discussion of results.
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Chapter 2
Optical Cavity Theory

Let us begin by shedding light on the key ideas behind Electromagnetic radiation
(EMR) propagation, optical cavities and resonance in optical cavities. We will also
discuss various terminology and key concepts relevant to optical cavities, followed

by an overview of which parameters are crucial to achieving the goals of this project.

2.1 Electromagnetic Radiation

Light is an electromagnetic wave that consists of oscillating electric and magnetic
elds propagating through space. In a vacuum, these elds are orthogonal to each
other and the direction of propagation as shown in Figure 2.1. Electromagnetic
waves also travel at the speed of light in vacuum. For an EM wave with some

frequency, the frequency is inversely proportional to the wavelength: [8]
v=f (2.1)

wherev is the speed of the wave equal to, the speed of light in the mediumf is
the frequency and is the wavelength.
The dynamics of EMR are governed by Maxwell's equations and plane wave

solutions to these equations may be written as: [8]

E(r) = Ege ' (2.2)
B(r)= Boe ' (2.3)

whereEg; B is the magnitude of the electric eld and magnetic eld components

respectively. jkj = k = L = Z is the wavenumber,! is the angular frequency and

|
Cc

r = (x;y;z) is the position vector.
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Figure 2.1: Propagation of electromagnetic radiation. The electric and mag-
netic elds are in phase. Arrows represent the direction and relative magnitude
of the electric eld and magnetic elds along the wave's direction of propagation
(+ z-direction).

When EM waves propagate through a medium or undergo re ection at bound-
aries, they are attenuated due to absorption and/or scattering. This can be modeled

by an exponential decay of the eld amplitude:

E(r)= Eoe 2e ' (2.4)

where is the attenuation coe cient that describes the rate at which energy is
lost from the wave. Experimentally, we cannot directly measure the electric eld
strength of EM waves. Instead, the intensity of the EMR is measured which is pro-

portional to the square of the eld amplitude.

In optical cavities, such losses are used to model re ections o cavity mirrors
and absorption or scattering losses. These losses also determine the nesse of the

cavity, a measure of the optical cavity's ability to trap photons.

7



CHAPTER 2: OPTICAL CAVITY THEORY

2.2 Fabry-gerot Interferometer

A fabry-perot interferometer (FPI) is a simple optical cavity made from two at and
parallel re ective surfaces placed close together [3]. When light enters the cavity,
most light is re ected while frequencies matching the resonance frequency of the
cavity are transmitted. Thus, FPIs can act as narrowband transmission Iters with

periodic transmission frequencies. An illustration of a FPI is included in Figure 2.1.

Figure 2.2: Fabry-gerot interferometer illustration. Grey rectangles represent
two plane mirrors in parallel. Red arrows represent the path taken by incident light
rays slightly o -axis.

Due to the high re ectivity mirrors, light waves are re ected between the mirrors,
forming many round-trips before transmitting through. Each round-trip introduces
some losses and phase shifts. Usihgas the spacing between the cavity mirrors, we
may introduce some signal attenuation coe cient to represent an exponential de-
cay in the eld amplitude due to internal losses in each round-trip. This exponential
decay can be modeled as exp@ L ). Any power reduction is given by exp( 4L ).
The phase shift associated with each round trip is exp@ilL=c ), where! is the
frequency, andc is the speed of light in air within the cavity.

Following Siegman [3], for mirrors with equal re ectivityr, the round-trip trans-

mission factor,g(! ) after one round trip can be expressed as

g(') r?exp( 2L 2lL=c)
= Aexp( 2lL=c) (2.5)
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whereA = r?exp( 2L ), jg(! )j < 1 represents the re ected intensity including
losses. The transmitted intensity is represented bjtj?, and jAj? + jtj2 1. Now,
we can express the total circulating signal inside the cavity as a sum of the incident
signal after transmitting through the rst mirror and a circulating signal after one

round trip:

Ecirc itE inc T g(' )tE circ

_ itEnc
=1 q0) (2.6)

We then square the amplitude of the electric eld expression in Equation 2.6 to
obtain an expression of the ratio of intensities of the circulating and incident electric
eld. On resonance, the ratio of intensities in the cavity is given by the following:

I circ Ecirc tz

= = — 2.7
linc Einc 1 A 2 ( )

I=1g

where! g is the resonance frequency of the cavity. Once the circulating eld exits
the cavity, the transmitted signal is expressed as
Etrans = It eXp( L IIL:C ) Ecirc (2.8)

Using Equations 2.6 and 2.8, let us de ne the ratio of the transmitted eld and

the incident eld as the cavity transfer function, T (! ):

T(!) Einc - 1 g(')
p ——
_ )
S PET o) @9

Overall, the net transmission through the cavity is thus the square of the transfer
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function:
2
R —
e 1 og(t)” T
1 A)?
= ( ). 5> exp( 2L)
1 Aexp( Z-)
(1 A)?
1 AZ+4Asi? L
1
= 5 (2.10)
1+ Fsin L
C
whereF is the nesse of the optical cavity.
p_
A

Figure 2.3: Cavity transmission peaks. Intensities are plotted for various values
of nesse using Equation 2.10.

As can be seen in Figure 2.3, changing the nesse of the cavity changes its ex-
tinguishing e ectiveness and its line width. The importance of these parameters
for Itering light will be discussed in the next section. For now, we will focus on

understanding these parameters and their derivations.

10
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Since cavity transmission follows an inverse sinusoidal function, the transmission
intensity is maximum when! = n , wheren is an integer. Furthermore, the regular
frequency spacing between transmission peaks is known as the free spectral range
(FSR). Using these quantities and settingh = 1, adjacent resonance frequencies of

the cavity can be expressed as

C
N (2.12)

Aside from the frequency spacing de nition of the free spectral range, there is
also the spatial dependence of the cavity length on the wavelength of standing waves
formed within the cavity. As light re ects back and forth, it interferes constructively
or destructively. Only standing waves that constructively interfere have the formg =
Ao sin(kx), wherey = 0 when x = 0; L. In other words, only light with wavelengths
equal to integer multiples of half-wavelengths may constructively interfere in the

cavity. Thus, the free spectral range may also be de ned for lengths:

Lesr = 5 (2.13)

Hence, the cavity line width (FWHM) can be obtained as a function of nesse
and FSR:

FWHM = % (2.14)

In the next section, we will use the equations described in this chapter to design
the optical cavity parameters{the cavity length, re ectivity of mirrors and spatial

mode-matching{relevant to achieving project goals.

11
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Chapter 3

Optical Cavity Construction
3.1 Optical Cavity Design

Having established the necessary foundation for optical cavity theory, the subsequent
sections will delve into three important criteria necessary to achieving the project

goals listed in Section 1.2. We begin by studying how to maximize the extinguishing
e ectiveness of the optical cavity based on the frequency separation of an atomic

transition.

3.1.1 Adjustments to cavity length

First, maximally extinguishing photons with frequencies equal to a hyper- ne (HF)
atomic transition, such as the®Rb D, F = 1 ! FO = 0 transition, requires
tuning the cavity length so that the frequency spacing between adjacent cavity
transmission peaks is twice that of the frequency spacing between th&kb 5°S,-,
HF ground states. Since the frequencies of light we speci cally want to extinguish
di er by a frequency matching the spacing between the®s,-, F=1 and 5°S,_, F=2
energy levels, the FSR should thus be equal to 26:835 GHz = 13670 GHz [5].
This allows for maximum transmission of photons matching one HF transition and
maximum extinguishing of photons matching the other. Using Equation 2.12, the
ideal cavity length can be calculated:

299 792 458

L = = 1:0965 3.1
2 (2 6835 109 em (3.1)

However, due to limited resources, an optical cavity constructed by Dr. Boon
Long was used in place of this intended design. This optical cavity has a longer
cavity length of 7.0 cm, leading to a smaller FSR. That being said, the FSR of this
cavity is still such that photons which di er by 6.835 GHz{matching the frequency

spacing between thé’Rb 52S,-, HF ground states{are su ciently attenuated. Since
12



CHAPTER 3: OPTICAL CAVITY CONSTRUCTION

we could still achieve the project goals with this new cavity, we continued building
the set ups necessary for measuring the optical cavity parameters and noise charac-

terization.

Figure 3.1: Cavity transmission plot for original and new cavity designs

(on resonance). In both plots, the red and orange lines represent th&’Rb D,
F=2! F°=0andD,F =11! F%=0 transitions respectively. The cavity
nesse is 103 for both plots. (Top) Cavity length used is:D97 cm. (Bottom) Cavity
length used is 7000 cm.

From Figure 3.1, we can also see that the line width of the cavity a ects the
attenuation of photons with frequencies that deviate from the cavity resonance.
Thus, it is generally preferred to design optical cavities with high nesse to improve
their frequency selection properties. However, high nesse comes with a trade-o :
a reduced bandwidth of transmitted photons which will be explored in the next

section.

13
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3.1.2 Mirror re ectivity

Next, the remaining two goals are (1) maximizing the transmission of photons res-
onant to a desired HF ground-state transition (2) without altering the bandwidth
of the input light. These goals can be achieved in tandem by focusing on certain

properties of the cavity mirrors.

Figure 3.2: Cavity transmission plot for various nesse (on resonance).

Magni ed view of cavity transmission peaks on resonant witf’'Rb D, F = 2 |

F %= 0 transition. Note the extinguishing e ectiveness of the optical cavity increases
with increasing nesse.

Let us rst pay attention to the e ect of mirror re ectivities on the bandwidth of
the input light. As can be seen in Figure 3.2 and Equation 2.14, as nesse increases
the cavity line width will contract. While a higher nesse o ers better extinguishing
e ectiveness, if the nesse is too large it becomes smaller than the linewidth of the
photons produced by the HF transition, thereby altering the bandwidth of transmit-
ted photons. Balancing this trade-o is crucial in preserving the information delity

of photons that are transmitted through the optical cavity.

In practice, the cavity line width will not remain perfectly centered about the
linewidth of the photons emitted either. Slight vibrations due to the movement of
mechanical components or thermal drift due to changes in temperature may cause

changes to the cavity length and thus its resonance frequency. Consequently, the
14
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cavity transmission peak will deviate from the desired frequency. Even in the event
that the cavity line width overlaps the linewidth of transmitted photons perfectly,
even a small change in the length of the cavity (on the order of nanometers) may
result in a smaller bandwidth of photons transmitted. Given these considerations,
mirrors with 97% re ectivity will su ciently attenuate photons matching the un-
wanted HF transition by three orders of magnitude. Any losses due to absorption or

scattering in the coatings are preferably limited to less than 10 parts per hundred.

3.1.3 Spatial mode-matching

Having discussed the e ect of mirror re ectivity, let us now turn our attention to the

e ect of the mirror radius of curvature on cavity transmission. If we directly send
light from the ECDL into the cavity, the cavity transmission will be relatively poor
even after tuning the cavity resonance to match the laser frequency. This is due
to the poor coupling e ciency of the input light with the cavity mode. Generally,
mode-matching lenses are used to shape the beam such that the output matches
the fundamental Gaussian modeTEM o). This mode is speci cally chosen for its
symmetric Gaussian pro le, which is ideal for minimal di raction losses and maxi-

mum coupling e ciency [9].

Let us rst begin by discussing the characteristics of Gaussian beams. Sup-
pose that there is a laser beam propagating in free space. The beam is symmetric
around the center and its intensity decreases with radial distance. The radius of
the beam where the intensity of the beam is=¢ (13.5%) of the maximum intensity
iIs known as the waist,w, (see Figure 3.3). This is also the point along the beam
where its diameter is smallest [3]. Diraction causes the beam diameter to increase
symmetrically to the left and right of the waist (Figure 3.4).

We can derive the relevant equations for these characteristics starting from the

beam waist:

15
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Figure 3.3: Beam waist diagram. The waist, w, is de ned as the point where the
irradiance is E€ (13.5%) of its maximum value.

Wo = — (32)

where is the wavelength. The beam diameter can be expressed as a function
of the beam waist by a hyperbolic relation:

S
2

Z
W02

w(z)=wy 1+ (3.3)

Next, we de ne the Rayleigh rangezr which is the distance from the waist along
the optical axis where the cross-sectional area of the beam doubles. Using Equation

3.3, the Rayleigh range in air can be expressed as follows:

‘OI\)

(3.4)



CHAPTER 3: OPTICAL CAVITY CONSTRUCTION

Figure 3.4: Characteristics of Gaussian beams.  The red line represents a Gaus-
sian beam, is some small divergence angle;is the beam diameterz is the distance
from the beam waist along the optical axiszr is the Rayleigh range, andR is the
beam curvature. Grey dotted lines represent the beam curvature.

The beam curvature,R(z), decreases from in nity at the waist with increasing
z until it reaches a minimum atz = zg. Thereafter, it continues to increase back to

in nity. As a result, the beam curvature is generally expressed as a reciprocal:

1 z
R(z) z2+ z52

) R(Z)=z 1+ %R ’ (3.5)

Having established the relation between beam waist and beam curvature, we
can work backwards from a speci ¢ beam curvature to nd the required beam waist
such that the beam curvature matches the cavity mirrors az = L=2. In order to
shape the beam to t these requirements, a combination of mode-matching lens are
required both before and after the cavity, thereby ensuring spatial mode matching
with the fundamental Gaussian mode. Details of the exact positions and focal
lengths of lens used will be discussed in the next section, together with the exact

parts used to assemble the optical cavity.
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3.2 Optical Cavity Assembly

The cavity is housed in an acrylic box. In its center is a metal box with a through
hole. Cavity mirrors are held using a Thorlabs 1/2" lens tube. A retainer ring
can be adjusted to change the mirror position. The lens tube was screwed into a
threaded ring that is stuck onto the piezo, which is connected to the left end of the
metal box (see Figure 3.5). On the other side of the metal box, another lens tube

and mirror was screwed into position using the same method.

The cavity mirrors consist of two 97% re ectivity mirrors with an equal radius
of curvature ofr = 200 mm (Laseroptik) spaced approximately 7.0 cm apart. Using
a piezoelectric actuator (Thorlabs PA44M3KW Piezo Ring Chip) connected to one
of the cavity mirrors, the cavity length can be adjusted by up to ® m with an
applied voltage. This is equal to a maximum adjustment in the cavity resonance by
approximately 1.19 MHz. This piezo has a drive voltage ranging from 0150 V,
which is much higher than that of variable voltage suppliers. Thus, a high-voltage

ampli er with 10x gain (homemade) was connected to the variable voltage supplier.

At the bottom of the metal box is a peltier glued to a heat sink. A thermistor was
attached to the metal box to monitor the temperature of the optical cavity. Using
a Proportional-Integral-Derivative (PID) control system, the cavity is temperature-

stabilized to reduce thermal drift.
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