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Abstract

Cuprous oxide (Cuy0) is a direct bandgap semiconductor that presents a promising plat-
form for the implementation of a solid state quantum simulator. This promise is in part
due to the presence of excitons in the material which have the potential to become excited
to Rydberg states, which are robust even in the presence of liquid nitrogen temperature
thermal environments. The properties of the Rydberg excitons in Cu,O can be studied by
the proxy of a series of P-exciton resonance peaks. For the study of peaks corresponding
to principle quantum number N > 12 in the yellow P-series, high resolution spectroscopy
methods are required due to the n 3 scaling of the width of each resonant peak. However,
a tunable narrow linewidth light source, such as an external cavity diode laser, can be used
to resolve these states by scanning the wavelength of the laser and measuring its trans-
mission through a sample. Such a laser source can also be used in further experiments
to probe and manipulate the excitonic state of the material, by for example inducing a
Rydberg blockade.

A narrow line-width tunable laser system capable of generating the required wave-
lengths of light via cavity enhanced second harmonic generation to scan the yellow P-
exciton spectrum is constructed, and a high resolution transmission scan is performed. The
results of the scan show close agreement with previously and concurrently obtained white
light transmission spectroscopy results. This close agreement is somewhat corroborated
by further qualitative analysis performed by fitting an asymmetric Lorentzian function
to visible exciton resonance spectral features, and comparing the extracted values of the
function parameters between the white light and laser light data.
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Chapter 1

Introduction

The search for a suitable quantum information processing platform is still an open one full
of many promising candidates, each of which has their own advantages and disadvantages.
Currently, the most successful technologies (going by record numbers of qubits) are trapped
ion and superconducting qubit based quantum computers, but both schemes are beginning
to face issues with scaling beyond 50 qubits [4]. This opens the door for the development
of other technologies, which may be able to overcome such limitations.

One such competing technology is based on neutral atoms, which implement qubits via
arrays of interacting neutral atoms. Since the atoms are electrically neutral, interaction is
facilitated by putting atoms into a so-called Rydberg state[5], in which an electron becomes
highly excited but is still bound to the atom. Such Rydberg atoms have a huge dipole
moment allowing for long range interactions. This includes an e ect known as the Rydberg
blockade, in which the excitation of one atom shifts the energy levels of Rydberg states
for nearby atoms, e ectively suppressing the further transitions to Rydberg states within
a neighborhood [3, 5]. The Rydberg blockade can then, in turn, be used to implement
two-qubit gates [5].

Interestingly, atomic systems are not the only environments where Rydberg states have
been observed. In semiconductors, electron hole pairs can become bound together in a
hydrogen-like state called an exciton [6, 7, 8]. These excitons can also exhibit the highly
excited Rydberg states seen in atoms, leading to the formation of Rydberg excitons, and
allowing for the possibility of implementing a Rydberg interaction based quantum infor-
mation processing system in solid state semiconductors [9, 10, 11].

Among the eld of candidates for a viable solid state quantum simulator, cuprous oxide
Cu,O shows promise thanks a relatively high Rydberg energyR{ 90meV) [12] and a
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series of well de ned exciton resonance peaks with a number of desirable properties. The
yellow P-series in particular shows stability in peaks corresponding to = 8 at or even
above liquid nitrogen temperatures [2], and at low temperatures (110 mK) peaks as high
asn = 28 have been imaged using high resolution spectroscopy [13].

Higher n peaks can have more desirable properties, such as huge radii and dramatically
increased lifetimes (on the order of nanoseconds)[3]. Howevernasicreases, the width of
each exciton resonance peak decreases with® [14, 2], quickly reaching the point where
imaging the peaks using traditional transmission spectroscopy with a broad spectrum light
source and di raction spectrometer becomes impossible (e.g.= 24 exhibits a linewidth
of 3peV [3]). An alternative is to scan the wavelength of a very narrow line-width laser and
measure the intensity of the transmission through the sample at each wavelength in order
to create a high resolution spectral scan. Unfortunately, the Yellow P-excitons in GO
inhabit the neighborhood of 571 nm (depending on the temperature of the sample), a
range for which commercial tunable lasers, or even commercial laser diode, options are
limited. One approach to create a tunable laser light source at the desired wavelength
is to use a commercial laser diode in an external cavity diode laser (ECDL) con guration
(allowing for tunability), and then through a process known as second harmonic generation
(SHG), to double the frequency of the light, which in the case of the system described in
this thesis, allows for the conversion of infrared light to visible yellow light in the wavelength
range necessary to perform such a scan.

As previously alluded to, this thesis describes the design and construction of one such
laser system, and its usage in a preliminary experiment to perform a high resolution scan
of a portion of the yellow P-exciton series in C40 at a cryogenic temperature of 100 K.

Beyond facilitating high resolution spectral scans (which themselves can be expounded
upon by examining the e ects of, for example, an external electric eld [12], or further study
of the so-called quantum defect [15]), a narrow linewidth tunable laser allows for excitation
of individual energy levels, which when combined with a second laser could allow for pump-
probe experiments to further explore the Rydberg blockade e ect in excitons [3, 16], and
e ects like electromagnetically induced transparency [17]. The ability to probe individual
states which interact strongly with neighboring states, coupled with the ability to control
those interactions through e ects like the Rydberg blockade, all works towards the goal
of creating scalable quantum logic gates with which to implement a quantum information
processing system [9, 10, 11].



1.1 Rydeberg Excitons in Cu 5,0

Cu,0 is a direct bandgap semiconductor [18, 3], which supports yellow exciton transitions
between the § conduction band and 7 valence band, green transitions between thej
conduction and 4 valence bands, blue transitions between the, conduction and 7
valence bands, and violet transitions between the; conduction and g valence bands. In

the case of the yellow and green excitons, the S-excition series is dipole forbidden, and as
a result, cannot be accessed via spectroscopy. The P-exciton series for both, on the other
hand, is dipole allowed, and can be seen riding a top a thermal phonon background via

absorption spectroscopy techniques [1, 3].

Since the exciton series are hydrogen-like, they follow the well known Rydberg equation,
where the distance from the band gap enerdyy for eachn energy level is:

Ry

(1.1)

with the di erent colored series having di erent values forR,. For the yellow excitons,Ry is
typically reported to be between 87 - 92meV [1, 3, 15]. Plotting Ry=n*forn =1 5 (Fig.

1.1) reveals a series of energy levels which indeed closely resembles the classic hydrogen
energy level diagram.

Figure 1.1: A plot of Ry=n? from n =1 to n =5. The value chosen forR, was 92 meV,
from [3].



Frequently Eq. 1.1 is modi ed by an additional term , called the quantum defect, to
account for a observed deviation from the hydrogen-like Rydberg formula in excitons due
to splitting between states of di erent angular momentum [3, 15, 19]. This gives:

Ry
(n )
However, the e ect of the quantum defect, including whether or not is constant or depen-

dent onn, I, or some other factor, and what the value or values that it takes are, are still
actively being studied [15].

E,= Eq (1.2)

The absorption lines of the P-excitons are described by a series of asymmetric
Lorentzians as shown by Toyozawa, with the equation for a single peak given by [14]:

- +2Qn(E  En)

2
2 “+(E  Ep)?

n(E)= C, (1.3)

where C, is a term describing the oscillator strength, ,, is the full-width half-maximum
(FWHM) line-width of the resonance peak at the energ¥,, and Q, captures the asym-
metry. The parameters of Eq. 1.3 each follow a set of well known scaling laws as a function
of n, the principle quantum number corresponding to each peak [2]. Together these terms
characterize a resonance peak, and can be used to perform deeper analysis such as calcu-
lating E, and Ry and estimating the exciton lifetime [3].

The exciton resonance peaks ride atop a broad background spectrum, which in the
energies the yellow P-excitons occupy is comprised of contributions from the phonon-
assisted transitions from 5 to the 1S Yellow and Green excitons [1], as well as absorbance
from the Urbach tail and P-exciton continuum.

The absorption spectrum for the phonon assisted absorption is derived in [1] for the
yellow P-excitons as:

e € Myaed p 2 X S g N
ny R 2~ onrca mo ! Mo 108 o ne2 gO
n%s
(1.4)

where the termq,, with as an index denoting a speci ¢ phonon such as; or ,, is
de ned as: r

q
G()= o a4 gY (L5)



and e is the chage of an electron, is the density, ng is the refractive index at the exciton
energy, a, is the blue exciton's Bohr radius,My is the mass of the yellow excitonmg
is the mass of a free electron;! is the energy of the phonon indexed by, psg is the
term for dipole transitions between Bloch statesD .5 is the deformation potential (with
D (Q D9 1+D%,Q?), EY (ER) is the nS yellow (blue) exciton energy, and

s,ﬁyn?? is the yellow and blue exciton overlap factor given by:

_ 27 3=2(1 ¢
s (Q) = 2( . Z — (1.6)
41+ )"+ ¢ 2Q
with = ay=a, [1].
Also formulated by [1] is the P-exciton continuum:
| 3=2
peont (! ) = Cyp ~ = © 1+ _2 (1.7)
y ~I sinh 2
with Cyp =9:82 10 2P eVum ! as a material constant and de ned as:
S —
R
- Y (1)
~l By

consisting of the yellow Rydberg energy Ry= 87 meV and the renormalized band gap
energyEy, = Eg+ ¢ (with . approximated as Ryyznzmax).

Finally, the Urbach tail's [20] contribution to the background absorption is the formu-
lated by [1] as:

- E,
Eu

urach (! ) = Cuexp Ey -~ (1.9)

which includes the constantCy =7:34 10 3um ! and Ey = 9:8 meV.



1.2 Research Objectives

The the research project outlined in this thesis consists of several steps. The rstis is to
construct a narrow linewidth tunable laser, in this case an ECDL with an Fabry{Rerot
(FP) cavity to act as a stable wavelength reference, and a SHG module for converting the
infrared fundamental light of the laser into the yellow light required by the experiment, all
of which are described in detail in Chapter 2. Such a system needs to be characterized,
after which the intent is to use the laser to conduct an experiment. For the scope of
this thesis, the goal is to use the laser in order to perform a high resolution spectral scan
of the yellow P-exciton series in CxO, with the aim of speci cally targeting resonances
corresponding ton > 11 at 4K, as in a previous study these peaks were not resolvable
with traditional spectrographic techniques [2]. The results of the experiment then need to
be analyzed in order to evaluate the e cacy of the high resolution scan, before the laser
can be used in further experiments outside the scope of this thesis.



Chapter 2

External Cavity Laser Diode System
Construction

This chapter is an overview of the design and construction of a narrow linewidth wavelength
tunable laser system, capable of producing output light suitable for a high resolution
spectral scan of the yellow P-exciton series in GO. The laser system itself consists
of several components, including an infrared laser light source utilizing an external cavity
con guration, a stable wavelength reference in the form of an FP cavity, a bowtie-cavity
enhanced SHG module to double the fundamental infrared wavelength of the laser to yellow
light, and the electronic feedback and control systems for laser and cavity stabilization using
the Pound{Drever{Hall (PDH) method.

2.1 Contribution Statements

The design work of the laser system described in this chapter was performed by Prof.
Kyung Soo Choi, Prof. Na Young Kim, Dr. Daniel Kang, Younseok Lee and Hyeran Kong
based on the ECDL lasers described in [21], with the design of the FP cavity based on [22],
and the non-linear crystal holder designed by Prof. Na Young Kim, Daniel Kang, and the
author. The construction of the laser system was performed by Dr. Daniel Kang, Hyeran
Kong, the author, Marcel Robitaille, and Prof. Na Young Kim, with components such as
a laser control box and laser cage provided by Prof. Choi's UQML group and prepared by
Prof. Na Young Kim, Dr. Younseok Lee and Hyeran Kong.



2.2 An External Cavity Laser

The ECDL is comprised of a number of optical systems, one of which is the source of the
light itself. While the entire system is frequently referred to as the ECDL, the real ECDL is
only the subsystem consisting of a semiconductor laser gain material and di raction grating
used to form an optical resonance cavity external to the semiconductor gain material, hence
the name external cavity diode laser. The primary advantage of an ECDL over other laser
systems is the ability to tune the wavelength of the laser over a broad range via the
di raction grating, while still maintaining a fairly narrow line-width.

2.2.1 Theory

Spontaneous emission is a phenomenon in which an excited electron randomly decays to
a lower energy state, releasing a photon in the process. This is seen for example, in
LEDs, where a voltage applied across a PN-junction creates excited electron-hole pairs
whose recombination leads to the emission of light. Laser diode operation is predicated on
stimulated emission, in which an incident photon interacts with an electron in an excited
state, causing the electron to decay and release a photon in the same mode (i.e. same
wavelength, polarization, and direction of travel) as the stimulating photon. This e ectively
creates an ampli cation a ect. Stimulation is achieved in laser diodes through the use of an
optical cavity, in which spontaneously emitted photons are re ected back and forth between
two re ective surfaces, during which they interact with the semiconductor material. This
leads to a large amount of stimulated emission in a runaway e ect, and creates a coherent
laser beam from the photons that leak from the optical cavity [23].

In conventional laser diodes, the optical cavity is typically formed at the boundaries of
the gain material by coating the front and back facets of the semiconductor with a highly
re ective material, creating an optical cavity entirely within the diode itself. In an ECDL,
however, (at least) one end of the diode is anti-re ection (AR) coated, with a mirror or
di raction grating used to complete the optical resonance cavity. In this case, part of the
cavity is external to the gain material itself, hence the name of the con guration. The
formation of an external cavity has several advantages including decreasing laser linewidth
[24], but critically for the application of broadband scanning of a laser, it allows for se-
lectivity of the optical feedback which stimulates lasing in the gain material. Speci cally,

a di raction grating can be used to select a speci c wavelength of light for feedback, and
due to the coherent nature of stimulated emission, this can be used to tune the wavelength
of the emitted light over a far broader range than can be achieved by techniques such as
varying the injection current or temperature of the gain material [24].
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Figure 2.1: The Littrow ECDL con guration, in which the rst order diraction from a

di raction grating is re ected directly back into the laser diode to provide optical feedback.
The grating can be rotated, changing the angle between the incident light and the grating
normal, which in turn tunes wavelength of the laser. This also changes the angle of the
zeroth order output beam.

ECDLs are typically constructed in one of two con gurations: the Littrow or Littman-
Metcalf con gurations. In the Littrow con guration [25], an example of which is shown in
Fig. 2.1, the rst order di raction from a di raction grating is used for optical feedback to
generate stimulated emission, with the zeroth order diraction acting as output [26, 24].
The Littrow con guration is achieved by choosing the blaze angle of the grating such that
the diracted light (usually rst order) is re ected back towards the light incident on the
grating at the same angle. In this case, the diraction e ciency for that order of light
is maximized, thereby maximizing optical feedback to the laser diode [27]. The grating
equation is:

m | = d(sin i, +Sin oy) (2.1)

whered is the groove spacing of the gratingn is the di raction order (0 for the main beam

which re ects o of the grating, 1 for the rst order di raction used as optical feedback,

etc.), in is the angle from the incident beam to the grating normal,  is the angle of the
m™ order refracted beam, and  is the wavelength of the beam [27, 28]. For the Littrow
con guration, i, = oy, Yielding:

m . =2d(sin i) (2.2)

This means that the output wavelength can be adjusted by adjusting the angle between



Figure 2.2: The Littman-Metcalf ECDL con guration, in which the rst order di raction
from a di raction grating is re ected o of a mirror, back against the di raction grating,
and into the laser diode to provide feedback. Wavelength in this con guration is controlled
by angling the mirror instead of the grating, leading to a xed output angle for the zeroth
order output beam.

the incident beam and normal of the grating, usually achieved by rotating the grating. This
has the notable e ect of changing the angle of the zeroth order output beam as well [28, 26].

In the Littman-Metcalf con guration, originally introduced in [29] and [30] for appli-
cation with pulsed dye lasers and an example of which is shown in Fig. 2.2, the incident
beam is aimed at a grazing angle relative to the grating. The rst order di raction then
re ects o of a mirror, back into the di raction grating, and into the laser to provide the
feedback. In this con guration, angle of the mirror, and not the grating, is rotated to
vary the wavelength, meaning that the angle of the output beam is xed. However, this
con guration has the drawback that it is more complex that the Littrow con guration,
and su ers from lower power output [26, 28].

In the case of the ECDL described in this thesis, the gain material is a thin semicon-
ductor straight stripe gain strip, with a highly re ective back facet and an AR coated,
Brewster cut front facet. The shape of the front facet is rectangular, as shown in Fig.
2.3. This means that the resulting beam is slot/elliptically shaped, with a high degree of
eccentricity. In addition, the angle of divergence along the horizontal and vertical axis of
the emitting face di er, leading to an astigmatism, where the two axes of the emitted laser
beam focus at two di erent lengths [31].
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Figure 2.3: An image of the Innolume laser diode used in the ECDL, taken using an optical
microscope.

2.2.2 Construction

The laser diode used is an Innolume GC-1160-90-TO-200-A stripe gain chip with a typical
wavelength of maximum power of 1160 nm. This is housed in a Thorlabs LT230P laser
collimation package, with a C330TMD-C lens used for collimation. The collimation package
is designed for a typical TO-9 can laser diode, the dimensions of which the laser diode does
not conform to. In order to retrot the nonstandard package to work with a standard
collimation package, the provided TO-56 can diode adapter is used as a spacer to keep our
laser diode (which has a long gain strip) at a su cient distance from the collimation lens
such that focusing is possible. The rim of the base ange of the laser diode chip package
is also coated in 3 layers of clear acrylic nail polish to extend the diameter slightly so that

it sits centered in the collimation package.

The di raction grating is a Richardson 33025FL01-220H (1200 g/mm, blaze wavelength
of 700 nm), which is mounted in a Littrow con guration on an two axis adjustable holder,
with a piezo actuator allowing for modulation of the horizontal axis.

Both the collimation package and diraction grating are mounted in a custom laser
cage developed by the UQML group [21] with an integrated thermoelectric cooler. The
leads on the back of the gain stripe package plug into a static discharge protection circuit,
with wires conducting the current to this circuit exiting out of the back of the laser cage.

Figure 2.4 depicts the collimation tube, starting with the assembled package with the
static protection circuit attached in a). To assemble the collimation tube, start by applying
3-4 coatings of clear acrylic to the circumference of the base of the laser diode package.
Test the t in the collimation tube to ensure that it is snug. If the t is too loose, add
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Figure 2.4: (a) A side view of the collimation package. (b) a view depicting the laser
diode package with the TO-56 adapter (used here as a spacer). (c) The back view of the
collimation package, where a retaining ring holds the gain stripe package in place. Images
captured by Dr. Daniel Kang.

more acrylic. If it is too tight, apply some acetone with a cotton swab to remove some of
the acrylic. Once the t is right, place the spacer on the gain stripe package as shown in
Fig. 2.4 b), and then insert the it into the collimation package. Secure it with the retaining
ring as shown in Fig. 2.4 c). Insert the collimation lens on the other end of the package,
and plug the laser diode into the socket on the anti-static board, being careful to respect
the orientation of the pins on the gain stripe and socket. The pins are asymmetrical and
should be able to be plugged in only one way, but are exible enough that it might be
possible to insert the it in the incorrect orientation.

2.2.3 Optical Setup

Figure 2.5 shows the optical elements associated with the ECDL, from the generation of
light in the laser cage up until the second ber couple (labeled C2). The rst element
the laser beam encounters upon exiting the cage is a Thorlabs PS883-C mounted prism
pair with 4 magni cation, which is mounted in reverse to shrink the laser beam along
the horizontal axis by 4 , reducing the eccentricity of the beam signi cantly. Having
been shrunk to a suitable size, the beam passes through a Thorlabs 10-4-1150-VLP optical
isolator, which prevents back re ections into the gain material which could damage or
ultimately destroy it. From here, the beam passes through a plano-convex mirror, L1,
which is used to focus it ahead of the lens incorporated into the ber couple itself, and
was found in practice to increase the e ciency of the power coupling through the ber
optic cable. The laser is then directed to the ber couple by two steering mirrors, M1 and
M2, allowing for four degrees of freedom which are used to precisely align the laser beam
with the ber optic cable input and maximize the power coupled to the ber. The ber
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Figure 2.5: A diagram of the optical elements relating directly to the ECDL and to the
ber couple. Inside the laser cage of the ECDL is a laser diode housed in a collimation
package and a di raction grating.

couple, C1, consists of a two axis adjustable mount and two components: a focusing lens
(Thorlabs C330TMD-C) and an FC ber termination into which an Oz Optics SMJ-3A3A-
1060-6/125-3-2 single mode patchcord ber optic cable is inserted.

2.2.4 Collimation

Collimation of the light emitted from the laser diode and the alignment of the di raction
grating go somewhat hand-in-hand. Without either, the laser will not lase, even at very
high currents (500 mA) due to a lack of optical feedback. If the laser diode is not lasing,
it is hard to ne tune the collimation precisely due to low beam power making it di cult

to visualize the beam pro le. Therefore, it may be necessary to rst roughly collimate the
beam to a reasonably long focal length or small divergence, then align the grating, then
precisely collimate the beam and nally ne tune the grating alignment.

Collimation of the beam is performed without any any additional beam shaping ele-
ments besides the collimation lens housed in the collimation package. Thus, the prism
pair, optical isolator, and L1 are removed. Collimation is also best performed over a long
distance (2 or more meters) in order to obtain a precise alignment. To do so, a mirror
was used to direct the beam of the laser down the long axis of the optical table towards
a wall where an IR viewing card was taped to visualize the beam pro le. The mirror was
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mounted on a ip mount, so that when not looking at the beam shape it could be diverted
from the IR card to prevent overexposure. It is also useful to have a second IR card on
hand to visualize the pro le of the beam in free spaces as it is propagating.

Collimation is performed with the collimation package mounted in the laser cage by
placing the end of a small hex key in the notch in the metal body of the collimation lens
inside the package and using it to rotate the lens, thereby adjusting its position and focus.
The goal is to ensure that the beam is not visibly focusing (coming to a single point along
one or both axis and then diverging again) at any point along the visible path, or diverging
signi cantly at the end. In practice, the beam may have an astigmatism, meaning that
both the horizontal and vertical axis do not focus at the same point, which can make
collimation di cult. In addition, the beam will diverge regardless of collimation quality
over distances on the scale of the Rayleigh length.

One method to collimate the beam is to adjust the collimation lens until the beam is
focusing along at least one axis near the wall used to terminate the beam. Then, adjust
the lens very slightly until the focal point of the beam vanishes to a point slightly behind
the plane of the wall. This transition is very sensitive, the angle of rotation of the lens
needed to achieve this is typically less than 5

2.2.5 Grating Alignment

The proper alignment of the di raction grating is necessary in order to aim the rst order
di raction of the laser light back into the the gain material, providing the necessary optical
feedback for lasing to occur, and allowing for wavelength selectivity. The vertical align-
ment is the most crucial, as the horizontal alignment of the grating is frequently slightly
misaligned intentionally as this is how the wavelength is changed.

When starting a grating alignment from scratch, e.g. when installing a new laser diode,
both the horizontal and vertical axis might be misaligned. To check, rst turn the current
to the laser diode all the way down to 0 mA, then start to slowly increase it (to a maximum
of 500 mA). At some point, the beam should be faintly visible when viewed using an IR
card. If the beam suddenly jumps dramatically in brightness at any point, the gain strip
is getting enough optical feedback to begin lasing, and the grating is at least partially
aligned.

If lasing does not occur at any point, then the grating needs to be completely re-aligned.
Start by adjusting the vertical alignment upward so that the rst order di raction beam is
angled to hit the laser cage at a height above the collimation package. It may be useful to
use a pair of forceps and a small strip of IR card to view the beam in this con ned space.
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Once the beam is angled up su ciently, is possible to view the rst order di raction with
an IR card (or IR card strip) without blocking the fundamental beam on its path to the
di raction grating from the diode. Next, adjust the horizontal alignment of the grating
until the rst order diraction is roughly aligned with the center of the collimation lens
on the horizontal axis. It should be directly above the beam coming from the laser diode,
before re ection o of the grating. Then, adjust the vertical axis of the beam back down,
until the original and re ected beams are roughly overlapping. At this point, visible lasing
should occur at a high enough current, and the alignment can be further ne tuned.

To ne tune the grating adjustment, rst start with the vertical axis. Turn the laser
diode current up until lasing is visible. Then, lower the current until just below the
threshold at which lasing occurs. The light on the IR card should appear dim, or ash
as lasing occurs intermittently. Adjust the vertical alignment until lasing occurs at the
lowered current. Then, lower the current once again until just below the threshold for
lasing, and again adjust the vertical alignment to re-initate lasing. Repeat this process
until a current is reached at which lasing will no longer occur regardless of vertical axis
adjustment.

In many cases, only the vertical alignment of the diraction grating needs to be ne
tuned, since, as stated previously, the horizontal alignment is intentionally slightly mis-
aligned to adjust the laser wavelength. However, in order to nd the maximum power of the
laser, the horizontal axis can be aligned in the same manner as the vertical. After adjusting
the horizontal alignment a signi cant amount (even if just to change the wavelength of the
laser), it can be useful to re-adjust the vertical alignment as it may have changed slightly.
Also, if the laser wavelength is unstable, a slight adjustment of the vertical or horizontal
grating alignment can help with stability, although it may lower the laser's output power
slightly.

2.2.6 Fiber coupling

When adjusting the wavelength of the laser, the angle of the beam relative to the body
of the laser cage changes due to nature of the Littrow con guration used. This change in
angle presents a problem with regards to the rest of the optical setup, as the two cavities
(FP and SHG) used require precise alignment to operate, and are incredibly sensitive to
any such changes. In order to counteract this the laser light is routed into a ber optic
cable, the output of which is in a xed position. Two steering mirrors (M1 and M2) are
used to counteract changes to the beam angle due to changing wavelength and direct the
light into the input side of the cable via a ber couple. The coupling to the ber itself can

15



be very sensitive and required careful alignment, but this alignment is simpler than having
to repeatedly re-align both cavities.

Start o by measuring the power of the laser prior to coupling. This can be done by
ipping down M1 and placing the power head of the Thorlabs PM100D behind it. This
allows for the estimation of an acceptable amount of power coupled through the ber optic
cable, the e ciency of which should be somewhere around 50%. Flip M1 back up and
place the power head at a location after the ber couple to measure the power transmitted
through the ber optical cable. If the power measured by the meter is less than 1W,
adjust the knobs of M1 and M2, watching for any uctuations in power.

If no uctuations in power are present, the laser is not coupled to the ber at all.
This can be remedied by roughly aligning the laser using the Oz Optics ber checker.
First, remove the ber optic cable from C1. It is important to remove it from C1 and not
C2, as this keeps C2 xed. Even slight changes to the position of C2 can require careful
realignment of the SHG and FP cavities. Next, attach the Oz Optics ber checker to
C1 using a dierent ber patch cable. Position the IR card right before the entrance to
C1. Adjust M1 to align the brightest part of the laser light (the red glowing spot on the
IR card) with the spot from the Oz Optics Laser source, which should glow yellow-green.
Position the IR card right after the optical isolator and adjust M2 to align the ECDL and
ber checker spots at this point was well. Return the IR card to the ber couple, and
repeat the adjustment of M1. Return the IR card to the optical isolator, and repeat the
adjustment of M2. Iterate until no deviation in spot position is observed when moving
from the ber couple to the optical isolator or vise-versa. Remove the Oz Optics light
source and re-attach the original ber optic cable. At this point, the laser should be well
aligned enough that some transmitted power is measurable.

Once the laser is partially coupled to the ber optic cable, M1 and M2 can be used
to ne tune the alignment and maximize the transmitted power. Start by adjusting both
knobs of M1 to maximize the observed power. Then, adjust both knobs of M2 to maximize
observed power. Now, adjust one axis of both mirrors simultaneously. For example, return
to M1 and starting with the top knob, slightly adjust in one direction. Then adjust the top
knob of M2 to re-maximize the power. If the new maximum power is less than before, return
to M1 and move top knob in opposite direction, then adjust top knob of M2 to maximize
power. Continue to move M1 in the direction of increasing maximum power, using M2 to
maximize power, until the max power begins to lower when moving M1 further. Follow
the same procedure with the bottom knobs of M1 and M2. Return to the top knobs of
both mirrors and follow the same procedure again. Alternate adjusting top and bottom
knobs of both mirrors until the max power does not change or go down. The maximum
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measured power should be on the scale of 45-508bthe power measured prior to the ber
couple. If a local maximum is found that is signi cantly less than this value, try adjusting
top/bottom knob of M1 in large amounts in either direction until power goes down, then
starts to go back up. This is a new local maximum that can be optimized, starting from
the beginning of the partially coupled step. If this does not work, it may be best to start
again from from the basis of being completely uncoupled and repeating the steps using the
Oz Optics ber checker.

2.3 Fabry{Rerot Cavity

A Fabry{Rerot (FP) interferometer, also know as an FP cavity, is an optical resonance
chamber comprised of two mirrors facing each other that resonates only with light which
has a wavelength that is an integer multiple of twice the distance between the two mirrors.
As such, it can be used to construct an extremely sensitive wavelength reference, which
can in turn be used through feedback techniques to stabilize and narrow the line-width of
a laser source.

2.3.1 Theory

FP cavities have the property that they only transmit light at wavelengths which are integer
multiples of twice the cavity length, because only under this condition does light which
leaked into the cavity after one round trip perfectly match the phase of incoming light. This
leads to perfect constructive interference, e ectively coupling the electromagnetic eld of
the laser to the cavity in spite of the (typically) small value of the transmittance coe cient
used in the mirrors comprising the cavity. The spacing between two adjacent frequencies
of light at which the FP cavity resonant, called the free spectral range (FSR), is given by

[32, 33]:

Cc
FSR = 5 (2.3)

1The ber coupling e ciency of 50% mentioned above is still somewhat low, but was the best that
could be attained after adapting the nonstandard laser diode package to t in the Thorlabs collimation
tube, many careful collimation attempts, failed attempts to use cylindrical lenses to correct the astigmatism
introduced by the shape of the front facet of the gain chip, and attempts to use plano-convex lenses to
further condition the beam prior to the ber couple. The remaining lack of e ciency is attributed to
any remaining imperfections of the seating of the gain stripe package in the collimation tube, and the
astigmatism of the beam.
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wherec is the speed of light andL is the spacing between the two mirrors of the cavity.

By observing the intensity of the light re ected o of the cavity and varying the wave-
length of said light, it is possible to observe dips in the intensity of the re ected light,
which mark resonant wavelengths at which the light is coupling to the cavity. In this way,
the cavity acts as a reference for a very specic frequencies of light (spaced out by the
FSR), which the laser source can in principle be locked to via electronic feedback. The
most common method for achieving this laser stabilization is the PDH method.

Given an electric eld with intensity Eq and frequency! incident upon the cavity:

Einc = Eoei!t (2.4)

we consider the ratio of the the re ected electric eldE,s to the incident eld when the
cavity has symmetric mirrors with re ection coe cient r[32]:

. |
E rexpi— 1

H(1)= = = FoR (2.5)
Einc 1 r2exp

!

FSR

Choosing values fol. and r which match the design parameters for the FP cavity used in
this experiment, we can see in Fig 2.6 that a resonance occurs at around 1Q@43 81 nm.

These resonance dips have a bandwidth de ned by their FWHM, which for a cavity
with symmetrical mirrors is theoretically predicted by [33]:

. cC
= Tln(r) (2.6)

This can further be used to de ne two characterizing quantities, the cavity ness& and
quality factor Q [33]:

_ FSR _
k= ~ 2In(r) 2.7)

Q()= — (2.8)
For the cavity parameters described above, the width of the resonance lines is
nw = 1:273MHz, the nesse of the cavity i = 784.6, and the quality factor at
114307481 nm isQ = 2:059 1C°.
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Figure 2.6: A closeup of Eq. 2.5 centered around a resonance poOiNntefer =
1143074 81 nm, chosen arbitrarily as one of the resonance points within the working range
of the laser diode), evaluated with the parameterk = 15 cm with mirrors having r = 99:8

%. There is an obvious sharp dip in the re ected power around a single wavelength, in-
dicating that theoretically, the incoming eld couples almost completely to the cavity at
this wavelength. These resonances repeat (in nitely) many times, spaced out bysg.

Another consideration when designing an optical resonator is the stability of the cauvity.
Given a cavity of lengthL and two mirrors with radius of curvature R; and R,, the stability
parameters for each mirror can be de ned as [33]:

L L

=1 R, =1 R, (2.9)
Stable cavities meet the criteria:

0 qo 1 (2.10)

Confocal cavities are a cavity con guration where the focal point of one mirror is
coincident with the plane of the other, i.e.g; = g, = 0, and are unique for their stability
in the presence of small displacements and their suppression of longitudinal beam modes,
leaving only the transverse Gaussian mode. Thus, a confocal cavity spacing, if possible, is
desirable [33].
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Figure 2.7: A cross sectional view of a 3D rendering of the FP cavity.

2.3.2 Construction

The cavity mirrors are two Layertec mirrors with a radius of curvature of 150 mm and a

re ectivity of > 99.8% from 1030 - 1360 nm. Each mirror is housed in a metallic end cap,
one made of brass and another of aluminum. The aluminum cap also houses a ring-shaped
piezoelectric crystal, which upon the application of a voltage can actuate the position
of the co-located mirror. Magnet-wire leads are attached to the two pads of the crystal
using silver paint, coated in a layer of clear nail polish for mechanical stability. A quartz
tube is used as a spacer to align and o set the two end caps by the necessary spacing
required to establish a stable cavity. The spacing of the mirrors can be coarsely (compared
to the piezo actuator) controlled by rotating the inner ring of the brass end cap, which
consists of a threaded outer and inner ring to allow for the necessary linear translation.
The construction of the cavity is depicted in Fig. 2.7.

The FP cavity itself rests on a pair of 3D printed spacers in a ange which holds it at
a suitable height for optical routing, as shown in Fig. 2.8. The materials and geometry
of the cavity were chosen to allow a con guration which counteracts the e ects of thermal
expansion at 300K, resulting in a length stable against thermal uctuations at around
room temperature.

Speci cally, using the coordinate system and the dimension labels as de ned in Fig.
2.9(i.e. x = 0 at the center of the cavity), we have:
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Figure 2.8: A cutaway showing the FP cavity assembly housed inside a metal ange.

L
Xq1= quartz( T)E

L
Xo= quartz (T 7

X piezo — X1+ piezo ( TY(X piezo)
Xbrass = X2+ prass ( T) (X brass)

In order for the cavity to remain the same length with temperature, the expansion
e ects must cancel out. Therefore:

X piezo Xprass = 0 (2.11)

( quartz L+ piezoX piezo brassX brass) T=0 (2-12)

USlng brass = 19 10 6m K 1, quartz = 5.5 10 7m K 12, piezo 5 10 6m K 1
[34] and rearranging:

2https://www.engineeringtoolbox.com/linear-expansion-coe cients-d _95.html
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Figure 2.9: The FP cavity with dimensions of note given labels, and the center of the
cavity being de ned asx = 0.

Xprass = 9:8 10 =19 10 6 =4:86 mm (2.13)
Thus, in order to stabilize the cavity in the face of thermal uctuations, the inner ring
of the brass end cap needs to be moved38 mm closer to the center of the cavity from

the edge of the quartz tube. This comes at the cost of not being able to have a perfectly
confocal cavity spacing, but is still a stable cavity con guration.

2.3.3 Optical Setup

Figure 2.10: A diagram of the optical setup of the FP cavity component of the system, in
isolation from the rest of the system for clarity.
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The optical setup for the FP cavity is shown in Fig. 2.10. From the rest of the system,
the beam enters the FP cavity rst passing through a telescope of two lenses with a focal
length of 1200 mm, which serve to focus the beam in order to fully pass through the narrow
aperture of the electro-optic modulator (EOM). Following this, the beam passes through
a polarizing beam splitter (PBS), and fully transmits, as it arrives pre-polarized from the
preceding section of the optical path (not shown). It then passes through two directing
mirrors, with a focusing lens inbetween used to mode match the beam to the FP cavity.
The beam then passes through a quarter-wave plate (QWP), circularly polarizing it, passes
into the body of the ange housing the FP cavity, and meets the rst mirror of the FP
cavity itself. If the beam is not well aligned and/or the wavelength o resonance with
the cavity, almost all of the beam is re ected, at which point it passes back through the
QWRP, returning it to a linear polarization, rotated by 90 from the original, such that
upon returning to the PBS the beam is entirely re ected. This diverts light re ected o
of the cavity towards a steering mirror and ultimately an InGaAs photodetector, which
measures the intensity of the re ected signal, transducing optical power into a voltage.

If, on the other hand, the beam is well aligned to the cavity, and the wavelength is
on resonance, a portion of the beam couples into the cavity, where it begins to circulate.
Some of the circulating beam leaks out the front of the cavity, while the rest leaks out the
back, where it can be measured using a photodetector or imaged using a CCD camera, as
in this case.

2.3.4 Alignment

Alignment is rst performed through the ange without the cavity present. To remove
the cavity, remove QWP1 and ip down mirror M2. Then, gently pull on the leads to the
BNC cable to remove the cavity. They are taped down to the outside of the cavity using
kapton tape so it is safe to do so. Flipping M2 back up, use M2 to rst align the beam to
the center of the far side of the ange. Then use M1 to align the beam to the center of the
near side of the ange. Repeat this process until the beam is centered at both ends. To aid
in this centering, it may be useful to use one or both of the plastic ange caps which have
had their centers punched out. These can be placed on either end of the ange, and used
to check how close the beam is to the center. The punch may not be perfectly centered, so
it may be useful to rotate the cap and observe the stationary part of the punched hole to
see where the true center is. Once the beam is roughly centered to the ange, use M3 to
direct the beam to the CCD1. Ensure that you can observe the beam using the camera.

Next, re-insert the FP cavity until the cap closest to the near side of the ange is aligned
with the mark on the interior of the ange. This marks the correct spacing for the mode
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matching lens to focus at the center of the cavity. Ensure that the cavity is sitting at on
the 3D printed spacers on the bottom of the ange, and is not tilted at any sort of angle.
Using a small piece of IR card and a pair of forceps, ensure that the beam aligns roughly
with the center of the mirror of the FP cavity. If it does not, adjust M1 until the beam is
centered on the mirror. Then, use M2 to adjust the re ected beam until it is coincident
with the incident beam. When properly aligned, the incident and re ected beams should
be colinear up until the PBS.

Figure 2.11: An example of the interference pattern generated by the cavity transmission,
imaged by a CCD camera. Note that the interference pattern is spread out on a diagonal,
indicating that adjustment of both the horizontal and vertical axis of the alignment mirrors

IS necessary to better align the cavity.

At this point, replace QWP1, and use M4 to direct the re ected beam into the pho-
todetector. When sweeping the wavelength of the laser across a small range, or sweeping
a voltage across the FP cavity's peizeo actuator, everything should be well aligned enough
to see some small dips in the strength of the re ected signal. It should also be possible to
observe a (possibly dim) interference pattern of light transmitted through the cavity using
CCD1, an example of which is shown in Fig. 2.11. From here, the alignment can be re ned
by either attempting to deepen the resonance dips observed via the photodetector, or by
trying to collapse the interference pattern seen in CCDL1 into a single mode.

The method using CCD1 allows for visual feedback regarding the aligment of both axis
of the alignment mirrors M1 and M2. To collapse the interference pattern seen via the
camera, start by adjusting either the horizontal or vertical axis of both M1 and M2 at
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