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Abstract

High-Frequency Continuous-Wave Optical Modulation via

Stimulated Raman Scattering
David Claiborne Gold

Under the supervision of Professor Deniz D. Yavuz

at the University of Wisconsin-Madison

This thesis describes work towards realizing an efficient, broadband optical modulator
at terahertz frequencies. Such a device would have immediate and important implications
for atomic physics research and fiber-optic communications, and also serves as the basic
building block of the so far elusive arbitrary optical waveform generator. Our modulator
is based on the process of continuous-wave molecular modulation, in which stimulated
Raman scattering is used to drive coherent oscillations of molecules. We use a high-finesse
optical cavity to build up intense laser fields and establish molecular coherence. Using this
coherence, we then modulate an independent mixing beam by 90 terahertz, which is the
highest rate ever recorded in the continuous-wave regime. We apply this same technique
to modulate a pulsed titanium-sapphire laser and show the broadband capability of our
modulator and infer its ability to narrow the pulses of the laser. We also describe our recent
work to extend our modulation techniques to microresonators, which have the potential
for both miniaturization and high modulation efficiency. We demonstrate Raman lasing
with one of these microresonators, producing 300 milliwatts of Stokes light, which is two

orders of magnitude higher than previously observed in these types of systems.



1 Introduction

For the past few decades, the generation of very fast pulses of light has been a major area
of interest in atomic physics. These "ultrashort" pulses, typically defined as shorter than
the picosecond (10~!2 seconds) level, with the shortest being at the femtosecond (10~
seconds) level, have a wide variety of research and industry applications. A useful analogy
to understand their utility is to think of the duration of the pulse as like the shutter speed
of a camera. In order to sharply record a scene with a camera, there needs to be little
movement during the time it takes for the shutter to open and close. The goal is to only
capture light during a time period that is shorter than the timescale of any movement in
the scene. The same is true when using light to probe physical phenomena—in order to
clearly resolve a process, a pulse of light is needed with a duration that is on the same
timescale as that process.

When generating ultrashort pulses, it is almost always desirable for the light source to
be a laser, and so we will consider it as such hereon. There are a variety of ways one might
generate a laser pulse. Perhaps the most obvious would be much like with a camera shutter,
and to mechanically block and unblock an otherwise continuous laser beam. Most methods
of this sort, though, would be limited to producing pulses down to the millisecond or
microsecond range. A more sophisticated option would be to directly turn on or off the
laser, for instance by electronically switching the power on and off. However, this kind of
approach is limited to the maximum speed that electronic devices can send and respond to
signals, which is typically at the nanosecond level.

While the implementation can vary greatly, these two families of mechanical and elec-

tronic techniques rely on the same basic principle of attempting to interrupt the propagation



of a laser beam and to only let it pass for an amount of time equal to the desired duration of
the pulse. In understanding the basis for improving upon these techniques, it is important
to note that as the duration of a pulse, T, becomes shorter, Fourier synthesis dictates that
the bandwidth of the pulse, Av, must increase. That is, for an ideal bandwidth-limited
pulse,

Av =

C
= (1.1)

where C is a constant that depends on the exact type of pulse, but is close to 1.

So even for the techniques described above that may not seem as if they would affect
a laser’s bandwidth, they must in fact be broadening it. While this effect will be small
for modest pulse lengths, as pulses reach the picosecond level, the bandwidth required
becomes an appreciable fraction of the center frequency of the pulse when working in the
optical region of the spectrum. (For example, a picosecond pulse will have a bandwidth

of ~ = 1 THz, or about 0.25% of the frequency of the deepest red that humans

can see.) This relationship between pulse length and bandwidth provides a clue as to
the types of techniques one might use to generate shorter pulses: Rather than focusing
on essentially disrupting the propagation of a laser, one might try to more directly affect
the bandwidth of the laser itself. And indeed, the shortest pulses are produced through
optical techniques that serve to broaden the bandwidth of a laser, such as high harmonic
generation, propagation through non-linear optical fibers, mode-locking, or molecular
modulation. These techniques have produced pulses at the femtosecond level in the optical

region of the spectrum. This work explores the use of molecular modulation in ultrashort

pulse generation.



1.1 Pulse Generation

In order to broaden the bandwidth of a laser of frequency wy, one might simply add a
second laser at frequency w/. While the bandwidth of these combined beams is now
lwp — wyl, in general this method will not produce a pulsed laser, or at least not one with
pulses anywhere close to the limit implied by Equation 1.1. The issues lie with the fact that
these two lasers will not typically be coherent with each other (having a constant phase
relationship), and that additional evenly spaced spectral components are needed between
the two frequencies.

To examine this further, let us consider the electric field of a laser with frequency wy,
which we can describe as

E(t) = Eq - cos(wot + ¢p). (1.2)

We assume no disruptions to the phase over time and choose t = 0 such that ¢ is 0, so we

can simply write the electric field as

E(t) = Eg - cos(wpt). (1.3)

The intensity of the beam, which is the relevant quantity when describing pulse width, is
proportional to E(t)? and is plotted below. The full-width-half-max of a single cycle of such
a laser is ™/2w,, which we call T. We plot the time-axis in units of T for ease of comparison
when adding additional frequency components. Note that a single-frequency laser such as
this is called "continuous-wave" and is not pulsed, or rather, has an infinite pulse width.
To be truly pulsed, a laser needs appreciable "off" time before and after a rise in intensity
with a duration that is much longer than the timescale of the pulse. This allows a system

to only respond to a single pulse rather than a series of them.
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Figure 1.1: Laser Intensity vs Time (Single Frequency)

The intensity over time from a single-frequency laser. This is plotted in arbitrary intensity
units, since we are only concerned with the relative changes in pulse width, and in time
units of T, the full-width-half-max of a single cycle, since we wish to describe a laser of
arbitrary frequency. Note that for this single frequency, there is no "off" time between
cycles, and so it is perfectly continuous-wave with no pulsed nature.

We now add two components to the electric field that correspond to two new lasers:
one with a frequency greater than the original beam by w,,, and another with a frequency
lower by w.,. We will call w,, the "modulation frequency", and these new lasers are often
referred to as "sidebands"—terms that will be discussed more later. We assume these
beams are coherent with the original beam, and so we set ¢y = 0 for these as well, and

assume no phase jumps as before. We set their amplitudes also equal to E, for simplicity.

The electric field is then

E(t) = Eo[ cos(wpt) + cos((wo + wim )t) + cos((wo — Wi )t)]. (1.4)



We keep w,, arbitrary in this expression, but for plotting choose it to be wo/10. This is a
large, but, as we will see later, not at all unrealistic fraction of the original beam frequency.
The three beams interfere with each other and create an intensity vs time profile as shown

below.
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Figure 1.2: Laser Intensity vs Time (3 Frequencies)

The intensity over time from three lasers with frequencies spaced by w., = 53 and
centered at wy. The x-axis is in units of T = 57-. The full-width-half-max for a glven cycle
does not change considerably from the smgle laser case, but the cycles come in clusters
now, and begin to take on a pulsed nature.



In general, we can describe the electric field from adding N pairs of lasers to the original

laser as
N
E =Ey - cos(wot) + Ey - Z [cos ((wo + nwym)t) + cos ((wo — nwm)t)} , (1.5)
n=1

where the value of n is referred to as the "order" of the sideband or of the modulation. Plots

for N = 2 (5 total components) and N = 100 (201 total components) are shown below.
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Figure 1.3: Laser Intensity vs Time (5 Frequencies)

At 5 frequency components, the laser appears much more pulsed. Note that while the
intensity is normalized in the plot, the peak intensity is proportional to the square of the
number of frequency components. So while the average power is 5 times that of the
original single frequency laser, the peak power is 25 times higher: Essentially all the power
from the additional components gets compressed into short periods of time.
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Figure 1.4: Laser Intensity vs Time (201 Frequencies)

At 201 frequency components, the laser is now almost perfectly pulsed with long periods
of nearly 0 intensity between shorts bursts of high intensity. The spacing of these bursts is
2 Because the full bandwidth of the laser is now much larger than the center frequency,

the width of the pulses is now less than 0.2t—a "sub-cycle" pulse.

These have of course been idealized examples, but demonstrate the principle of pulse

generation through introducing additional spectral components.

We next depart from these idealized cases to show the importance of generating equally
spaced, coherent sidebands. We first allow the phases of the sidebands to vary randomly,
again for the N = 100 case. This models a combination of lasers with no phase jumps but
no set phase relationship between one another, or, alternatively, approximately mimics a

system where the individual lasers may begin in phase but then experience frequent phase

jumps.
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For the N = 100 case, we let the phase of each added sideband vary randomly between 0
and 27. This completely removes the pulsed nature of the waveform and it now contains
many random intensity fluctuations.

The laser intensity now has large fluctuations and does not appear pulsed. The relatively
low number of frequency components means the system is subject to considerable intensity
noise from the random phases. Adding more components would reduce the relative
variation and the intensity would approach a constant value. Although the intensity is
plotted normalized so that the peak is still 1, the peak power is much lower than in the
coherent case and the high-power of the pulses are now essentially spread out continuously
over time. Clearly, using multiple lasers with no constant phase relationship, even with
consistent frequency spacing, will not work for generating pulses. This demonstrates why
common broadband sources, such as light bulbs, do not generate pulses of light through

the interference of their spectral components.



We next reset the initial phases to 0 to make the sidebands once again coherent, but
now allow w, to vary randomly by up to &3 %. The laser is relatively unperturbed close to
t = 0, but after just a few pulse cycles (each of length T = i—i), the phases of the frequency

components are effectively scrambled relative to one another and the intensity looks again

like the system in Figure 1.5. Several cycles are shown in the plot below.
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Figure 1.6: Laser Intensity vs Time with Varying Modulation Frequency

At t = 0 when the pulse with perturbed sideband spacing is generated, the maximums of
the components still line up in time. However, as time goes on, the components become
misaligned relative to one another. With no common frequency multiple between them, it
only takes a few cycles before the intensity turns to noise, much like when the phases were
randomly varied.

So in order to generate consistent pulses of light by combining lasers, it seems that it is
necessary for the lasers to have both a constant phase relationship (to be "in phase" with

one another) and a precise frequency spacing.
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1.1.1 Methods of Ultrashort Pulse Generation

There are a variety of ways of generating ultrashort pulses. Mode-locking lasers are a
common approach, in which some broadband gain medium is made to lase at many
different frequencies spaced by the laser cavity resonances. Several different active or
passive schemes can ensure that these modes lase in phase with one another and produce
short pulses in the manner described in the previous section. Ti:sapph lasers in particular
have become highly developed in recent years and commercial systems that produce 4
femtosecond pulses are now available [1]. Another approach is high harmonic generation,
which has produced even shorter pulses, well into the attosecond range [2]. This technique
uses an already pulsed laser as a pump (often a Ti:sapph laser) and focuses it onto a
target. Many of the atoms in the target are nearly ionized, and the high kinetic energy
of the electrons when they return to the atoms can produce very high harmonics of the
pulse. It is these high harmonics which give the required bandwidth to produce attosecond
pulses, but also means that much of the light is very far into the UV or even x-ray regions
of the spectrum, and so is limited to only certain applications. Free electron lasers, on
the other hand, generate light through the interactions of electrons with magnetic fields,
and so are not limited to atomic resonances, and can operate anywhere over a very wide
wavelength range. The minimum pulse lengths are at the femtosecond level [3], but the
lasers themselves tend to be very large and complex, and so are not well suited for many
research labs. Techniques involving non-linear fibers have also been promising. Generally,
a pulsed laser source is used as a pump and is further spectrally broadened through non-
linear interactions in these fibers. Near single-cycle pulses have been generated using
these techniques in the NIR region of the spectrum [4]. Another promising technique is
molecular modulation, which is the main technique utilized in our research. Details of this

method and our specific implementation of it are discussion in Chapter 2 and Chapter 3.



11

1.1.2 Arbitrary Waveform Generation

The previous sections described how combining different lasers with a fixed frequency

spacing can be used to generate ultrashort pulses, and described some of the techniques

used to produce these different laser frequencies. While pulse generation is the main goal

that we focus on in our research, a pulse is really just one specific type of intensity vs

time function that can be produced when coherent spectral components are combined.
More generally, pulse generation falls under the domain of an "optical arbitrary waveform

generator'—a theoretical device which aims to produce intensity waveforms of any shape.
Such a device could have any number of uses. For instance, a square-wave that goes

from 0 intensity to its maximum intensity nearly instantaneously might be more useful

for examining the response of atoms to high intensity light than the sinusoidal shape

of typical pulses. More exotic waveforms might be used to put an atomic system into a

very specific quantum state (i.e. coherent and quantum control). There is also significant

interest in arbitrary waveform generator for applications to precision and time-resolved

spectroscopy. And there are surely many industry applications that would rapidly develop—
for instance, perhaps pulses used for data transmission could be produced with shapes

that pre-compensate for dispersion that would otherwise accumulate as they propagate

through a fiber.

Arbitrary waveform generators do already exist for electrical signals. But as is typical
for electrical devices, they are usually limited to operating at the GHz level. So while this
allows them to be useful when interfacing with other electronic devices, they are less useful
for engaging with the timescales of atoms and light, or for pushing data transmission
rates to new levels. But although the signals for electronic and optical arbitrary waveform
generators might be produced in different ways, the general operating principle in either

case is the same direct application of Fourier synthesis.
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The foundational principle of Fourier synthesis is that any periodic function x(t), can be
represented as an infinite sum of sines and cosines of harmonic frequencies with weighted
amplitudes. (Well, almost any function. Functions can be defined that would not have a
Fourier representation, but these would not exist outside the realm of mathematics. For
all practical purposes, Fourier synthesis can be used to represent any type of electrical or

optical signal we might want.) Mathematically, this is described as

o0

x(t) = ap + Z [ak cos(kwt) + by sin(kwt)]. (1.6)

k=1

So how would we generate an optical waveform described by x(t)? Well, we need to be
able to produce a laser that corresponds to every term in the sum. To begin, first recall that

we previously described the electric field from a laser in Equation 1.2 as
E(t) = Eg - cos(wot + ¢o).

Starting with this laser and with an appropriate optical modulator, we set w in Equation 1.6
as the frequency of our modulator, w.,. We then would use our modulator to generate a
given frequency term, kw,, in x(t) by an appropriate choice of modulation-order n, such
that

kW = wo + NWw . (1.7)

Since all the frequency components in x(t) differ by just a multiple of w.,, choosing a laser
with frequency wy that satisfies Equation 1.7 for one value of k will work for all other
values. Or alternatively, if the frequency of the modulator is adjustable, we may fix the
frequency of our laser, wy. Then, picking w,, that satisfies Equation 1.7 for one value of
k, will work for all others. Additionally, because sine and cosine differ from each other

just by a phase factor of 7/2, each term in Equation 1.6 can be generated from a single laser
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described by Equation 1.2 with appropriate phase and amplitude control. Note that if x(t)
is either an even or odd function, we can represent it with a combination of only sines or
cosines, and so only amplitude control of the frequency components would be needed.
In practice, the resolution and accuracy of an optical arbitrary waveform generator
would be limited by the frequency and stability of wy and w,,, the number of sidebands that
can be produced, and overall level of control over the amplitude and phase of components.
Producing many orders of coherent sidebands at a high frequency w., is one of the key

challenges in creating an optical arbitrary waveform generator.

1.2 An Optical Modulator

The basic building block of an optical arbitrary waveform generator would be an optical
modulator: A device that takes input light of a given frequency and outputs light of the
same frequency along with one or more orders of sidebands shifted by multiples of the
modulation frequency of the device. One of the long-term goals of this experiment, and of
the work described in this thesis, is to produce a high-frequency, high-efficiency optical
modulator that is able to operate anywhere within the optical region of the spectrum. A
diagram of such a device is shown in Figure 1.7.

Optical modulators like in this diagram already exist and are in fact commonplace in
atomic physics experiments, most often coming in the form of electro-optic modulators
(EOMs) or acousto-optic modulators (AOMs). However, these devices have a maximum
modulation rate of about 100 GHz, with rates typically being closer to 1 GHz, with the
main limitation being the driving electronics [5, 6]. So while these have a wide variety of
experimental applications, they are not fast enough to be of direct use in ultrashort pulse

generation or arbitrary waveform generation.
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Optical Modulator

i
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Figure 1.7: An Ideal Optical Modulator

An ideal optical modulator takes an input laser at some frequency wy and shifts a large
fraction of the laser power to new frequencies, spaced from w, by integer multiples of the
modulation frequency w., (first and second-order modulation is shown here). In
frequency space, this modulation puts sidebands on the original beam.

1.2.1 Molecular Modulation

Our work has been devoted to creating a high-frequency (10s of THz) optical modulator
based on molecular modulation. Molecular modulation relies on Raman scattering, in
which a photon exchanges energy with a molecule to shift to either a higher or lower
frequency. This is in contrast to Rayleigh scattering, in which only the direction of prop-

agation of a photon is affected. In Raman scattering, the molecules typically exchange
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vibrational and/or rotational energy with photons and move back and forth between their
ground state and an excited state. An effective molecular modulator, then, is one that has a
large collection of molecules all vibrating or rotating in unison. When a laser beam passes
through this region of oscillation, it will have its frequency modulated both up and down,
imparting sidebands on the original beam with frequencies w( £+ w., where, as before, w,
is the frequency of the original laser and w,, is the modulation frequency.

To understand how these molecules are set vibrating and how this creates modulation,
we briefly examine two-level quantum mechanical systems. Recall that quantum mechanics
dictates that when a particle is in some linear combination of the two eigenstates of a system,
the probability of finding it in a new state (or staying in the original state) will have a
sinusoidally oscillating component with a frequency proportional to the energy difference
between the two eigenstates. (A particle that is entirely in an eigenstate of a system is
in a stationary state and will not exhibit time dynamics.) Mathematically, we can write

iw —lwpt

the initial state of the particle as {y = P (t=0), where P(t) = cqla) e n 4 Coolb)e w

Here |a) and |b) are the eigenstates of the system, and w, = Fa/n and wy, = Fv/n.

The probability of the particle being found in this same initial state at a later time t is then

Pra (1) = | (ohb(e)) |

i . 2
= [(cao (al +cpo (bl ) (caola) et +cpo[b) e7r0)

(1.8)

2 —iwgt 2 —iwpt
= |Cqo€ 1@a + Cp € 1@

= Cao+ Cho +2¢% oCh ocos|(wy — wa)t].

Using the half angle identity for sin(7), along with the fact that normalization requires

c2 4+ ¢ =1, lets us rewrite this more cleanly as

(1.9)

— Wyt
Pry (1) = 1 —4c2 oc3  sin? [—(wb 2w ) ] .
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Oscillations in P}y, (t) are now readily apparent. At t = 0, the probability of the particle
being found in its initial state is 1 (as should be expected). The probability then oscillates
in time and will reach 0 if ¢4 9 = cp o = v2/2 (i.e. when the initial state is equally probable to
collapse into either of the two eigenstates). The oscillation present here, though, is simply
in the relative phase between the two terms in the \(t), as c4(t) and cy(t) are static. So
the probability of being found in |a) or |[b) does not change over time. This means that
just having a collection of particles with two energy levels is not going to cause them to
physically oscillate or to form an optical modulator, which is perhaps an unsurprising fact.

If, however, a particle is in the presence of a driving oscillating potential (such as the
electric field of a laser), the probability of finding the particle in |a) or |b) oscillates through
the process of Rabi flopping. This is more complicated than in the previous example
without a driving field, and will be explored more in Chapter 2. The main result, though,
is that probability of a particle in an initial state \py) later being found in one of the two
eigenstates, say, |a), oscillates in time at the generalized Rabi frequency. Mathematically
we can write this as

\2 — calt)? (1.10)

Pioy(t) = | (ahp(t)
and

ca(t)? o (sin*(Qt2+ ¢)), (1.11)

with Q = v/Q2 + A? as the generalized Rabi frequency. Q depends on the dipole moment
between the two states and the driving potential amplitude; A is the detuning between the
driving potential frequency, w,, and the transition frequency of the states, wy, — w,. In the
types of systems we will work with, the detuning is very very large, in which case Q =~ A.
For our particle starting in py) then, the probabilities for being found in |a) or in [b) will
each have oscillatory terms at frequencies A, = wy—w, and Ay, = wy— wy,. The difference

in these frequency terms is wy, — wy, or the transition frequency between the two states.
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This can be interpreted then as a particle that is in initial state py) having an oscillatory
probability in time of being found in either |a) or |[b), and in the case that the particle
interacts frequently with the environment, actually collapsing back and forth between
la) and [b). This oscillatory movement between |a) and |b) is significant for applications
to molecular modulation because, for most molecules, these two states will have slightly
different indices of refraction. Semi-classically then, this creates a time-varying index of
refraction with an oscillation frequency of wy, — w4, which we will call w,.

Now, we want to see how this will affect a laser of arbitrary frequency wy, so we will
write its electric field as

E(t) = Eg - etl@ot+d) (1.12)

where this time we write the field as a complex exponential for mathematical convenience.
Next, we describe the index of refraction in the modulator as a static part (the average

refractive index of the molecules) and a much smaller oscillating component as

n(t) =ng + 6, - sin(wmt), (1.13)

so that 6,, << 1y. Because the speed of light in a medium is inversely proportional to the
index of refraction, and because the phase delay that light accumulates within a medium
is proportional to its velocity, the phase delay will take the same form as the index of
refraction:

d(t) = do+ 04 - sin(wmt). (1.14)

We then substitute this expression for the phase in for the original phase term ¢ in Equa-
tion 1.12 to get

E(t) — EO . ei(wot+¢o+6¢~sin(wmt)). (115)

We can simplify the expression by absorbing the constant component of the phase, ¢, into
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E and separating the time-varying terms into frequency and phase components to get
E(t) = Ej- efert . gldesntomt), (1.16)

To see how this time-varying phase affects the laser, we can perform a Taylor expansion

(given that 84, is very small). So this term becomes

i8¢ -sin(wmt

e )~ 14184 - sin(wmnt). (1.17)

Rewriting the sine term as complex exponentials will allow us to more easily combine it

with the laser frequency term:

) . .
1+1i8g - sin(wmpt) =1+ 7“>(elwmt — e twmty, (1.18)

Now, substituting this back in for the phase term into Equation 1.16 gives

. ) . .
— T/ iwpt ¢ iwmt  —iwnt
E(t) ~ Ele (1 + e e )), (1.19)
which we can write as
1 Jiwpt 649 1{wo+wm)t 64) —i(wo—wm)t
E(t) %Eo(e ot Shetlenont 20 gl wn ) (1.20)

It is now clear in Equation 1.20 that in addition to the original electric field oscillating
at the laser frequency of w, there are also frequencies of wy + w,,, with an amplitude
reduced by a factor of 67“’. The frequency downshifted sideband is called the Stokes beam
and the frequency upshifted sideband is the anti-Stokes beam. Including the next term in

the Taylor expansion would yield second-order sidebands with frequencies wy &+ 2w, and
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2
with amplitudes reduced by %“), and so on for additional terms. In practice, there will be

many more factors that affect the amplitudes between Stokes and anti-Stokes beams and
between different orders, but this derivation gives the basics of how modulation works.
We have briefly covered a lot of topics in this chapter, so to summarize, there are a
variety of scientific and industry applications that make the ability to generate ultrashort
pulses desirable. Generating these pulses by adding spectral components to a laser seems
to be a fruitful method, and having control over spectral components in this way implies
the additional ability to produce arbitrary waveforms and wavelengths of light, not just
pulses. A high-frequency optical modulator would be the perfect tool to enable this, and
this work explores the development of such a device based on the principle of molecular
modulation. Molecular modulation works through generating a time-varying index of
refraction in a material, and so much of the experimental work described here involves the

development of techniques to generate such a property.
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2 Molecular Modulation

In this chapter, we attempt a more rigorous analysis of the physical processes involved
in molecular modulation. Most of our experiments used molecular deuterium gas as the
modulation medium housed inside of an optical cavity, although we try to keep most of
this analysis fairly general. We begin by looking at an energy level diagram for a single

molecule in this system, shown in Figure 2.1 below.

ow =

Virtual Level

Figure 2.1: Energy Level Diagram for our Raman System

la) and |b) are the ground and first excited vibrational level within the ground electronic
state of the molecule. [i) refers to any member of a group of states in the first excited
electronic state. When a pump laser (green) hits the molecule, it excites it to a "virtual”
level, which is very far detuned from any of the |i) states (the diagram is not to scale). As
Wi >> Wq, wy, we call the detuning between the pump and any of the [i) states dw. Aw is
the two-photon detuning.
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Here |a) and |b) are the ground and first excited vibrational level within the ground
electronic state of the molecule. There are generally rotational levels within each vibrational
level as well, but it is usually possible to suppress transitions involving changes in rotational
levels, so we assume both |a) and |b) are in the ground rotational state. In deuterium, |a)
and |b) are spaced by 89.6 THz, which is a large fraction of the frequency of visible light.
1) refers to any member of a group of states in the first excited electronic state. These states
are much higher energy than |a) or [b) and the pump laser.

Transitions directly between |a) and [b) are dipole forbidden in symmetric molecules
such as deuterium. Therefore, when a pump laser of frequency wy (shown in green) hits a
molecule in the ground state |a), the dominant process is for the molecule to excite to a
"virtual" state, which is just very far detuned from any of the [i) states. As w; >> wq(p),
we call the detuning between the pump and any of the [i) states dw. Often, the molecule
decays from the virtual level back to |a) almost immediately with no change in photon
energy, which is the process of Rayleigh scattering that was mentioned in Chapter 1 and
is now shown below in Figure 2.2. It is possible, though somewhat less probable, for
the molecule to decay to |b) instead of |a). In this case, the emitted photon will have
frequency w_;, which is reduced from the pump frequency by ~ wy — wg, and is called a
Stokes photon. This is the process of Raman scattering and is shown in Figure 2.3(a). The
difference between the frequency of the emitted photon and the energy level spacing is
called the two-photon detuning and is given by Aw = (wy, — wg) — (W — w_1). In the
absence of interactions with other photons, the molecule will decay back to |a) from |b)
non-radiatively. Another Raman scattering process, shown in Figure 2.3(b) can occur in
which the molecule is initially in |b). In this case, when hit by a pump photon, the molecule
excites to a (different) virtual level and then decays to |a). The emitted photon is now called

an anti-Stokes photon and has a higher frequency than the pump frequency by wy — w.
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Figure 2.2: Rayleigh Scattering

In Rayleigh scattering, a pump photon excites a molecule to a virtual level. The molecule
quickly decays back to its original state and a photon is emitted with no change in energy.
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Figure 2.3: Raman Scattering

Raman scattering occurs when a molecule is excited to a virtual level by absorbing a
photon, and then decays to a different energy level. If the molecule begins in |a), the
emitted photon is called a Stokes photon and has a lower frequency by wy — w,.
Alternatively, if the molecule begins in [b) and decays to |a), an anti-Stokes photon is
produced with a frequency increased by wy, — wq.
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2.1 Formalism

With an overview of the energy levels of the system and the basic processes that can occur in
mind, we next attempt to develop some formalism for the system. Much of this derivation
is based on the original work of Harris and Sokolov [7], as well as the theses of previous
students in our research group Josh Weber and Tyler Green [8, 9].

W ] . .|] l] l. 1 1 |S ] ..]. |.
L l.l) l.l) . .

As our modulation medium is a gas, we assume that it is diffuse enough that the molecules
do not significantly interact with each other. We can then consider the wave function of a

single isolated molecule, which will take the form
W(t)) = cq(t)e 't a) + cp(t)e Pt [b) + Z ci (t)e " mti,). (2.2)

The index n is over all the [i) states. However, as these states are all so far detuned from |a)
and |b), have such a small population (almost certainly 0, in fact, excluding virtual levels)
and we will never work with any specific |i) state, we just call any of their frequencies w;
and drop the n subscript on those terms. Instead, in somewhat loose notation, we will
write the summation index as over i. Next, we wish to find the Hamiltonian for one of these
molecules, and we work in the interaction picture so that we can write the Hamiltonian as

the sum of an unperturbed component, H,, and an interaction component, FH;, so that

¥t = 6o + H1. (2.3)
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Given the wave function of Equation 2.2, the unperturbed Hamiltonian will be
Fo = hawg |a) (al + hay [b) (bl + Y hav i) (il (2.4)

For the interaction component, we assume that the only significant contribution from the
laser will be in the electric dipole interaction. Recall though that in the systems we use
in our experiment, transitions between |a) and |b) are dipole forbidden. We also neglect
coupling terms between only the upper states |i), since, as mentioned, these are completely
un-populated (see subsection 3.3.4 for a discussion of the relative population levels of our
system). The only contributions, then, will be from coupling between |a), [i) and |b), [i),

and we can write the interaction component as

Foo=—E(t) )_taila) (I —E(t) ) o lb) (d
: : (2.5)
—E*(t) Z o) (al —E*(1) Z Hy,: (1) (bl

In this equation, p is the matrix element between two states from the electric dipole moment
operator and E(t) is the total electric field from any lasers present. Initially there is only a
pump laser, but since we know the system will generate sidebands, we write the electric

field as

E(t) =) Ey-ellontin), (2.6)

We also write the electric field in complex form for mathematical convenience. Recall that
here n is the modulation-order and may be any integer. Additionally, we have included
spatial dependence with the k,,z term, where k,, is the wavenumber for a given modulation-

order. For now, we assume homogeneity in the x and y directions so the electric field is a
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plane wave. The full Hamiltonian can then be written as

where

A= Z an|En’2

B=) buEnE}
m (2.8)

C=B"
D=) dgfE./

For convenience, we define the following constants, where a,, and d,, are generally called

the dispersion constants, and b, is called the coupling constant:

1 ) 1 1

n = ﬁ; I#asi (Wi — wq) — wy * (Wi — wq) + wy
1 [ 1 1 ]

dp = — ? 29
2h2;'“"" (wi—wb)—wn+(wi—wb)+wn (29)

1 1 1
bn:_ a,i b i .
2,“2;%%,1 (wi_wa)_wn+ (Wi — wp) + wn

In arriving at this expression for the Hamiltonian, we have used the rotating-wave approxi-
mation and assumed negligible transition linewidths.
In the basis of the unperturbed system (without the electric fields from lasers), the

eigenstates of the full Hamiltonian, [+) and |—), come out to be

|+£) =2B|a) — [(A — D +2Aw) F /(A — D +2Aw)2 + 4B2 | b), (2.10)
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and have corresponding eigenvalues

Ei:—g (A+D—2Aw) F /(A —D +2Aw +4B? |. (2.11)

So far we have focused on a single molecule in our system, but as we wish to see how
an ensemble of particles interacts with the pump laser and sidebands, we now move to the
density matrix formulation. To this end, it is convenient to first express these eigenstates
in a simpler form. For a two-level system like this, we only need to describe one of the
eigenstates, since the probability of occupation of the other is defined by normalization.

We focus on the |—) state and write it as

0\ . 0\ _
|—) = cos <§> e la) + sin <§> e by, (2.12)

where
_ 2/B
0 =tan' 2.13
an (A—D+2Aw> (2:13)
and ¢ is a phase factor so that B = |B|".
Now, with the density matrix as
pa,a pa,b |Co,’2 CCIC:)
p= = , (2.14)

Pab Pbb cicy leul
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and using the wave function as defined in Equation 2.12, we have:

Pa,a = COS’ (9) (2.15)
2
.5 (0
Pb,b = SIN E (216)
1.
and pgp = 5 sin(0)e"®. (2.17)

We assume the population of |b) stays low (i.e. there is weak coupling), in which case

2|B|

0 is small so that 6 ~ -—F 545

and sin(0) ~ 6. Then we can write the density matrix
elements in a somewhat simplified manner using the original matrix elements of the full

Hamiltonian. We get

Pa,a = 1— |pa,b|2/ (218)

v = Paul (2.19)
and = B (2.20)

Pab = A "D +2aw '

Pa,q and py 1, are the fraction of the molecular population in |a) and |b) respectively. pq
can be understood as the "coherence" of the system, and describes the amount of coupling
between the different states of the system through the pump and any generated electric
fields. The coherence can have a maximum value of 0.5, which would occur when p, o =
Pbp = 0.5. In the language of our semi-classical description in subsection 1.2.1, this would
correspond to the entire system oscillating between |a) and |b), giving a maximally varying
index of refraction.

With expressions for the density matrix elements in hand, we can now consider how the
pump laser and any generated sidebands will propagate through the system. The lasers

can be well described by the Helmholtz equation in a non-homogenous medium (i.e., a
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medium with a driven field that modifies the polarizability), so we have
En
V2E, = Ziknaa—z — Row?3 Py, (2.21)

with P, as the polarizability of the medium at frequency w,, that is associated with the nth
sideband of the electric field. We still assume electric fields of the form given in Equation 2.6,

so that % = giy% = 0. Additionally, we take the paraxial approximation to the Helmholtz

2E

equation so that 55 ~ 0. Then we have
oE
2ikn — = —How} Pr, 2.22
which, by definingn = | /%, we can write as
ok, —in
= ——wuP,. 2.23
0z 2 @ (2.23)

Essentially, we are now looking at the propagation of the pump and sideband electric
fields over small distances of our system where they can be fully treated as planar. The
effects of beam size and shape are explored in Section 6.2. Additionally, recall that the
Helmholtz equation gives time-independent solutions, or rather separable solutions, to the
wave equation. So Equation 2.23 has no explicit time-dependence and E,, and P,, represent
the steady-state amplitude of the electric field and polarizability at position z in the system.
However, the net quantities will still oscillate in time with frequency components at w,,,
and it is in fact this oscillation in the polarizability that leads to coupling between different
E,, components in the electric field and allows for the creation of sidebands.

Moving on from Equation 2.23, our analysis unfortunately becomes a rather tedious

and very extensive exercise in algebraic manipulation, so we will just loosely sketch the
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process. The curious reader is invited to reference Josh Weber and Tyler Green’s theses
for very detailed derivations [8, 9]. For an arguably unnecessarily detailed derivation, see
Josh Weber’s Appendix A. To continue with our approach though, the next step in our
analysis is to evaluate the total polarizability, P, as a function of time, and express it as a
sum of oscillating terms with frequencies w,, and amplitudes P,,. By plugging in each P,
into Equation 2.23, we can get an equation describing the propagation of the nth electric

field component.

In the time domain, the polarizability of a medium is given by

P(t) = (W(1)IPlb(1)), (2.24)

where (t)) is as defined by Equation 2.2 and Pis
P=> naila) (il+ Y moilb) i1+ pi i) (al+ ) wpli) (bl (2.25)

To evaluate this, we must find expressions for c,(t), cy(t), and ci(t) that are present in
b (t)), which we had managed to avoid up until now by moving to the density matrix
formulation. (It is these terms that will introduce expressions involving sums of E,, into
the equation.) We can then arrange the sums and indices and, after a great deal of algebra,
write P(t) as

1 . 1 .
_ = i(wnt—knz) - * —i(wnt—knz)
P(t) = 5 En P.e + 5 En Pre =, (2.26)

Here P, is given by

P, =2h [|Ca|2Enan + |Cb|2Endn+CZCbEn+1bn+1e_i(Awt+ka)
(2.27)

i(Awt+k
+cac’{JEn,1b;e‘( wittkmz) |
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with k,, = ®2¢, or the wavenumber associated with the spacing of the two energy
levels that set the modulation frequency. We can now plug this expression for P,, back

into Equation 2.23. Additionally, to simplify the expression, we define ¢, = ¢, and

Cp = cpe HAwWtTknz) Thig gives us,
aEn . ~ 12 ~ 2 ~k X ~ X% *
a_Z = —mhwn |:|Ca| Enan + |Cb| F—ndn + CaCbEn+1bn+1 + CaCbEnflbn} . (228)

Next, we multiply by the molecular density, N, so that we are now working with the
macroscopic electric fields and polarizability. We also substitute in expressions for the
density matrix elements from Equation 2.14 to further simplify the equation. Finally, we
arrive at a useful expression for how the amplitude of the nth sideband will change in

space.

aEn . * *
a_Z = —inhwn N [pa,aEnan + PopEndn + pa,bEn+1bn+1 + pa/bE“—lbn} (2’29)

Notice that the propagation of the electric field of the nth sideband depends on the
nth-1 and nth+1 fields, but also that the presence of an nth field allows for the creation of
nth-1 and nth+1 fields that were not initially present. So starting with a pump laser, which
gives the n = 0 field, one can then see how the Stokes (n = —1) and anti-Stokes (n = 1)
tields would be generated; this is the process of Raman scattering. The dispersion constants
are set by the transition dipole moment elements and detunings of the system, and so are
largely fixed. The strength of this coupling effect between the electric fields, therefore, is
mainly determined by the molecular density, electric field strengths, and coherence of the
system.

Another important feature shown by this equation is that coherence is not tied to any

one laser beam. So one laser or set of lasers can be used to establish a molecular coherence
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and appropriate population levels (all the p terms), and then completely separate lasers
can interact or "mix" with the molecules and coherence. This is our primary interest in
this system, and is the basis for our optical modulator: After preparing the system using a
pump laser, any other laser needs merely to pass through the region of molecular coherence

and it will be modulated. We investigate this further below.

2.2 Mixing Efficiency

We next see how Equation 2.29 applies to the specific system we work with. For our system,
the modulation medium is a molecular gas, usually deuterium, housed inside an optical
cavity. The cavity has high-finesse at both the pump wavelength and the Stokes wavelength,
which is 89.6 THz less than the pump and set by the vibrational energy level spacing of the
gas. When the pump laser enters the cavity and builds up to high intensity, Stokes light
is generated through the dynamics previously described. The Stokes light resonates and
builds up to higher intensities, which in turn increases the coherence of the molecules and
generates more Stokes light. The system quickly reaches steady-state powers. We now
examine how a separate mixing beam will interact with this system.

Consider a separate mixing beam with electric field Ej with modulation order denoted
as E;. We assume this mixing beam is weak enough that its effects on the coherence and
population levels are negligible (for most of our experiments, the mixing beam power in
the cavity is three to four orders of magnitude lower than the pump beam). We also assume
that the modulation efficiency will be low enough that the mixing beam is not appreciably
depleted and can be taken as constant. For a given mixing beam sideband then, the only

significant terms will be ones involving the carrier beam. So for the anti-Stokes sideband
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(the Stokes sideband will work out similarly), Equation 2.29 would become

oE;
0z

= —inhw{N[pq,aEja’ds + popE1d] + pf , Esbs + pa,bEgbi"] (2.30)

~ —inhw{N[pqbEsbr*]. (2.31)

Now, calling « = nhw,b;* and imposing the boundary condition that E{(z = 0) =0

(there is no sideband incident on the system), we get a solution for E{(z) of
E{(z) = —iaNpgpEjz. (2.32)

We are generally interested in the modulation efficiency, or the ratio of incident mixing
beam power to the generated power in a given order, so we square both sides of the equation

and solve for the ratio of the electric field terms.

E/Z(Z)
€= 1E62 ~ o’N?p2  2° (2.33)

We could in principle use Equation 2.33 to predict the modulation efficiency of our system.
However, these are not very convenient variables to use when working in the lab. Addi-
tionally, the modulation efficiency tends to be low, and so we are really most interested
in how it scales in the regime of low coherence to provide guidance as to how to modify
the experiment. So we replace the molecular density N with the gas pressure p. We also
rename the propagation length z as the cavity length 1. Next, consider p, as given by
Equation 2.20. Applying this to our system where everything but then =0and n = —1

terms are negligible, we get

boEoE*

ab ~ 2.34
Pab aolEol? + a_1|E_1[*> — dol|Eol> — d1|E_1/* + 2Aw ( )
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Still considering the regime of low coherence, the 2Aw term will dominate in the denom-
inator (the dispersion and coupling constants are all approximately proportional to the
inverse of the single-photon detuning from the upper [i) states and so are very small). Then

we can say
boEoE*,

2.35
2Aw ( )

pa,b ~

Finally, making these changes, as well as assuming a constant two-photon detuning and

dropping the proportionality constants, we arrive at

exp®x I, xIgx? (2.36)

Here, [, is the intensity of the pump beam in the cavity and Is is the intensity of the Stokes
beam in the cavity.

For the benefit of the reader who has understandably skimmed this chapter, we now
summarize the major assumptions we have made in arriving at Equation 2.36. First, some
initial properties of the system: First we have assumed that our modulation medium is
a diffuse enough gas that interactions between molecules are negligible. We then only
look at the electric dipole interaction between the electric field and molecules and ignore
interactions that are between only the [i) states, as these are essentially un-populated. The
only interactions present then are between |a),|i) and |b),[i), and we assume the two-photon
detuning is small compared to the transition and laser frequencies, and so the rotating
wave approximation is valid. We also assume negligible transition linewidths.

Based on our available pump laser power, we have also assumed that the coherence,
Pab, Of the system is relatively low. We would need to adjust these calculations if we

achieve a coherence above about 0.1 or so, but we would be thrilled to have to do so. A
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related assumption is that the modulation efficiency is low enough that a separate mixing
beam is not appreciably depleted in power when it is modulated. This also means that the
only significant coupling terms for a mixing beam will be ones involving the carrier beam
E,. Additionally, this mixing beam is assumed to be weak enough that it has a negligible
impact on the coherence of the system (note that its single-photon detuning will be the
same order of magnitude as that of the pump for any optical wavelength, and its intensity
will be three to four orders of magnitude lower than the pump in the cavity).

Finally, we have assumed the shape of the electric field to be planar, and have not
accounted for the optical cavity beyond its effect on the magnitude of various electric fields
due to its reflectivity. This means that our results are most valid over small propagation
distances in the cavity, or for cavities in which the mirrors have large radii of curvature
compared to the length of the cavity. These assumptions related to the beam shapes are
relaxed in Chapter 6 and explored using a somewhat different formalism.

So having reached the guiding results of Equation 2.29 and Equation 2.36 that describe
sideband generation, and with disclaimers to our formalism fully disclosed, we next

examine how to create this system in the lab in Chapter 3.
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3 Experimental Design

When I began working on this experiment and taking over for previous student Josh Weber
in 2014, it was configured to use linearly polarized light from a continuous-wave 1064 nm
fiber amplifier as the driving or "pump" beam. Deuterium gas was used as the modulation
medium and was housed in an optical cavity. The main features are shown in Figure 3.1.
This figure, as well as other optical layout figures in this document, do not typically show
all the optical components present in the experimental implementation, as this would be
impractical. Additionally, the specific arrangement of components is sometimes changed
for clarity. Every effort has been made to ensure that the main operating principles are

properly represented and can be determined from the diagrams.
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Figure 3.1: The Original Experimental Design

The initial layout of the experiment when I began work on the project. Only the major
components are shown. Light is produced at 1064 nm from an ECDL. It then passes
through an isolator to block back-reflections from reaching the diode, followed by an EOM
which puts 50 MHz sidebands on the laser so that it can be locked to a cavity resonance.
The laser is then amplified to up to 20 watts and is shaped and aligned to the cavity. A
photodiode detects reflected light from the cavity, which is used as feedback to the laser to
lock it. A second isolator prevents the large amount of reflected light from reaching the
fiber amplifier. The transmitted light from the cavity is picked-off, and bandpass filters
separate the transmitted pump and Stokes beams to be observed on photodiodes. Some
graphics in this and other optics layout figures in this thesis are adapted from
ComponentLibrary by Alexander Frazen under a Creative Commons license [10].
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3.1 Original Experimental Design Overview

We will first go through a high-level overview of the experiment and then examine some of
the components in more details. The pump laser is produced by the 1064 nm diode shown
in the upper left of the diagram. This provides tunable single-frequency light, which is next
sent through an optical isolator to prevent back-reflections from perturbing the diode. The
laser then passes through an EOM driven at 50 MHz, which creates frequency sidebands
at about 5% efficiency. Several polarizing beam cubes and a Glan-Taylor polarizer (not
shown in Figure 3.1) make for a high purity, linearly polarized beam. About 10 mW of light
reaches the fiber amplifier to seed it. The spatial-mode and beam-shape of the amplifier
output vary somewhat with the output power setting. To circumvent any issues this might
cause, we typically set it to its maximum power of 30 W and then adjust the output power to
our desired level with a polarizing beam cube and a half-wave plate, while sending the rest
of the power to a beam dump (all not shown). As the beam approaches the cavity, various
optics shape it to mode-match it to the cavity. Details of the cavity and of mode-matching
are discussed in Section 3.3. When the laser is off-resonant from the cavity, nearly the entire
beam will be back-reflected, so high damage threshold optics are in place after the fiber
amplifier, and a second optical isolator is used to protect the amplifier.

During operation, the laser frequency is scanned using the piezo on the ECDL. When
the laser frequency passes through a resonance of the optical cavity, the transmitted light is
detected on a photodiode. Any Stokes light that is generated is separated using dielectric
filters and detected as well. The laser can be locked to the cavity by using the reflected signal
from the cavity when the EOM is running. In this case, additional processing is done to the
reflected signal through a standard Pound-Drever-Hall technique to generate an error signal.
High-frequency components are sent to the laser current controller and low-frequency

components are sent to the laser piezo, which helps keep the laser on-resonance.
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3.2 The ECDL

The pump beam is produced by an external cavity diode laser (ECDL) that is set in a
Littrow configuration. This ECDL housing was designed in our lab, and serves to reduce
the linewidth of the laser, make it lase in a single longitudinal-mode, and to provide a
mechanism for tuning the wavelength of that mode. In a Littrow configuration, light from
a collimated laser diode is directed onto a diffraction grating, such that the first-order
diffracted light is sent back to the diode as optical feedback and the zeroth-order reflected
light is used as the laser output.

The grating forms an optical cavity with the inner facet of the laser diode. This serves to
add additional frequency restrictions on the laser diode, since output light from the whole
ECDL now must be resonant with the diode-grating cavity. Additionally, since the grating
spreads light out spatially into the diffracted orders as a function of frequency, careful
adjustments to alignment can preferentially send back a narrow range of frequencies that are
resonant with only a single mode of the cavity. As this light can cause stimulated emission
within the diode, the overall effect is to enhance gain at a narrow band of frequencies,
while suppressing it at others. This results in a narrow linewidth, single-mode laser. The
grating is mounted on a piezoelectric transducer, which can slightly adjust the cavity length
and resonant frequencies, thus tuning the output frequency of the laser. Broader tuning
adjustments can be made by rotating the angle of the diffraction grating using a kinematic
mount.

Lasers in the Littrow configuration often use a grating that is blazed to maximize that
amount of light in the first diffracted order, and then use a geometry such that the blazed
angle is equal to the incident angle (and so the diffraction angle too) to maximize optical
teedback to the diode. The geometry of our ECDL housing requires the incident angle, or

"Littrow angle", to be close to 45°, so in practice this means one would choose a grating
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that has a line spacing necessary to reflect the first-order diffracted light back to the diode.
So starting with a grating with blaze angle 6, = 45°, we then write the grating equation
as

d(sin o + sin ) = mA, (3.1)

with d as the grating line spacing, « as the incidence angle, 3 as the diffraction angle,
and m as the diffracted order. We then set « = § = 45° and m = 1 as per the Littrow

configuration. Substituting in these values and solving for d gives

d(sin45° + sin45°) = A
(3.2)

d=—A.

o[5

For A = 1064 nm, this gives a line spacing of d = 752 nm, or 1330 lines per mm.

In practice, it is not easy to obtain a grating with this exact line spacing, but this turns
out not to matter. A variety of factors affect how much optical feedback a diode needs to
perform well, but we find that for the 1064 nm diodes we use (QLD-1060-50S-AR from
QPhotonics), only a small amount of optical feedback is needed. Directly sending the
center of the diffracted order back to the diode would in fact give too much feedback. We
instead use a grating with 1200 lines per mm, which has a reflected angle of 34.7° when
light is incident at 45°. This results in much less light being reflected back on the diode.
From here, small adjustments to the incidence angle are made to optimize the feedback
and performance of the diode.

Our pump laser typically achieves a linewidth of ~ 300 kHz, with a total tuning range of
10 nm and a continuous tuning range (i.e. without mode-hops) of 10 GHz. The maximum

output power is 30 mW.
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3.3 The Optical Cavity

The heart of the experiment is the optical cavity, which is where the modulation medium is
housed (typically deuterium gas) and where the high laser intensities needed for modula-
tion build up. The cavity mirrors are custom made by Precision Photonics with a radius of
curvature of 100 cm, and with a high reflectivity at both the pump wavelength of 1064 nm
and at the Stokes wavelength of 1555 nm (1064 nm downshifted by 90 THz). The pump
reflectivity was measured by the manufacturer as R, = 0.999868 and the Stokes reflectivity
as Ry = 0.999862. Our own measurements showed good agreement with these values. The
tinesse of a cavity, J, is defined as
VR

which gives a finesse of approximately 23,000 at both wavelengths. The mirrors are relatively

transparent in the rest of the optical region of the spectrum.

The cavity is 75 cm long, which gives it a free spectral range, Vgsg, of

VEsR = % — 200 MHz. (3.4)

This is a fairly long cavity, which presents challenges for locking a laser to it. First, this makes
the cavity more susceptible to mechanical perturbations that can disrupt the lock, and also
increases the sensitivity to misalignment of the input beam. Second, this fundamentally

narrows the inherent linewidth of the cavity resonances, which is given by
VFSR
Veavity = —(7 (35)

Equation 3.5 gives a linewidth of about 10 kHz at both the pump and the Stokes wavelengths,

which is much narrower than the linewidth of the laser and means that significant feedback
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is needed to achieve efficient coupling. The cavity was designed with this length because,
despite these challenges, having a longer interaction length should increase the modulation
efficiency as shown in Equation 2.36. This trade-off is examined more thoroughly in

Section 6.2.

3.3.1 A Brief Aside

The reader may wonder why the cavity is not also reflective at the anti-Stokes wavelengths,
since Equation 2.29 suggests that also having a strong anti-Stokes field could greatly increase
the coherence of the system. There are several reasons for this. First, we found that it is
very difficult and expensive to source mirrors that are highly reflective at three different
wavelengths over such a wide range. Additionally, the mirrors we have been able to get are
usually reflective over a fairly wide range of about 100 nm around each target wavelength.
While this is not very problematic at the pump and the Stokes wavelengths, this would be
for the anti-Stokes wavelength, which is at approximately 807 nm. Having the cavity be
highly reflective there would block a large region of the spectrum that we would hope for
our modulator to operate at. In the future, with more advanced mirrors, the experiment
could be improved with a cavity that is highly reflective in a very narrow range around
the pump, Stokes, and anti-Stokes wavelengths, and even second-order sidebands, while
maintaining high transparency in all other regions of the spectrum. This would not only
increase the modulation efficiency, but would allow us to use a lower gas pressure and
improve the ease of operation of the experiment.

Another natural question to arise at this point is "Why should we bother with an
optical cavity at all?". Using a pulsed laser source as the pump could result in very high
peak intensities of the pump and generated Stokes beam, which could lead to very high

modulation efficiencies since that quantity scales as the product of the intensities. This
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could eliminate the need for an optical cavity and greatly simplify the experimental setup.
There are several reasons we choose a CW laser for the pump. First, although generating
short pulses of light by modulating an already pulsed source is one of our end goals, using
both a pulsed pump and a pulsed mixing beam would not work well—they would have to
have very close repetition rates and pulse widths, or else quickly become out of sync with
one another. More generally, a pulsed pump is not suitable for use in an arbitrary waveform
generator, as it cannot produce waveforms with a longer duration than its own pulse width.
Even its usefulness as a modulator to make individual frequency components is limited:
Not only would any frequencies produced be limited to the duty cycle of the pump beam,
they would also have a fundamental limit on how narrow they can be, as governed by
Equation 1.1, which greatly limits their utility. Applications to precision spectroscopy,
for instance, rely heavily on having a narrow linewidth source. This broadband nature
inherent to pulsed sources also increases the uncertainty in the modulation frequency
of the system. Modulation schemes using a pulsed pump source are most suitable for
self-modulation for the purpose of generating narrow pulses, and our aim is for more
general utility. There are few additional comments I'd like to make on the subject of pulsed

lasers, but to keep this discussion civil, we will end the section here.

3.3.2 Cavity Mode-Shape

An ideal optical cavity uses lossless mirrors (i.e. all incident light is either transmitted or
reflected), and in frequency space has narrow bands of 100% transmission spaced by the
free spectral range, with near 0% transmission between these resonances. The circulating
power in the cavity when a laser is on-resonance is given by Po(1 — R) ™!, with Py as the
incident power. In reality of course, many factors move a system away from this ideal

case. As previously stated, the inherent linewidth of the cavity will limit the amount of
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laser light coupled without electronic feedback, essentially acting as an extremely narrow
bandpass filter. Another major factor is whether the shape of the laser beam matches (or is
"mode-matched" to) the shape supported by the cavity. This eigenmode is the shape of laser
beam that perfectly reflects back upon itself within the cavity and so will be unchanged
as it propagates back and forth. While a cavity will generally support an infinite number
of modes with intensity profiles described by Hermite polynomials, it is almost always
desirable to couple to the lowest-order or "fundamental” Gaussian mode. This mode has
the standard radially symmetric Gaussian intensity profile of the typical ideal laser beam,
and has the highest peak intensity and smallest spatial extent of the modes. This is the
mode we will discuss from here on. Additionally, this discussion applies primarily to linear
cavities, which consist of two parallel mirrors.

In order to mode-match the pump laser to the cavity and couple light in, it is necessary to
know the eigenmode of the cavity. To this end, we first examine the shape and propagation
of laser beams. The propagation of most laser beams can be well described by Gaussian

optics. For a beam propagating in the z direction, the intensity profile is given by

wo \2 —272
I(r,z) =1 (W) exp (w(z)z) . (3.6)

In this equation, Iy is the peak intensity of the beam; wy is the beam waist, or the radius of

2
the narrowest cross-section of the beam; w(z) = wgy/1 + <i> is the radius of the beam

at a given point a distance z away from the waist; and zg = TwZA ! is the Rayleigh range

and sets the length scale for the divergence of the beam. Another important quantity of

the beam is the radius of curvature of the wavefront at position z, which is given by

R(z) =z {1 ¥ (Z—R)Z] . (3.7)

z



44

To find the mode-shape of a cavity, it can be helpful to use the complex beam parameter

formulation, where the quantity q(z) is defined as
q(z) = z + izg. (3.8)

The real part of q(z) is the distance z from the waist of the beam, and the imaginary part is
the Rayleigh range, which contains the necessary information to calculate the spot size and
radius of curvature of the beam at position z. Propagation through free space or through

most optical elements can be described using a 2x2 transfer matrix, S, of the form
A
S = . (3.9)

The transformation from the initial to final complex beam parameter, q; to qy, is described

by

A B -
=k ) (3.10)

with k as a normalization constant that is set so as to keep the second component of the

vectors equal to 1. We can then calculate g as

_ Agqi+B

- i D (3.11)

(e}

The effect of multiple optical elements in sequence can be found through simple matrix
multiplication of their transfer matrices. This allows for the easy computation of their
cumulative effect on a laser beam as it propagates through a system.

To find the cavity-mode, we need to first find the transfer matrix that corresponds to one

round trip of our cavity. Then we find the complex beam parameter that is an eigenmode
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of this matrix so that s = q; (meaning the beam is unchanged after a round trip). We will
take the z = 0 reference point to be the center of the cavity.

If we consider a cavity of length 1 and with symmetric mirrors of radius of curvature R,
one round trip will consist of free space travel of distance !/2, reflection by a mirror, free
space travel of distance 1, reflection by the other mirror, and free space travel of distance !/-.

The cavity transfer matrix, Mc, is then

Mc = Mi,MgMMgMu,.. (3.12)

Substituting in the appropriate transfer matrix for each element, we get

1 2 1 0 11 1 0 1 2
0 1 2R 1 01 2R 1 0 1

which evaluates to

A B
Mc = (3.13)
C D
with

212 — 41R
A=1 r2

1® —312R
B=2l+ —0

41 — 2R

C= r2
D=A

(Note that A and D are not equal when the two mirrors do not have the same radius of

curvature.) Additionally, with the condition that q; = q;, Equation 3.11 only has a solution
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when |A + D| < 2, or, equivalently, when

12 —2IR

—1< 2

<0. (3.14)

This provides a stability condition for the geometry of a symmetric linear cavity. (For our
cavity with 1 = 0.75 m and R = 1.00 m, the middle quantity of this equation is —0.9375.)

Solving Equation 3.11 with q¢ = q; and using the ray transfer matrix of Equation 3.13 gives
q= 5/

which corresponds to a beam waist of

Wy = 2 ~ 405 microns
27

located at z = 0, or the center of the cavity.

3.3.3 Mode-Matching

In order for the beam to couple well to the cavity, the beam shape must be approximately
the eigenmode of the cavity, or "mode-matched" to the cavity. Note that for a laser beam of
a given wavelength, the size and position of the waist fully define the shape of the beam.
So in practice, mode-matching can be achieved by ensuring that the size and position of
the beam’s waist are the same as that of the cavity-mode. In our case, we need our laser to
focus at the middle of our cavity to a diameter of 810 microns.

While a single lens should be enough to appropriately shape the beam to a cavity, in
general, because lenses are not readily available in arbitrary focal lengths, it may require

several lenses to do so. Past group members have used different techniques to determine
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an appropriate combination of focal lengths and positions of lenses, to varying effect. The
following description applies to the techniques I developed and used.

We first measure the spot size of the beam in several known positions using a beam
profiler camera. This allows us to fit the beam shape to an intensity distribution described
by Equation 3.6 and to determine the complex beam parameter of our pump beam, and
then to calculate the beam shape inside the cavity (this shape in the cavity cannot be directly
measured with the camera as the cavity is enclosed). The level of mode-matching can then
be quantified by calculating the overlap integral between the inferred beam shape in the
cavity and the cavity-mode. From here, a relatively simple program written in Python lets
us input the focal lengths of lenses that we have available to use, and will output several
possible configurations that should achieve good mode-matching. It determines this by
simply iterating through all possible configurations of the available lenses in discrete
position intervals along the beam path. At each configuration, it uses the ray matrix
formulation to quickly calculate the resulting beam parameter in the cavity. It then ranks
these configurations by the value of their overlap integral.

Typically, by starting with a reasonably collimated pump beam and allowing two lenses
of commonly available focal lengths from 50 to 1000 mm to be placed anywhere over about 1
meter of path length, we will find a number of possible configurations with mode-matching
greater than 95% (i.e. the calculations say that less than 5% of the pump beam should be
rejected from the cavity due to spatial-mode mismatch). After choosing and setting up one
of these configurations, small adjustments are typically needed to optimize the coupling,

but we find that this procedure gives a very good starting point.
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3.3.4 Cavity Cooling

For molecular modulation using either the vibrational or rotational states of deuterium, we
need the molecules to begin in their ground state. The pump beam can then excite them
to a far detuned upper state before they emit Stokes photons as they decay down to the
tirst excited state. This process repeats and coherence is built between the ground and
excited states. From the Boltzmann distribution, we can determine the ratio of molecules in
the ground state to excited states. We first look at the vibrational states and start with the
Boltzmann distribution for an arbitrary state i, which gives the probability of a molecule

being in state i (compared to being in any other state):

e*Si/kT

= —————— 1
P Zj:O€ /T (3.15)

Setting i as the ground vibrational state and summing over the vibrational energy levels
v (with frequency spacings close to 90 THz for the first few levels) and choosing T as a

typical room temperature of 300 K, gives
Pyo ~1—(59-107%),

so the system is almost completely in the ground vibrational state.
We repeat this calculation for the rotational levels, but note that the energy spacings

are much smaller, from just a couple THz up to a few tens of THz. We now find that
‘p]:() ~ 014,

so only about 14% of the molecules will be in the |v = 0, ] = 0) state and available to build

coherence.



49

To help address the population distribution issue, the optical cavity was designed with
a reservoir around the main chamber that can hold several liters of liquid nitrogen to cool
the gas. Once equilibrium is reached, the gas temperature is approximately 77 K. The effect
on the vibrational level distribution is insignificant (note that while the ratio of molecules
in the [v = 0) to excited levels changes substantially, only the actual number of molecules
in the [v = 0) state is important here), but has a large effect on the rotational levels. At 77
K, we find that p;_ ~ 0.46, so overall there are about 3.29 times more molecules in the
ground state and available to form a coherently oscillating system.

Cooling with liquid nitrogen has additional benefits as well. The linewidth of the
Raman transition used in the modulator is most strongly affected by Doppler broadening
and pressure broadening. Doppler broadening occurs due to the increased width of the
velocity distribution of particles as temperature is increased. This effectively broadens the
transition’s linewidth from the perspective of the laser, or broadens the laser’s linewidth
from the perspective of the ensemble of particles. The spread of velocities is described by
the Maxwell distribution, which gives a v/T dependence for the width.

Pressure broadening occurs due to collisions between molecules, which can shorten
the natural decay time of a molecule in an excited state (thus increasing the uncertainty in
the energy of an emitted photon, or the width of the emission line). Molecular collisions
occur at a rate proportional to the velocity of the particles, which the Maxwell distribution
also says will depend on v/T. So Doppler broadening and pressure broadening both affect

the linewidth of the Raman transition like

Avp, Avp o VrVT, (3.16)

with Avp as the Doppler linewidth, Avp as the pressure broadening linewidth, and vy as

the frequency of the Raman transition. With a temperature change from 300 K to 77 K, we
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get a linewidth decrease for both for both Avp and Avp by a factor of

300K
—— ~ 1.97.
77K 7

A literature review gives the Doppler and pressure linewidths for the first vibrational
transition in deuterium at 300 K and 1 atm as approximately 556 MHz and 175 MHz
respectively [11, 12]. Lowering the temperature to 77 K will then narrow these to 282 MHz
and 89 MHz. The inhomogeneous Doppler profile is described by a Gaussian, and the
homogeneous pressure profile is described by a Lorentzian. The overall effect is given by
the convolution of these distributions, which is a Voigt profile.

A Voigt profile’s linewidth, oy, can be well approximated by the equation

oy = 0.534601 + 1/0.216602 + 02, with or, as the width of the Lorentzian and o as the
width of the Gaussian. Applying this equation to our system, we can find the ratio of the

overall linewidth of the Raman transition at the two temperatures as

AVRzook 0.5346V3 500k + v/ (0.2166(vp 300k )2 + (VD, 300 )2 _ 655 MHz
Avezrk 05346V + /(0.2166(vp 770 + (Vo772 333 MHz’

£ 655

This gives an overall narrowing by a factor of 333

~ 1.97, meaning that we probably could
have just treated all the linewidths as Gaussian. Since the laser and cavity linewidths are
much smaller than the Raman linewidth at either of these temperatures, this narrowing

effectively corresponds to an increase in the Raman-gain by a factor of 1.97.

3.4 Laser Locking

In order for high intensities of pump light to build up within the cavity, the laser frequency

must be adjusted so that it is resonant with the cavity. As is often the case with high-finesse
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optical cavities, our laser has a much larger linewidth than the cavity resonance. In our
experiment, the laser has a linewidth of about 300 kHz on short timescales and the cavity
has a linewidth of about 10 kHz. Additionally, thermal and mechanical fluctuations can
cause the center frequencies of both of these resonances to drift by 10s of MHz or more
over a period of minutes. This means that in order to couple significant amounts of light,
the laser linewidth needs to be narrowed, as well as the center frequency continuously
adjusted to keep it on-resonance.

The solution to these issues in any laser system is generally to lock the laser to a stable
reference frequency or to the target resonator itself. We use a standard Pound-Drever-Hall
(PDH) technique to lock our pump laser to the optical cavity. The original paper by Drever
and Hall gives a very accessible explanation of the technique [13], and past students in the
Yavuz Group, Josh Weber and Tyler Green, both give detailed descriptions of our specific
setup in their dissertations [8, 9], so this discussion will be limited to a brief overview. A
guide aimed towards someone setting up a locking system like this for the first time given
by Fox, Oates, and Hollberg, is very useful as well [14].

To start, let’s say that a laser is completely on-resonance with a cavity, and so trans-
mission is at a maximum. The transmission as a function of frequency will be as shown
in Figure 3.2, with narrow resonances spaced by the free spectral range of the cavity. At
this point, any drift in frequency, either of the laser or of the cavity resonance, will cause
the transmission to drop. Due to the symmetric nature of the cavity resonance shape, we
cannot simply adjust the laser frequency to fix this since we do not know whether it is now
too high or too low. To combat this with the PDH technique, frequency sidebands are put
on the laser before it enters the cavity. In our case, this is done via an EOM operating at
50 MHz. This effectively allows the system to sample the resonance at both a higher and
lower frequency. If the laser is not perfectly resonant, one of these sidebands will have

a higher transmission than the other and indicates the direction that the laser frequency
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needs to be shifted.
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Figure 3.2: Cavity Transmission vs Frequency

The calculated transmission for an optical cavity aligned to the fundamental mode. The
length is set at 75 cm for a FSR of 200 MHz. The mirror reflectivities are set at a rather low
value of 0.9 so that the resonances are more visible.

In practice, it is usually the reflected signal that is monitored rather than the transmitted.
This signal is demodulated using the same source that drives the EOM. Appropriate
filtering is applied to the demodulated signal, yielding the "error signal", which is similar
to the derivative of the reflected laser signal with respect to frequency, and is asymmetric
about the resonance. This error signal is sent to a proportional-integral-derivative (PID)
controller, which, with appropriate transfer-function tuning, can then be sent back to any
number of mechanisms that can control the laser frequency. A plot of an idealized error

signal as the laser frequency is scanned is shown in below.
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Figure 3.3: The Derivative of the Cavity Transmission with Respect to Frequency

The derivative of the transmission for the same cavity parameters as of Figure 3.2. This is
closely related to the error signal and has the useful properties of being asymmetric
around a resonance and being very linear when the frequency drift is much less than the
cavity linewidth.

A diagram of our specific implementation of the PDH technique is shown in Figure 3.4.
An RF generator produces a 50 MHz sine wave which is split into two signals. One branch
is amplified and drives the EOM that was shown in Figure 3.1. The other branch is sent
to a mixer where it is combined with the reflected photodiode signal that has been sent
through a DC block and an amplifier. Note that light that has been modulated by the EOM
before it reaches this photodiode, and so it contains the necessary information about the
interference of the carrier and sidebands to generate the error signal and is centered at 50
MHz. A phase shifter consisting of a variable length of cable is in place before the RF signal
reaches the mixer, to ensure it has the proper phase relationship with the reflected signal.

The output of the mixer goes through a low-pass filter, which leaves only the difference
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Figure 3.4: High-Level Locking Setup Schematic

An RF generator produces a 50 MHz sine wave which is split into two signals. One branch
is amplified and drives the EOM that was shown in Figure 3.1. The other branch is sent to
a mixer where it is combined with the reflected photodiode signal that has been sent
through a DC block and an amplifier. A phase shifter consisting of a variable length of
cable is in place before the RF signal reaches the mixer, to ensure it has the proper phase
relationship with the reflected signal. The output of the mixer goes through a low-pass
tilter, which leaves only the difference of the mixer inputs and so produces a demodulated
version of the reflected signal. This is the error signal and it is sent to a locking servo
which provides feedback to the laser current and piezo.

of the mixer inputs, and so produces a demodulated version of the reflected signal. This
is the error signal and it is sent to a locking servo which provides feedback to the laser
current and piezo.

Our original setup split the error signal into low-frequency and high-frequency signals
that were sent to two separate homemade PID controllers. The low-frequency signal
(approximately DC to 100 Hz) was sent to the piezo on the diffraction grating of the ECDL.
The mechanical response of the piezo is limited to these low-frequencies, but the piezo can
make relatively large laser frequency adjustments, so is appropriate for long-term drift

corrections. The high-frequency signal (approximately 100 Hz to 1 MHz) was sent to the
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laser current controller for smaller, faster corrections.

When locked, the transmitted light from the cavity had a typical linewidth of about
20 kHz, indicating significant narrowing had occurred. The overall transmitted power
was relatively low though. Many cavity systems regularly achieve >90% transmission
when locked, however ours was typically closer to 10-20%. The stability of the lock was
also very poor, often losing resonance after only a few seconds. In 2014, we replaced our
two homemade controllers with a single commercial one (a Vescent D2-125), that could
output two different signals for "fast" and "slow" response. This somewhat improved
the consistency of the lock, but did not have a large impact on the transmitted power or
narrowing of the laser linewidth.

There are a number of factors that contribute to the locking performance issues, not all of
which were entirely anticipated during the initial design of this experiment. As previously
stated, the 75 cm length of cavity results in narrower resonances, as well as increases its
susceptibility to vibrations. The high-finesse of the cavity, while necessary for achieving
high laser intensities and molecular coherence, also decreases the linewidth and makes
locking more challenging. Additionally, more than 10 W of laser power is incident on the
cavity, and the high intensities that build up in the cavity can rapidly heat up the cavity
mirrors when on-resonance. This cannot only temporarily affect their material properties
and cause fluctuations in circulating power, but also can affect the length of the cavity and
cause large shifts in the cavity resonances. The liquid nitrogen cooling can have similar
effects, causing the cavity to expand and contract with changing temperature, as well as
creating mechanical perturbations as it boils on the exterior surface of the cavity. Finally,
the deuterium gas itself creates issues. Although the gas pressure is low (usually about 0.1
- 1.0 atm), because a photon in the cavity makes many thousands of round trips on average
before exiting, it effectively travels through tens of kilometers of gas. This creates many

opportunities for undesirable Rayleigh scattering, which can result in losses and power
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fluctuations. Additionally, the generation of Stokes light depletes power from the pump
beam, which again creates intensity fluctuations.

All of these factors together resulted in the relatively low transmission, as well poor
stability in the lock. Unsurprisingly, when testing the cavity under vacuum rather than
filled with gas, and without liquid nitrogen cooling, locking performance was significantly
better. We attempted to address some of these issues with experimental redesigns, as

discussed in Chapter 6.
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4 Past Work

In 2009, when Deniz and his student Tyler Green first began to work on the molecular
modulation project, the foundations for the technique had been well established by other
research groups. Josh Weber’s thesis [8] gives a good overview of this work, as do several
of our group’s publications [15, 16], so this chapter will provide just a short summary of
this work and how it set the stage for the specific direction of our group’s research. We

then describe the major results from our lab from before I began work on the project.

4.1 Previous Modulation Research

Work on molecular modulation began in the early 1990s, with one of the first proposals
coming from the Imasaka group for using Raman scattering to induce modulation. Their
simulations showed that Raman scattering in molecular hydrogen could generate pulses at
the femtosecond level [17]. Around the same time, Kaplan suggested a similar approach
using cascaded stimulated Raman scattering [18]. In 1998, Kawano demonstrated stimu-
lated Raman scattering in hydrogen by pumping with a pulsed Ti:sapph laser, observing
both vibrational and rotational Raman scattering, and producing spectral components
that would be capable of forming ultrashort pulses [19]. In the early 2000s, the Harris
group (featuring Deniz!) began experiments using two driving lasers at the pump and
Stokes frequencies in hydrogen, and generated a spectrum from 195 nm to 2.94 pm [20].
In his PhD work, Deniz generated a spectrum with over 200 components from a hydrogen-
deuterium mixture [21]. The Harris group went on to generate single-cycle pulses using

these techniques [22]. In 2008, the Kung group produced a Raman spectrum that would
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be capable of synthesizing pulses less than 0.5 fs long when corrected for dispersion [23].
Part of what made this possible is that the driving laser frequencies were chosen as exact
multiples of the modulation frequency, and so the spectrum was completely harmonic.
In 2012, the Imasaka group was able to generate a very broad harmonic spectrum, with
components spanning from UV to NIR [24].

All of these experiments used pulsed driving lasers. So, while they are impressive
achievements, they all suffer from the inherent limitations discussed in subsection 3.3.1.
Work in CW molecular modulation was pioneered largely by the Carlsten and Imasaka
groups. In 1998, Carlsten first demonstrated CW Raman lasing using a hydrogen gas-filled
high-finesse cavity [25], which is the basic framework of many of our experiments: A single
pump beam is locked to a cavity that is resonant at both the pump and Stokes wavelengths.
When Raman scattering occurs, Stokes photons resonate in the cavity and can build up to
significant intensities and begin lasing. The group continued to make substantial progress
in the CW regime, generating both Stokes and anti-Stokes sidebands from vibrational and
rotational molecular transitions [26, 27]. Carlsten has also developed formalism for the
cavity Raman system that we make use of in Chapter 6 [28]. Imasaka has also demonstrated
CW Raman lasing in cavities and showed that this and similarly generated spectra are
coherent, and so can be useful in pulse and waveform generation [29, 30]. Deniz built on
this work in 2007 with a proposal to use a system like this to modulate an independent
mixing beam, not just the driving pump laser [31]. Since then, a main focus of the Yavuz
Group’s work on this project has been to establish high enough molecular coherence in
the CW regime so that an independent beam may interact with hit (i.e. a high-frequency

broadband optical modulator).
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4.2 Past Work in the Yavuz Group

Most of the work in the Yavuz Group prior to when I joined the lab in 2014 was performed
using a similar experimental layout as shown in Figure 3.1, or slight variations thereof.

The first major result came in 2009 [32]. The main differences in the experimental design
from Figure 3.1 were that a 1555 nm ECDL with a fiber amplifier was used as the pump
beam, rather than one at 1064 nm. An earlier version of the optical cavity was also used,
which was only 27 cm long and was not cooled by liquid nitrogen. For this experiment,
the pump laser excites the [v =0,] =1) to [v =0, ] = 3) transition in deuterium, which
has a frequency of 8.9 THz. Stokes light is produced at 1630 nm, where the cavity is also
highly reflective. The pump beam is also circularly polarized to induce the preferential
generation of first-order Stokes light due to angular momentum conservation rules, rather
than higher-orders. A maximum of 321 mW of Stokes light was output from the cavity (the
highest amount ever at the time using this sort of scheme), with conversion efficiencies
from the pump to Stokes light as high as 65% at low pump powers.

For the next experiment in 2010, rather than focusing on generating one strong Stokes
beam, the goal was to make a broad spectrum [15]. Here, the pump laser used is the
amplified 1064 nm ECDL as described in Section 3.2, and the target transition is from the
lv=20,] =0) to the v =1,] = 0) state in deuterium, at a frequency of 89.6 THz. Linearly
polarized light is used, and Stokes light at 1555 nm is generated. As the cavity is highly
reflective at 1555 nm as well as 1064 nm, high intensities of both pump and Stokes light
build up. The molecules begin oscillating in unison as coherence is established, and the
pump beam interacts with this coherence to generate anti-Stokes light at 807 nm. The cavity
is not very reflective at 807 nm, so this light does not build up to high-power, and leaves the
cavity after just a single pass. 10s of mW of pump and Stokes beams are emitted from the

cavity, along with 10s of pW of the anti-Stokes beam. While the power of the anti-Stokes
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light was wealk, it is significant that the deuterium gas pressures used (0.1 to 0.5 atm) were
an order of magnitude lower than those in other CW Raman experiments. This means that
there is much less dispersion in the output from the cavity, which would be important
for the types of pulse generation and waveform synthesis described in Section 1.1. To
show potential for these applications, the mutual phase coherence of the three spectral
components was also demonstrated using an interferometer and a frequency doubling
BBO crystal.

Following these results, a broadband spectrum with many components was generated
in 2011 [33]. This experiment used the newer version of the optical cavity that was de-
scribed in Section 3.3, and so was also cooled by liquid nitrogen. Sidebands from two
transitions, [v=0,] =0)to[v=,] =2)and v=0,] =1) to |[v=0,] = 3), were observed
with frequencies of 5.4 and 8.9 THz respectively. Because the cavity mirrors are still very
reflective within tens of nanometers of the pump wavelength, multiple orders of these
sidebands were generated with up to 12 simultaneous spectral components present.

Having established the ability to generate a broad, coherent spectrum, the next goal
was to show that the system could modulate a separate laser (called a mixing beam), not
just the pump beam that drives the molecular vibrations. This was achieved later that year,
and the results were published in 2012 [16]. The experimental setup was again similar
to the previous ones, but hydrogen gas was used, and the [v =0,] =1) to [v=0,] = 3)
transition at 17.6 THz was excited using circularly polarized light to suppress higher-order
Stokes-modes. With the system pumped at 1064 nm, Stokes light at 1134 nm was generated.
Now though, with the molecules in a coherent state, a separate laser at 785 nm was sent
through the system. This light is generated from an ECDL and is amplified by a tapered
amplifier to an incident power of about 100 mW. The light does not resonate with the cavity,
and so travels through in a single pass. As it interacts with the hydrogen in the cavity,

it is modulated by 17.6 THz, and sidebands at 750 nm and 823 nm are generated. These
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sidebands are also not resonant with the cavity, and so they are transmitted through and
then detected. A maximum modulation efficiency of 2.3 - 10~° is measured. While the
efficiency was low, this was the first experiment in which modulation of an independent
mixing beam was observed using CW light for both the mixing and pump beams.

The last major result before I began work on the experiment came in 2013 [34]. Most
of the successes so far had come from using the rotational transitions in hydrogen or
deuterium, but not the much higher frequency vibrational transitions. This was partially
due to the ability to suppress higher-order Stokes-modes by using circularly polarized light
with rotational transitions (thus increase the power in a single mode and improving the
ease of detection). But after having generated a broad spectrum and showing the ability
to modulate independent beams using the rotational transitions, the goal was now to use
both vibrational and rotational transitions to generate as broad and as dense of a spectrum
as possible. To this end, deuterium gas was used along with a linearly polarized pump
beam. A "ro-vibrational" spectrum was produced containing components with frequencies
of the form

Vimmn = Vpump + 1Vvib + MVrotl + NVrot2- (41)

In this equation 1, m, n are integers, Vpump = 282 THz (1064 nm), vy, is the [v = 0,] = 0)
to[v=1,] = 0) transition frequency at 89.6 THz, v,y isthe[v=0,] =0) to[v=0,] = 2)
transition frequency at 5.4 THz, and v, isthe[v =0,] =2) tolv=0,] =2)tov =0,] = 4)
transition frequency at 12.4 THz. A trace of a typical spectrum produced in this experiment

is shown below.
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Figure 4.1: A Broadband Ro-Vibrational Spectrum
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The ro-vibrational spectrum generated from a single pump beam at 1064 nm. Over 15
spectral components are present, spanning nearly two octaves of bandwidth. All
components are captured on a spectrum analyzer, except for the two longest wavelengths,
which were out of range and recorded separately using a photodiode. The pump group in
blue contains the pump beam as well as several orders of modulated light from the two
rotational transitions. Each component of this group then acts as an independent source,
and is modulated by the vibrational transition, producing the vibrational Stokes and
anti-Stokes groups. Note that only two frequency components are present in the
vibrational Stokes group, as many of the components fall outside the range of high
reflectivity of the cavity, and so are very low-power and not detected. These two
high-power components are modulated by the vibrational transition again, and form the
second-order vibrational Stokes group.
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5 A 90 THz Modulator

To briefly summarize our previous results, we had gradually worked our way up from
generating a single sideband on the pump beam, to many spectral components (but at
the lower rotational frequencies of the gas), to finally a spectrum with many components
at both vibrational and rotational frequencies. Meanwhile, the progress on modulating
separate mixing beams had lagged behind, and had only been demonstrated using a 17.6
THz transition in hydrogen. So when I joined the lab in 2014, it was clear that the next step
in the project was to modulate a mixing beam using a higher frequency transition. We then
began work towards modulating a beam using the approximately 90 THz [v =0, ] = 0) to

lv=1,] = 0) transition in deuterium.

5.1 The Mixing Beam

The mixing beam was chosen as a 785 nm ECDL, like what was used in the previous mixing
experiment. This diode was chosen largely for convenience—other experiments in our
group had used them, and so we had some experience with working with them, as well as
the necessary parts. Additionally, tapered amplifiers are available at this wavelength, and
the ability to amplify the mixing beam makes the experiment easier. While it is true that
the modulation efficiency is independent of the mixing beam power, because the efficiency
is low, we want as much power in the mixing beam as possible to maximize the power in
the sideband for detection.

The mixing beam is produced from an ECDL of the same design as that of the pump

beam shown in Section 3.2. The output is sent through an isolator, and then a half-wave
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plate and a polarizing beam cube, to ensure polarization purity and allow for easy power
adjustments, before it is coupled to a tapered amplifier. The power is amplified to about 1
W. The output beam profile is highly elliptical, as is typical for tapered amplifiers, and so
it is shaped with a cylindrical lens. The beam is then sent through a second isolator and
into a single-mode fiber to give it a near perfect Gaussian profile at the output, before it is
sent to the optical cavity. The beam is mode-matched to the cavity, not for resonance (as it
travels through in a single pass and thus is not needed), but to ensure good spatial overlap
with the pump beam so that it interacts with the region of coherence in the molecules. The
beam is overlapped with the pump beam using a dichroic mirror that transmits light under
1000 nm and reflects light above 1000 nm. The mixing beam propagates in the opposite
direction of the pump beam (simply due to space constraints on the optical table), and
about 200 mW of the mixing beam is incident on the cavity. After traveling through the
cavity and being modulated, the mixing beam and modulated light are separated from
the pump beam, again using a dichroic mirror. A diagram of the major features is shown

below.
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Figure 5.1: The Mixing Beam Experimental Design

single-mode fiber to ensure good spatial-mode quality. The beam is roughly

mode-matched to the cavity so that it will have good overlap with the pump beam.
Dichroic mirrors, which transmit the mixing beam while reflecting the pump beam, allow
the mixing beam to be combined with the pump beam and then separated after passing

through the cavity, along with any sidebands put on it.
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The pump beam enters from the upper-left of the diagram after having passed through the
same optics shown in Figure 3.1. It then resonates in the cavity and establishes molecular
coherence in the deuterium. A 785 nm beam is produced by an ECDL of the same design
as the pump ECDL. The beam passes through an isolator and is amplified to 1 watt by a
tapered amplifier. The beam then passes through another isolator and is coupled to a
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5.2 Sideband Detection

Once the experiment is set up for the pump beam to resonate in the deuterium-filled
optical cavity, as it has been in many other experiments, the addition of the mixing beam
is not particularly challenging. After being amplified and shaped, simply sending the
mixing beam through the cavity with the pump beam locked almost certainly results in the
generation of sidebands on the mixing beam. The difficulty lies in detecting these sidebands
in order to demonstrate the functionality of our modulator (since the efficiency would
most likely be extremely low), and in maximizing the efficiency within the limitations
of the experiment. Much of the laboratory work was devoted to sideband detection and
efficiency optimization. A description of the procedure we developed for this process is
given below, for the sake of future students who might encounter similar challenges with
this experiment.

It is worth noting that the frequency up-shifted sideband from the 785 nm mixing beam
is within a couple nm (depending on the exact tuning of the ECDL) of a helium-neon
(HeNe) laser wavelength of 633 nm. This is extremely convenient, as it allows us to use a
HeNe to trace the wavelength-dependent path that the modulated light will take through
our system. First, we adjust the mixing beam and a HeNe "alignment" beam so that they will
propagate co-linearly through our system. Although we did not have the optics available
to make the mixing and alignment beams propagate simultaneously, a flip mirror allows
us to quickly switch between which of the two beams is directed towards the cavity. To
ensure that the paths they take overlap (so that the alignment beam will accurately trace
the path of the mixing beam and any sidebands), a second flip mirror is used to direct each
beam in turn away from the cavity and into a single-mode optical fiber. Because the fiber is
very sensitive to alignment, by separately optimizing the transmission of both the mixing

and the alignment beam using independent sets of mirrors, we can be confident that they
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will take the same path when either is directed through the cavity. Another set of mirrors
right before the cavity will adjust the path that both beams take, and allows the beams
to be overlapped with the counter-propagating pump beam that is transmitted through
the cavity. This overlap can simply be done simply by eye using a fluorescent IR card, as a
more careful alignment procedure is not necessarily helpful if the mixing and pump beams
are not the exact same shape. A diagram of this setup is shown in Figure 5.2.

After passing through the cavity, the mixing beam and sidebands (or alignment laser if
in use) are separated from the pump beam and other spectral components generated in
the cavity by using a dichroic mirror as previously described. The sidebands are produced
co-linearly with the mixing beam and are many orders of magnitude weaker than it, so the
light is sent to a diffraction grating where we may take advantage of the large modulation
frequency to get good spatial separation of the beams. The frequency up-shifted light
is allowed to propagate several meters before being focused onto a photodiode, which
outputs a signal to an amplifier followed by an oscilloscope. The alignment beam being
at nearly the same wavelength of the modulated light is very valuable for this purpose,
since it can be used to align the optics after the diffraction grating without having to make
extremely accurate measurements and calculate where the detector should be placed.

A large number of optics are required before the light finally reaches the photodiode,
and so losses are inevitable. Additionally, before optimizing the overlap of the mixing beam
with the pump beam, the modulation efficiency may be quite low. These factors together
mean that the modulated light at the photodiode may be at the picowatt level or even lower
and impossible to detect, especially given the presence of scattered light from the 20 W
pump beam that must be running. Isolating the beam path to the detector with PVC pipe
and dark fabric helps cut down the background noise a significant amount. Eventually
though, to improve the signal to noise ratio, we found we needed to send the mixing beam

through a beam chopper before it reached the cavity (not shown in the diagram). The
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Figure 5.2: The Mixing Beam Alignment Setup

After coupling to the fiber as shown in Figure 5.1, the mixing beam is sent to a set of
"overlap" mirrors. A HeNe "alignment" beam is sent to its own set of overlap mirrors. The
"beam switch" flip mirror can be used to switch which of the two beams are directed
onward to the cavity. A second "alignment" flip mirror can be used to direct each beam in
turn to a single-mode fiber. By separately aligning each beam for good coupling to the
fiber using the overlap mirrors, it can be ensured that the mixing and overlap beams will
take the same path through the cavity. Both beams can then be roughly overlapped with
the counter-propagating "pump overlap" mirrors by eye using an IR viewing card
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beam chopper, essentially a small set of spinning fan blades, rapidly blocks and unblocks
the beam, giving it a square-wave intensity profile in time with a 50% duty cycle and a
frequency of around 1 kHz. Sending the output of the photodiode to a lock-in amplifier
set to this same frequency can then greatly cut out background noise. A diagram of this

detection scheme is shown in Figure 5.3.

5.2.1 Detection by Eye

Despite these efforts to improve the ease of detecting the mixing beam sideband, after any
alignment changes, or several days of down-time for the experiment, the sideband was
often undetectable. It would then take a great deal of time and luck to overlap the mixing
beam well enough with the pump beam to generate a measurable signal. This was made
especially difficult by the poor locking performance of the pump beam to the cavity, which
necessitated a delicate balancing act of being careful enough to not disturb the lock, while
moving quickly enough to make alignment adjustments before the lock drop on its own.
Interestingly, the human eye is quite sensitive to small amounts of light and can surpass
many detection schemes under the right conditions, and we were able to use this fact to
develop an effective alignment procedure.

When we are unable to measure a sideband signal at the photodiode, we let the cavity
output reflect off of the diffraction grating, and then direct it to the edge of the optical
table using a flip mirror where we try to view it by eye (shown in Figure 5.3). While any
modulated light should be well separated from other beams at this point, and beam blocks
are also in place to allow only this modulated light through, additional precautions are
taken, given that there is a 20 W 1064 nm beam and a 1 W 785 nm beam in use, each passing
through many optics with potential for scatter. First, several dielectric filters are used to

make sure the frequency up-shifted sideband is properly isolated and to block any stray
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Figure 5.3: The Mixing Beam Detection Setup

The mixing beam and any sidebands exit from the top of the cavity, along with some
transmitted pump and Stokes light and a large amount of reflected pump light. The
dichroic mirror reflects most of the light over 1000 nm, which eventually reaches a beam
block (not shown). The mixing beam and sidebands are transmitted through the mirror
and reach a diffraction grating, which is necessary to spatially separate the much weaker
sideband. A flip mirror allows the sideband to be redirected towards the edge of the table
for detection by eye when needed. Otherwise, the sideband is allowed to propagate over
several meters for increased spatial isolation, and is then sent through some final bandpass
filters before being focused onto a photodiode. This signal is either sent to an oscilloscope
for direct viewing or to a lock-in amplifier (in which case the mixing beam is sent through
a beam chopper right after amplification).
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scattered light. Next, the area around the viewer is always checked for scattered light using
an IR card and an IR scope before viewing. Finally, the viewer wears goggles that block IR
light but transmits most visible light. For additional safety tips, see the riveting lab safety
video made in collaboration with former labmate Nick Brewer [35].

With the appropriate safety precautions taken, the room lights are turned off and the
pump beam is locked to the cavity with the mixing beam passing through. The viewer then
crouches down level with the table and looks into the flip mirror at an angle so that the
reflection of the diffraction grating is visible. (Note that the cavity mirror from which the
light exits will not be visible, as the system is aligned to view the first-order diffracted light.)
By slowly "scanning" their head along the mirror in their field of vision, the viewer will
eventually see a flash of red light. Since the light is a collimated beam, it is very directional
and be quite difficult to find at first. With practice though, this becomes fairly easy. The
viewer takes a mental note of the perceived brightness of the light, and makes a small
adjustment to the alignment mirrors for the mixing beam. They then look again to see
if the light has become brighter or dimmer and adjust the mirror again in the same or
opposite direction as needed. Typically, just a couple of iterations of this procedure over
the horizontal and vertical adjustments of a single mirror will be enough to increase the
sideband power to where it can be once again detected by the photodiode. If possible,
having a friend, or even just a begrudging colleague, make the mirror adjustments while
the viewer maintains focus on the light can speed up this process. With the signal now
detectable by the photodiode, it is easy to further optimize it using the alignment mirrors.

This method is actually so sensitive that an experienced viewer can even detect the 532
nm anti-Stokes sideband generated from the HeNe alignment beam, which is well below
the power level that could be quantified with the detector. The HeNe beam is approximately
1 mW, and so accounting for various losses and the inherent misalignment with the pump

beam, there is likely only 10s of femtowatts of 532 nm light reaching the eye. The adjustable
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gain of the human eye can certainly rival that of any Thorlabs PDA10A photodiode!

5.3 Results

We achieved the best performance with a deuterium gas pressure of 0.3 atm, and reached
0.5-10~° conversion efficiency into the frequency up-shifted sideband. While the efficiency
should be the same for the frequency down-shifted sideband, we did not directly measure
this. This conversion efficiency number accounts for losses from various optics after
the cavity, and so is defined as 113_1\54 inside the optical cavity, where Ps and Py, are the
optical powers of the frequency up-shifted sideband and carrier mixing beam respectively.
With approximately 100 mW of mixing beam power in the cavity, we have about 50 nW
of sideband generated there, with single nW level powers when traversing most of the
detection setup. Although this conversion efficiency was low by most standards, this was
the highest modulation frequency of an independent mixing beam in the CW regime that
had ever been demonstrated, and so was an important result. We published these results
in Applied Sciences in 2014 [36].

We also explored the effects of the pump beam power on the modulation efficiency.
We found that as we increase in the input pump power, the transmitted pump power
from the cavity tends to stays constant at about 1 mW, whereas the transmitted Stokes
power increases linearly to a maximum of about 7 mW. This is similar to the behavior we
observed in our previous experiment where the system becomes saturated with the pump
beam and additional pump power is converted into Stokes light [16]. Using the known
transmission of the cavity mirrors and the shape of the cavity-mode, we can calculate the
intensity profiles of the circulating pump and Stokes beams. The maximum intensities are
found to be 10 ¥W/em?> and 62 kW /cm? for the pump and Stokes beams respectively. We then

calculate the predicted modulation efficiency given these intensity profiles, the Raman-gain
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coefficient of deuterium, and the gas pressure in the cavity. The solid line in Figure 5.4
shows the predicted conversion efficiency using the estimated intra-cavity pump and Stokes
intensities. We observe reasonable agreement between the experimental data points and
the calculations. The somewhat lower measured efficiencies than the predicted ones are
likely largely due to an imperfect spatial overlap between the mixing beam and pump
beam in the cavity. The spatial overlap is difficult to estimate in our experiment and our

calculations do not take this effect into account.
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Figure 5.4: Conversion Efficiency vs Incident Pump Power

The conversion efficiency from the mixing beam to the approximately 636 nm anti-Stokes

sideband is shown as the incident pump power is varied at a constant deuterium pressure

of 0.3 atm. The solid line is a theoretical calculation, based on the measured transmitted
powers of the pump and the Stokes beams through the cavity.
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6 Cavity Redesign

While we were able to use our experimental setup to demonstrate modulation of an inde-
pendent mixing beam at 90 THz, we felt that we were reaching its limits because detection
of the mixing beam sideband had proven quite difficult. Additionally, the low modulation
efficiency would likely make the more advanced experiments we wished to pursue pro-
hibitively difficult, such as modulating an already broad laser source. To address this, we
began to consider what changes we might make in our setup to increase both the efficiency
and the ease of operation.

For guidance in this process, we first recall from Section 2.2 that the modulation effi-

ciency within the cavity is approximately proportional to
exp’x I, xIsx1? (2.36 revisited)

where p is the pressure of the gas, I, and Is are the circulating intensities of the pump and
Stokes beams, and 1 is the length of the cavity.

The models used for most of the calculations in this chapter are based on the theoretical
analysis performed by Carlsten et. al [28]. Note that our analysis contains an adjustable
parameter that is chosen to scale the system’s performance to be in line with what we observe
experimentally. The model assumes mostly "ideal" conditions and so there are many effects
that are not accounted for. We therefore do not take the results to be completely predictive
of behavior we might see. Rather, we are simply interested in the trends they show, and
what insights they might provide, as far as making improvements to the experiment.

The primary results we make use of from Carlsten’s work are the equations for the
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steady-state electric field of the pump laser inside the cavity (E,_ ), the steady-state electric

SS

tield of the generated Stokes beam (Esg), and the threshold electric field of the pump

beam incident on the cavity required to generate a Stokes beam (Ep, . .). These are
reproduced below:
Ls) /2
Ero.= (= 6.1
Pss ( G ) ( )
ws(K — L,E, )} 12
Eses = { = (6.2)
wpGEp
IxL, [/ Ls \/2
E =P <—> : (6.3)
Pthreshold c Tp G

In these equations, L, and Lg are the losses from the cavity mirrors at the pump and Stokes
wavelengths; T, is the transmission of the cavity mirrors at the pump wavelength; G is
the Raman-gain coefficient, which depends upon the linear gain coefficient of the gas
and the spatial overlap between the pump and Stokes cavity-modes; and K is the optical
pumping constant, which depends upon the transmission of the cavity mirrors at the pump

wavelength and the incident pump beam power.

6.1 Gas Pressure

Based on Equation 2.36, the easiest avenue for improvement might seem to be to simply
increase the gas pressure and enjoy quadratic gains in efficiency. However, the equation is
somewhat misleading in this regard, as the terms affecting the efficiency are not entirely
independent of one another. A plot is shown below of the theoretical cavity output powers
for the pump and Stokes beams when 1 watt of pump beam is coupled to the cavity and the
deuterium gas pressure is varied. The cavity parameters are set as described in Section 3.3,

with a finesse of about 23,000 and a length of 75 cm.
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Figure 6.1: Cavity Output Pump and Stokes Power vs Gas Pressure

1 watt of pump power is coupled to the cavity. Keeping other performance values constant,
as the gas pressure is increased the Raman lasing threshold is crossed and Stokes power
builds up. At slightly higher pressure, the maximum product of the power of the two
beams is reached. The pump power rapidly drops with increasing pressure as it is
converted into the Stokes beam. Slightly after the maximum product is reached, additional
gas pressure causes both the pump and Stokes power to drop.

Section 6.1 shows that after the pressure threshold is reached for Raman lasing with
1 W of coupled power, the product of the output power of the two beams is maximized
with only a slight additional increase in pressure. Higher pressure will still increase the
Stokes power somewhat after this point, but as this rapidly depletes the pump power, their

overall product drops. At higher pressures still, the output of both the pump and the Stokes

decreases.
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We next plot the pump and Stokes output power for the same system, but now showing
the estimated modulation efficiency based on Equation 2.36. The estimated modulation
efficiency grows continuously with pressure after threshold is reached, since the growth
from pressure outweighs the decrease in product of the beam powers. However, the
efficiency only rises as approximately the square root of the gas pressure, rather than

quadratically as the equation might imply.
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Figure 6.2: Conversion Efficiency vs Gas Pressure

The same plot from Section 6.1, with the predicted modulation efficiency of a mixing beam
included. After threshold is reached, the efficiency rises only as approximately the square
root of the gas pressure, rather than quadratically as Equation 2.36 might imply.

Still though, this analysis would suggest that we should use as high of a gas pressure as
we can, and perhaps it would be worth the effort to build the cavity to withstand extremely

high gas pressures. However, not all effects related to gas pressure are accounted for in this
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analysis, and given the relatively slow growth in efficiency that is predicted, this would
probably not be a fruitful path. The most significant effect is likely that higher gas pressure
can greatly affect laser locking performance, making it both more difficult to lock, and
reducing the transmission when we do manage to so. We typically notice a big drop in
coupling performance of the pump beam between calibrating the system under vacuum
and then adding even just 0.1 atm of gas.

Additionally, higher gas pressure will increase the linewidth of the Raman transition
due to pressure broadening. Pressure broadening will be dominated by collisional effects in
this regime, and so will increase approximately linearly with gas pressure. This effectively
decreases the Raman-gain of the system and so will reduce the established molecular

coherence.

6.2 Cavity Geometry

We might next consider increasing the length of the cavity, which increases the interaction
length of the laser with the gas. We are however constrained by the need for the beam
shape to match a stable-mode of an optical cavity. This means that as we increase the
length, we will generally have to increase the radius of curvature of the cavity mirrors,
which will increase the overall beam size and reduce the intensities of the pump and Stokes
beams. To examine the overall effect of cavity length, we can replace the constant pump
and Stokes intensities in Equation 2.36 with an expression for the intensities per unit length

and integrate over the length of the cavity:

T b(2) - Is(z) &

6.4
—1h meter ( )

€o<p2X12J
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Note that this integration is performed on-axis with the cavity, and so due to the radial
symmetry of the cavity-mode, the varying intensities in the x and y directions can simply be
accounted for with a proportionality constant. I(z), then, refers to the peak intensity value
of a beam at position z, or, more precisely, [(x = 0,y = 0, z) with respect to the optical axis
of the cavity. Figure 6.3 shows the integrated product of the pump and Stokes intensities
starting with 1 W of pump coupled to the cavity for various cavity lengths and mirror
radius of curvatures (RoCs). We restrict the cavity geometries to a reasonably practical
design range (i.e. not 10 m long cavities). For a given mirror RoC, increasing the cavity
length will always increase the total integrated intensity, but shorter cavities can support
smaller RoCs and smaller beam sizes. The rapid rise near the end of the curves occurs
because the waist of the cavity-mode only barely increases with length at those points, and
so the additional length mostly just allows for more of a beam to be enclosed. Cavities
have real eigenmodes for lengths as large as 1 =2 - RoC, but tend to be less stable near this
maximum value. So in practice, not all of this rapid rise is exploitable. Only values for
1l < RoC — 1 cm are plotted.

We next substitute Equation 6.4 into Equation 2.36 to use the integrated intensity rather
than a constant value, in order to examine the effect of cavity geometry on modulation
efficiency. Otherwise the same parameters as in the previous model are used, with 1
watt of pump beam coupled to the cavity. The gas pressure is chosen to be a constant 1
atm, although we note that this does not significantly affect the shape of the curves, as
we are essentially examining just geometric effects here. Figure 6.4 shows the predicted
modulation efficiency for the same cavity geometries that were shown in Figure 6.3, now
using this integrated intensity.

The predicted mixing efficiency varies by about an order of magnitude over this range
of cavity parameters. Effects such as the narrowing of cavity resonance linewidths and

decreased stability as the cavity length is increased are not accounted for, as these are
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Figure 6.3: Intensity Product for Various Cavity Geometries
Optical cavities using symmetric mirrors of various radius of curvature (RoC) are shown.
Longer cavities give more total intensity, although the growth is not as rapid as one might
suspect, since longer cavities result in larger mode-waists and lower peak intensities. For a
given cavity length, smaller RoCs create a smaller mode-waist, and thus higher peak
intensities and total intensity.

difficult to quantify. However, both of these effects would serve to reduce the modulation
efficiency as length is increased, so the overall range in the modulation efficiency would
likely be lower than what is shown here.

The fact that the predicted efficiency does not have a huge variance with the cavity
geometry is significant. The allure of large efficiency gains with increased length would
have been difficult to weigh against potential drawbacks, as we know from experience

that longer cavities come with decreased locking performance and decreased laser power

coupling. But the fact that the predicted dependency on cavity length is modest made
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Figure 6.4: Predicted Mixing Efficiency for Various Cavity Geometries

The predicted modulation efficiency for cavity designs, accounting for purely geometric

effects (i.e. the amount of light coupled and overall locking performance is assumed to be

constant). The efficiency varies by about an order of magnitude, although unaccounted for
effects would likely reduce this.

us confident that we would not lose much efficiency from reducing the length (possibly
even gaining some with improved coupling), while at the same time improving the ease of
operation with better locking performance. For this reason, we decided to actually switch
to using a shorter cavity. Beyond this choice, we did not have much reason for a specific
length, as the calculations Figure 6.4 is based on most likely do not contain the detail needed
to inform this decision. So because we had a 27 cm cavity already built from previous
experiments, we switched back to using it. We chose to use 30 cm radius of curvature
mirrors with it, as these would provide us with a relatively high intensity product at this

length, without pushing the bounds of stability on the cavity. A detail view of Figure 6.4 is
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shown below, with the parameters of the original cavity and the chosen redesign marked.
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Figure 6.5: Original and Redesigned Cavity Mixing Efficiencies

A detail view of Figure 6.4, with the original and redesigned cavity geometries marked.
While the plot indicates a slight reduction in efficiency, we hoped that unaccounted for
effects in the efficiency and the improved ease of operation at a shorter cavity length

would outweigh this.

6.3 Cavity Finesse

A final factor to consider in redesigning the experiment is the finesse of the cavity, which

will affect the circulating power and intensity of the pump beam, and therefore impact

both the threshold of input power where Raman lasing will occur, and how much Stokes

light will be generated. We begin by using the same parameters as in the previous plots,

and this time set the cavity mirror reflectivity at the pump and the Stokes wavelength equal
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to one another, and examine the modulation efficiency as this reflectivity is varied. A plot

of the predicted efficiency vs cavity finesse is shown below.
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Figure 6.6: Mixing Efficiency vs Cavity Finesse

The mixing efficiency depends very strongly on the finesse of the cavity. In the absence of
Raman lasing, a higher finesse would mean a higher circulating pump power, but because
the Stokes and pump powers must be balanced for the highest efficiency, the efficiency
reaches its maximum value at a finesse just slightly higher than the threshold needed for
Raman lasing.

The results here were somewhat surprising, and suggest that our finesse of 23,000
might actually be too high. It seems that higher finesse is not necessarily better for high
modulation efficiency, even though it would lead to higher laser powers inside the cavity.
Rather, because the product of the pump and Stokes intensities must be maximized for
maximum efficiency, there is an optimal finesse. The predicted efficiency spans about two

orders of magnitude, approximately matching our current efficiency at our cavity finesse,
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with much higher efficiencies at lower finesse. So it seems there could be great potential
for improvements here!

The amount of coupled power should affect this optimal finesse and so we next examine
the efficiency for several different input powers, as shown below in Figure 6.7. The curves
are individually normalized so that their shapes and maxima may be more easily compared,
since the un-normalized plot would span several orders of magnitude. For a given cavity fi-
nesse though, a higher coupled power always increases the predicted efficiency—increasing

the pump power simply shifts the value of finesse where the maximum efficiency occurs.
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Figure 6.7: Modulation Efficiency vs Cavity Finesse and Input Power

Higher coupled pump power lowers the finesse where maximum modulation efficiency
occurs, as well as narrows the efficiency curve. This is to be expected, as higher-power
means a lower finesse is required to reach the Raman lasing threshold, and the maximum
efficiency occurs shortly after threshold where the pump and the Stokes powers are
properly balanced. The curves are individually normalized for ease of comparison, as the
plot would otherwise span several orders of magnitude.
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Note that higher coupled pump power lowers the finesse where the maximum mod-
ulation efficiency occurs, as well as narrows the efficiency curve. This is to be expected,
as higher-power means a lower finesse is required to reach the Raman lasing threshold,
and the maximum efficiency occurs shortly after threshold where the pump and the Stokes
powers are properly balanced. To help better understand this behavior of the system, we
plot the finesse at which the maximum modulation efficiency occurs against the input

pump power in Figure 6.8.
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Figure 6.8: Optimal Cavity Finesse vs Pump Power

The plot shows the "optimal finesse"—the one that should give the highest modulation
efficiency—for a given amount of coupled pump power. The optimal finesse is very
sensitive to the pump power at low values, but levels off rapidly above about 3 W. We are
unlikely to be able to couple this much power, and so will face this region of high
sensitivity in trying to optimize the cavity configuration.
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6.3.1 Choosing the Finesse

To choose the finesse for our new cavity, our best bet would seem to be to first determine
how much pump power we can couple in, and then use the results of Figure 6.7. With
our current setup, we usually have about 12 W of pump power incident on the cavity.
When the cavity is filled with gas, and given its length and high-finesse, we typically can
couple only about 1 W of pump power to it. This puts us close to the steepest part of the
curve in Figure 6.8, where the optimal finesse depends very strongly on the coupled power.
Unfortunately, this makes it very difficult to determine what cavity finesse might give us
the best performance.

As previously mentioned, a variety of unaccounted for factors likely make the plots
in this chapter informative of the trends and types of behavior to expect with our system,
but not necessarily accurate in their precise values or rates of change. Additionally, the
amount of power we can couple to our system is not a constant, and will likely depend
strongly on the cavity finesse in ways that we cannot predict. This means that we cannot
simply measure the amount of power we can couple to our current system and use this to
determine the optimal finesse. Another point worth considering is that it would be risky
to choose a new finesse that would give the maximum efficiency even if we could, because
this point occurs only shortly after the threshold finesse. With only slight measurement
error, manufacturing flaw, or drop in performance, we would be likely to end up with a
system that is unable to pass threshold at all.

Finally, we note that we while we have set the cavity mirror reflectivity for the pump
and Stokes wavelengths, R, and Rs, equal to each other in these calculations, this does not
necessarily give the best performance. The optimal configuration lives in a rich parameter
space depending on the gas pressure, coupled pump power, and R, and Rs. Figure 6.9

below shows a plot comparing the curves for the modulation efficiency vs cavity finesse
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with R, = Rg (the same curve in Figure 6.6), and one where R;, is fixed for a finesse of
about 4,500 and only Rg is allowed to vary. This second configuration outperforms the first
almost everywhere, with a slightly lower threshold, slightly higher peak efficiency, and
most noticeably a much gentler drop in efficiency as the Stokes finesse is increased past the

optimal value.
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Figure 6.9: Modulation Efficiency vs Pump and Stokes Finesse

Both curves are generated using 1 W of coupled pump power and 1 atm of deuterium
pressure. The blue curve is the same as that in Figure 6.6, and shows the mixing efficiency
as both R, and Rs are adjusted together. The orange curve has R, fixed at 0.9993 (for a
finesse of about 4500), with only Rg varying, and greatly outperforms the blue curve. (Le.,
for a given pump power, the orange curve has a higher efficiency at almost all values of
finesse and is less sensitive to an "error" in the finesse.) While this is promising for future
directions the experiment might take, we are currently unable to implement the
configuration associated with the orange curve.
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While we found this to be an interesting result, and it shows that this type of system
might have room for improvement in the future, we were not able to source mirrors at
this time with such precise reflectivities at two different wavelengths at a reasonable cost.
The best we could realistically hope for would be approximately equal pump and Stokes
reflectivities with a 10% deviation or so from our specified finesse. Given the many factors
that were difficult to account for, it was hard to make an entirely analytical decision for our
desired reflectivity. We did suspect our finesse was higher than optimal for our amount
of coupled pump beam, and we greatly valued the improved locking performance that a
lower finesse might bring and believed this might improve our coupled power as well. So
in the end, somewhat arbitrarily, we ordered mirrors with a reflectivity of about 0.9992 at

the pump and Stokes wavelengths, for a finesse of about 4,000.

6.4 Performance

So counter-intuitive to the proper course of action that a cursory glance at Equation 2.36
might suggest, we decided to change our optical cavity for one that was about three
times shorter (1 = 75cmtol = 27 cm) and with six times lower a finesse (F =~ 23,000
to  ~ 4,000). We ordered these new mirrors from Evaporated Coatings Inc, with the
target reflectivities at the pump and Stokes wavelengths, and as transparent as possible
in other regions of the spectrum to allow for single pass modulation of mixing beams.
We implemented this setup using our old 27 cm cavity and these new mirrors, and were
initially able to achieve modulation efficiencies of 1-10~° : a modest increase from our
previous result of 0.5 - 107°. (It should be considered though that the 27 cm cavity was
not able to be cooled with liquid nitrogen, which, as discussed in subsection 3.3.4, likely
reduced the performance by about a factor of six.) However, we achieved a significantly

higher "ramping" efficiency of 10—%. This ramping process is explained below.
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6.4.1 Ramping Efficiency

When aligning the pump laser to the optical cavity, it is often helpful to send a triangle wave
driving voltage to either a piezo on a cavity mirror, which will shift the cavity resonances,
or to a piezo in the pump ECDL, which will shift the laser frequency. Both processes
give approximately linear frequency shifts with voltage, each with a total range at the 10
GHz level. So depending on which piezo is used, the triangle wave effectively sweeps or
"ramps" the cavity resonances through the laser frequency, or sweeps the laser frequency
through the cavity resonances. Both methods allow the relative frequency spacing of the
cavity resonances to be viewed, and can be very useful because it allows laser light to be
transmitted through the cavity without it having to be locked.

When we ramp either the pump laser or the cavity piezo, there are brief moments when
the laser is on resonance and high intensity builds up in the cavity. This is enough time to
generate a Stokes beam, and for modulation to occur of any mixing beam that is present.
During these brief periods of resonance, the pump and Stokes beams build up to much
higher intensities than when we lock the pump laser, leading to much more power in the
mixing beam sidebands. The timescale of the ramps are in the millisecond range, which is
very much still in the CW domain compared to the other timescales in the system. Any
frequency broadening due to the timescale of these millisecond bursts of transmitted light
is much smaller than their linewidth when operating in a purely CW-mode.

We are not entirely sure of the reason behind this behavior, and it was not observed
in with the previous 75 cm long cavity. This high efficiency is also observed briefly when
the laser lock is first engaged, before dropping down to the steady-state efficiency. It is
possible that our locking performance is simply not able to effectively keep the laser on
resonance, and that sweeping past a resonant frequency allows more light to couple. While

previously this would not be likely, as the cavity resonance linewidths were much narrower
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than the laser linewidth, the new cavity linewidth is approximately 150 kHz and on the
same scale of the laser linewidth. So perhaps, while the locking system cannot keep the
laser frequency completely within this range, when the laser is ramped, it can temporarily
couple much more light into the cavity.

Another possible cause for this effect is heating of the cavity mirrors. Due to the very
high intensities inside the cavity, there is significant heating of the mirrors, and this may
temporarily change their reflectivity properties and curvature and reduce light coupling.
These effects would not be present when the laser is only resonant for milliseconds, as heat
would not have time to build up significantly.

We look at these time dynamics in more detail in Figure 6.10. Here, a simultaneous
trace of the transmitted pump, Stokes, and anti-Stokes beam signals from the redesigned
cavity are shown. As the anti-Stokes beam is not resonant with the cavity, it is formed
through self-modulation of the pump beam, and so functions in the same way a frequency
up-shifted sideband would from an independent mixing beam. The signals are recorded
while the frequency of the pump beam is scanned back and forth three times over a cavity
resonance. The pump beam (blue) is resonant with the cavity over a period of about 100 us
and builds up to high-power. During each resonance a Stokes beam (orange) is generated
through Raman lasing. Note the threshold behavior of the Stokes beam, which reaches
peak power very rapidly after the pump passes the necessary intensity. When both the
pump and Stokes beams are at high-power, the anti-Stokes beam (green) is generated,
which is analogous to a sideband from a mixing beam. The anti-Stokes beam is present
for a much shorter period of time, as it requires high intensity from both the pump and
the Stokes beams. The peak power of each of these beams is much higher than what is
achieved when the pump laser is locked, and allows us to achieve transient modulation

efficiencies of 104.
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Figure 6.10: Cavity Output Time Dynamics

The output of the cavity is recorded as the frequency of the pump beam is scanned back

and forth three times over a cavity resonance. The pump beam (blue) is resonant with the

cavity over a period of about 100 ps and builds up to high power. A Stokes beam (orange)

is generated through Raman lasing once the pump hits a threshold power. When both the
pump and Stokes beams are at high-power, the anti-Stokes beam (green) is generated,

which is analogous to a sideband from a mixing beam. The anti-Stokes beam is present for
a much shorter period of time, as it requires high intensity from both the pump and the

Stokes beams. The peak power of each of these beams is much higher than what is
achieved when the pump laser is locked.
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6.5 Looking Forward

This much higher ramping modulation efficiency was very exciting for us, as it allowed
for new types of experiments that would not have previously been possible. Additionally,
we found the locking performance to be greatly improved compared to the old cavity,
presumably due to some combination of reduced finesse and length as we had hoped.
Whereas previously the laser would often only lock for seconds at a time, we could now
easily maintain a lock for minutes or even hours. (While these are rather poor durations
compared to many locking systems, we remind the reader that these experiments are
performed with over 10 W of power incident on large, gas-filled cavities, sometimes with a
reservoir of boiling liquid nitrogen around it, and so should not be directly compared to
traditional laser stabilizing cavities.) The improved locking performance made running
the experiment much easier, and would allow for longer and more complex measurements,
in addition to the options the higher efficiency enabled.

In preparation for future experiments, we worked to optimize the alignment and mini-
mize the losses from the optics that the mixing beam and sidebands would pass through
after leaving the cavity. Having a longer-lasting cavity lock was extremely helpful for this
process. When we repeated the modulation experiment of the 785 nm mixing beam, instead
of using a beam chopper and lock-in amplifier to detect the sideband, we could simply
direct the now plainly visible sideband (without the need to aim it directly into the eye)
onto a photodiode. While the overall efficiency within the cavity was only several times
higher than in the previous experiment, much more of the modulated light was isolated
and usable now. Figure 6.11 shows the 636 nm anti-Stokes sideband from the 785 nm
mixing beam with 10s of nW of optical power focused onto a piece of paper. Modulating
light in such a stark manner like this—by sending a mixing beam through the cavity in

a single pass and having the visible beam of the sideband emerge at clearly a different
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color than the input light—had been a long-time goal of mine with the experiment, and
so this was a very proud moment for me, and an auspicious sign for our next round of

experiments.

Figure 6.11: A Proud Moment

With the improved modulation efficiency and locking performance of the new cavity, we
were able to isolate the 636 nm anti-Stokes sideband of the 785 nm mixing beam and focus
it down so that it was easily visible by eye.
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7 Broadband Modulation

With our redesigned cavity setup working well, our next goal was to modulate an already
broadband source, rather than the single frequency 785 nm ECDL we had previously
used. While we should be able to modulate almost any light source, we wanted to use
a pulsed laser. Because pulsed lasers have an inherent spread in frequency space, this
would allow us to demonstrate the broadband capability of our modulator. Additionally,
using an already pulsed laser as our mixing beam (rather than an incoherent broadband
source) and then modulating it, may be a good path towards reaching new limits in pulse
duration. This would likely not have previously been possible for us, at least if we wanted
to measure the spectrum of the modulated light and do so without substantially more
power in the mixing beam—it was challenging enough to detect the previous sideband we
produced that had its power concentrated over just MHz-level bandwidth, and now we
would need to resolve a sideband over THz-level widths. We decided to use a titanium
sapphire (Ti:sapph) laser for our mixing beam because its wavelength matches nicely with
the most transparent region of our cavity, we already had a variety of optics that would
be suitable for it, and, most importantly, we were able to borrow an old setup from Deniz’

former colleague, Dick Prepost.

7.1 The Ti:sapph Laser

The Ti:sapph was an old model from KM labs that housed a variety of optics in precision
mounts to create a ring cavity, as well as the titanium sapphire crystal that serves as the

gain medium. It is designed to operate in either a broadband pulsed-mode, with pulses at
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a repetition rate of 94 MHz (corresponding to the free spectral range of the cavity), or in a
CW-mode with a widely tunable narrow lasing-mode. The system needs to be externally
pumped, and the manual recommended using at least 5 W of 532 nm laser light that has a
very good spatial profile and high polarization purity. The Ti:sapph undoubtedly would
have been a pleasure to work with, had it not been for the fact that we had no such pump
laser available to us. We eventually found a very good deal on a 4 W green laser that was
recently retired from performing in laser light shows. These types of lasers, while well
suited for dazzling crowds with mesmerizing displays, are not built to dazzle a physicist
with their spectral or spatial quality. The spatial quality was so poor, in fact, that the beam
could only be focused to a diameter of about 70 microns, and less than 1% of its power
could be coupled to a single-mode fiber. A diagram of the Ti:sapph setup as well as a
photograph are shown in Figure 7.1 for reference.

After our best attempts at spatial-mode and polarization cleaning, the pump light enters
the system. When the system is correctly aligned, the pump is first directed through a
cavity mirror that is transparent at 532 nm, but reflective in the range that titanium sapphire
fluoresces. The beam is focused through the crystal, and any unabsorbed light passes
through another mirror and into a beam block. The crystal fluoresces and then lases in both
directions through the cavity-mode path. The cavity path is designed to accommodate
a pair of prisms that serve to correct for dispersion and adjust the bandwidth when the
laser is operating in pulsed-mode, or for wavelength tuning when in CW-mode. The beam
leaves through the partially transmissive output coupler. The crystal glows a beautiful red

when in operation, as seen in Figure 7.1(b).
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Figure 7.1: The Ti:sapph Laser

The pump light at 532 nm enters the system at the top. It passes through a cavity mirror
and focuses on the titanium sapphire crystal, which it primes to serve as the gain medium.
The crystal lases in both directions through the cavity-mode and leaves through the output
coupler. A pair of prisms serve to compensate for dispersion and adjust the bandwidth
when the laser is in pulsed-mode, and is used for wavelength tuning when in CW-mode.

7.1.1 Initial Lasing

While our pump laser was not well-suited to this application, with extensive alignment
adjustments we were able to achieve CW lasing at approximately 810 nm, although this
was initially at very low power. We had originally hoped that we might be able to pump
the Ti:sapph with some 445 nm diodes we had on hand. However, we could only get the

system to lase with an output power of a few mW, since our 445 nm diode output only a
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couple of watts and titanium sapphire is less absorptive at this wavelength than at 532 nm.
Eventually though, we managed to reach an output of about 350 mW using the 532 nm

pump beam. Some of the highlights of this progress are shown in Figure 7.2.
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Figure 7.2: Ti:sapph CW Output Power

The main milestones in our progress with the Ti:sapph laser are shown. We initially tried
to pump with blue diodes we had on hand, but we could only barely achieve lasing with
them. Ultimately, switching to the green pump laser, reshaping the beam, thoroughly
cleaning the cavity mirrors, and getting a few new optics, along with extensive alignment
adjustments, allowed us get up to an output power of 350 mW.

Despite the poor quality of the pump beam, the Ti:sapph output has a very good spatial-
mode. This should be expected, as stable lasing can only occur in one of the cavity-modes,
which will in general have a clean shape. The pump beam quality simply limits the amount
of light that can be pumped in the crystal in the path of the cavity-mode, and so increases
the difficulty of achieving lasing. A CCD beam profiler camera was used to record the

spatial-modes of the pump beam and the Ti:sapph output, which are shown in Figure 7.3.
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(a) Pump Beam Profile (b) Ti:sapph Beam Profile

Figure 7.3: Beam Profiles

The beam profiles for the pump laser for the Ti:sapph (a), and the CW output beam of the

Ti:sapph laser (b). The pump beam is very poor quality, with only about 1% of its power

able to be coupled to a single-mode fiber. The output of the Ti:sapph is very good quality
with a near perfect Gaussian profile.

7.1.2 Mode-Locking

Achieving pulsed operation with the Ti:sapph proved much more difficult than CW lasing,
due to the low-power and bad spatial-mode of the pump. For pulsed operation, the Ti:sapph
needs to be "mode-locked", where it simultaneously lases at many different frequencies
spaced by the free spectral range of the cavity. Just like as shown in Section 1.1, the different
frequencies will interfere with each other and produce short pulses of light followed by
intervals of nearly 0 intensity. When mode-locked, the Ti:sapph lases in a different cavity
spatial-mode than when in operating in CW-mode. Mode-locking relies on the Kerr effect
in the crystal, which will cause high-intensity light to experience a slightly higher index
of refraction in the crystal and to be focused more tightly within it. This calls for an
adjustment in alignment of other optical elements in the cavity, and results in a change of

the cavity-mode. This difference in cavity-mode shape allows the crystal to also serve as
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the essential saturable absorber needed to initiate mode-locking: Low-intensity light will
not be shaped by the Kerr effect to the new cavity-mode, whereas high-intensity light will
be. Random fluctuations in intensity occur as different lasing frequencies come in or out of
phase with one another, from which high-intensity bursts propagate more efficiently in the
cavity-mode and experience higher-gain, allowing the laser to begin pulsing.

However, with the Ti:sapph lasing at less than its design power, the beam could not be
sufficiently shaped by the Kerr effect to form a distinctly new cavity-mode, which lowered
the effectiveness of the crystal as a saturable absorber. This made mode-locking very
difficult to achieve, and addressing this is what took the majority of the time in getting
the Ti:sapph operational. Yet with extensive alignment adjustments (many needing to be
outside of the typical range for this setup, meaning the cavity was likely not aligned to the
"design" mode), we were able to get a reasonably stable mode-lock.

In practice, to encourage these intensity fluctuations, and to nudge the laser away from
operating in a CW-mode and into a stable pulsed-mode, the user bangs on one of the prism
mounts with a wrench (yes, really). For an experienced user and, with a little luck, a single
well placed "whack" will be enough to mode-lock the Ti:sapph. From the not so lucky days,
members of the Yavuz Group will remember the repeated clang of metal on metal echoing

from room 5307.

7.1.3 Beam Characterization

At best, when the Ti:sapph was mode-locked, we could get about 150 to 200 mW of output
power with a spectral full-width-half-max of about 20 nm. It was easy to verify that it was
mode-locked by noting the broadening on an optical spectrum analyzer, or by observing
a beat frequency corresponding to the repetition rate when directing the light to a fast

photodiode connected to an RF analyzer. During usage, we would commonly send the
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beam through a frequency doubling BBO crystal and look for blue light (at approximately
405 nm) as a very quick check for mode-locking. Because the frequency doubling is a
non-linear effect and depends on the square of the intensity of the input light, we would
get virtually no light if the laser was in CW-mode, but when operating in pulsed-mode,
with peak intensities millions of times higher, we would generate about 1 mW of blue light,
which is easily visible.

To more fully characterize the beam and exactly measure the pulse widths, we set up
an autocorrelator using the BBO crystal. A plot of a typical autocorrelation scan is shown
in Figure 7.4. Note that we used an interferometric autocorrelation configuration, rather
than the more common intensity autocorrelation setup. This results in visible interference
fringes in the plot. Additionally, the background signal will approach 0.1 if the time-axis
was scanned further, as opposed to the 0.5 background level for an intensity autocorrelation
setup.

The signal recorded is (ideally) proportional to

+o00

I(T)pha o J \ [(E(t) + E(t— T))]zrdt, (7.1)

—00

where I(T)pnq is the signal recorded at the photodiode as a function of the delay time t
between the two arms of the interferometer. Deconvolving this to recover ([E(t)[* for the

plot in Figure 7.4, gives a pulse width of about 50 femtoseconds.
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interferometric autocorrelation measurement, interference fringes are recorded and the
signal has minimums approaching 0 at the center of the pulse. The tails of the pulse will
approach 0.1 if the delay range is increased. Deconvolving the plot gives a pulse width of

7.2 Experimental Design

about 50 femtoseconds.

With the Ti:sapph well characterized, we were ready to integrate it with the rest of our

experiment setup, which is shown in Figure 7.5. The design is similar to that used for the

mixing beam experiment that was shown in Figure 5.1.

The deuterium-filled cavity is prepared as before with about 0.3 atm of pressure and

the pump beam at 1064 nm. The Ti:sapph beam is collimated and sent through an isolator.

The isolator is especially important here, as even uWs of back-reflected light can disrupt
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Figure 7.5: Ti:sapph Modulation Experimental Design

The setup is similar to that of the mixing beam experiment in Figure 5.1. The Ti:sapph
beam is collimated and sent through an isolator, which is essential for preventing
disruption to the mode-lock. A flip mirror allows the beam to be directed towards a BBO
crystal, which lets us easily check if the laser is mode-locked. The beam is then roughly
mode-matched and aligned to the cavity, and is overlapped with the pump beam using a
dichroic mirror. The cavity is prepared as before using the 1064 nm pump beam. The
Ti:sapph beam and any sidebands are isolated for detection using another dichroic mirror
after passing through the cavity.

the mode-lock of the Ti:sapph. A flip mirror is set up right after the isolator to allow the

beam to be quickly directed to a BBO crystal, which we found to be one of the easiest and
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fastest ways to check that the laser is mode-locked. Past the flip mirror, the beam is roughly
mode-matched to the cavity and is overlapped with the pump beam using a dichroic mirror,
as in the mixing beam experiment. After passing through the cavity, the Ti:sapph and

sidebands are separated from the other beams and sent on to our detection setup.

7.2.1 Detection Scheme

As with the previous mixing beam experiment, the most challenging part with this setup
was detecting the modulated light. Although we had slightly more power in the Ti:sapph
than in our 785 nm mixing beam, as well as higher modulation efficiency from the cavity,
we could not use the same detection scheme as before since this would not allow us to
verify that we had achieved broadband modulation. Using a commercial optical spectrum
analyzer would be ideal, but our spectrum analyzer needed uW level input powers, which
would not be nearly sensitive enough. We tried a variety of detection approaches to get the
needed sensitivity in the presence of strong background signals. We had some promising
results in building a very sensitive Fourier-transform spectrometer—essentially a Michelson
interferometer where the length of one arm is varied and the interferogram is recorded—
but ultimately had to abandon the idea due to resolution and stability issues. Stepper
motors that could precisely record their position were too jittery and introduced too much
noise; electromagnetic actuators were smoother, but we could not track their displacement
precisely enough without expensive solutions; and piezos did not quite have the needed
range of travel. We ultimately designed and built our own simple grating spectrometer,
with a focus on achieving high sensitivity. A diagram of it is shown in Figure 7.6.

The Ti:sapph and any sidebands, or any other light to be analyzed, are sent to the
spectrometer setup. The light hits a diffraction grating, and is spread out by wavelength.

The system is aligned so that the input light will couple to a single-mode fiber as a diffrac-
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Figure 7.6: The Spectrometer

The input light to be analyzed is carefully aligned to the diffraction grating, so that the
beam will couple into a single-mode fiber as the grating is rotated. The fiber greatly cuts
down on background noise and improves spectral resolution, as only a small slice of the

input beam will couple at a given grating position. At the output of the fiber, the beam
may be sent through a variety of dielectric filters, if necessary, and the signal is amplified
and recorded. A calibration beam of known wavelength or spectral shape may be sent to

the diffraction grating as well to periodically recalibrate the device.

tion grating is rotated on a motorized stage. The single-mode fiber blocks much of the
background noise, and a playful assortment of dielectric filters after the fiber can help as
well. The signal from the photodiode is then amplified and continuously recorded as the
diffraction grating is rotated. The rotation angle of the diffraction grating is recorded as
well, which corresponds to a known wavelength of light coupling to the fiber. The system
is automated and controlled via computer so that, upon initiating a scan, the rotation stage

tirst moves to a designated starting position and then rotates at a fixed rate to a set end
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position. The signals from the photodiode and rotation stage are sent to a computer and
are processed to show a spectrum. A full scan usually takes a few seconds.

A variety of adjustments can be made to increase the sensitivity of the device, usually
at the expense of resolution. Several irises (not shown) between the diffraction grating and
tiber couple can be adjusted to change the angular spread of light that reaches the fiber,
and effectively change the bin size. Additionally, a multi-mode fiber may be used in place
of the single-mode one, which increases the total signal and the bin size, but does increase
the background noise as well.

To calibrate the system for correct wavelength readings, a separate "calibration beam"
may be sent in via a flip mirror that is aligned to propagate along the same path as the
input beam. After slight alignment adjustments, it is typically sufficient to fine-tune the
spectrometer by using a single calibration beam of known wavelength and applying the
grating equation shown in Equation 3.1. To improve accuracy, an LED of known spectral
shape may instead be used, and the resulting spectral data is fit to this known shape.
For initial calibration or after major alignment changes, a white light source may also be
used as the calibration beam, in conjunction with a monochromator placed between the
output fiber and photodiode in Figure 7.6. While the monochromator is adjusted to allow
only a narrow range of light wavelengths through, the angular position of the grating for
maximum transmitted intensity is recorded for various wavelengths.

Our spectrometer usually has an absolute wavelength accuracy to within a nanometer
and a resolution of about half a nanometer, which is adequate for our purposes of detecting
modulated light. More importantly though, it is sensitive at the picowatt level of input
light. Figure 7.7 shows the recorded spectrum from a HeNe laser that is attenuated to
approximately 5 picowatts of power at the input of our spectrometer, in the presence of
our pump beam lasing at its full power of 20 W and directed towards the cavity as usual.

The peak power occurs at 632.9 nm, which agrees well with the typical value of 632.8 nm
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tfor a HeNe laser. The small secondary peak is likely due to a distorted spatial profile in
the beam, which is translated to another local maximum in transmitted power by the fiber.
Further closing the irises in the system eliminate this (but causes the signal-to-noise ratio to
become too high when at such a lower power). This distortion is possibly introduced by the
attenuating optics, as no such extra peaks are present when the laser is not as substantially

attenuated.
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Figure 7.7: Spectrum From a 5 Picowatt HeNe Beam

The spectrum measured using our spectrometer setup from a HeNe laser attenuated to
approximately 5 picowatts of power. While background noise is prevalent at this power
level, we correctly measure the wavelength of the beam to within 0.1 nm, and its narrow
spectral spread is readily apparent. The spectrum is captured with our 20 W pump beam
running to match the normal conditions when we operate the experiment. The small
secondary peak is a measurement artifact and likely due to a slight spatial distortion of the
beam, and was not present during higher-power scans.
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We were now confident in our spectrum analyzer’s ability to accurately characterize light,
and we believed we would have more than enough sensitivity to resolve the characteristics
of the Ti:sapph and sidebands. One potential issue though is the dynamic range of the
spectrum analyzer, which is limited by our amplifier to a factor of about 100 in power
between signals without saturating and while maintaining reasonable resolution. We
could record the spectra in two separate scans over a period of minutes, but we wished to
record them in a single scan to more definitively show that spectral characteristics of the
carrier beam are imprinted on the sideband. Since we expect the sidebands to be between
10* and 10° times weaker than the carrier beam, we choose to attenuate the carrier beam
to approximately the same power level as the sideband. A diagram of the spectrum of
Ti:sapph and sidebands as is propagates through the system is shown in Figure 7.8. The
unmodulated Ti:sapph first enters the cavity and acts as the carrier beam. Inside the cavity,
both frequency up-shifted and down-shifted sidebands are added to it. Only the carrier
and the frequency up-shifted sideband exit the cavity however, as the cavity is not very
transmissive at the down-shifted sideband wavelength. The beam then passes through
a dielectric short-pass filter, which transmits the remaining sideband but significantly
attenuates the carrier beam. With the powers between the carrier and the sideband more

balanced, the light is sent into our spectrum analyzer.
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Figure 7.8: Ti:sapph Power Balancing

The power of the Ti:sapph and sideband must be somewhat balanced for simultaneous
detection in our spectrometer. The initial broadband Ti:sapph beam enters the cavity,
where frequency up-shifted and down-shifted sidebands are imprinted. The cavity
mirrors are not very transmissive at the down-shifted sideband frequency, and so only the
original carrier beam and up-shifted sideband exit the cavity. The two beams then pass
through a filter, which transmits the sideband but significantly attenuates the carrier beam
to approximately the same power as the sideband.

7.3 Results

With the spectrum analyzer working well, and the details of the data recording process
worked out, we lock the pump laser to the cavity and overlap the Ti:sapph beam with the
pump. We were able to get a reasonable amount of modulated power for detection without
having to "ramp" the pump beam as described in subsection 6.4.1, so the spectra were
captured with the pump in a true CW-mode. To optimize the alignment of the Ti:sapph and
the modulation efficiency, we first ran the Ti:sapph in CW-mode to concentrate the sideband
power into a much narrower wavelength range for easier detection. After optimizing the
setup, we recorded the Ti:sapph and frequency up-shifted sideband in a single scan, shown

as the blue curve in Figure 7.9 (a), with the Ti:sapph centered at around 800 nm and the
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sideband near 645 nm. The sideband actually has a higher-power than the carrier beam here
due to the limited control we have over attenuation, so a separate scan of the unattenuated
carrier is superimposed in orange and normalized to the same power as the sideband,
to more clearly show the input spectral features. Both beams show up as narrow peaks,
within the resolution of our spectrum analyzer, and spaced by 90 THz just as would be
expected.

We were now ready for the main experiment of modulating a broadband source. We
mode-lock the Ti:sapph beam, and also adjust the Ti:sapph prisms to give a small spectral
peak in addition to the main broad peak. This is to provide an additional reference feature
so that it is clear that the modulator fully copies the spectral properties of the carrier beam.
We repeat the same procedure as before, and the result is shown in Figure 7.9 (b). Note that
the broad spectrum of the carrier beam and the sideband, as well as the additional peak,
and that the relative intensities between the primary and secondary peaks are preserved.
The up-shifted peak appears closer to the primary peak in the sideband, but this is only
an artifact of plotting versus wavelength. In a frequency view, all the original spacing are
preserved.

To verify that the sideband in the mode-locked case is not just broad but has maintained
its discrete spectral components, we focus the sideband onto a fast photodiode and examine
the output on an RF spectrum analyzer. The result is presented in Figure 7.10, which shows
a strong and narrow beat at about 94.12 MHz. As expected, this corresponds to the free
spectral range of the Ti:sapph cavity, which sets the repetition rate of the Ti:sapph laser.

Finally, we also investigate the modulation efficiency of the system as a function of
deuterium gas pressure in the cavity. The Ti:sapph is set in CW-mode and the maximum
measured modulation efficiency is recorded at a given gas pressure. Adjusting the gas
pressure will affect the locking performance of the system, and requires a readjustment of

a variety of parameters. Additionally, a change in gas pressure will slightly misalign the
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Figure 7.9: Modulated Ti:sapph Spectrum

The Ti:sapph and sideband spectra when in CW-mode (a), and when mode-locked (b). In
each plot, a separate scan of the unattenuated Ti:sapph beam is superimposed and
normalized to the sideband power to allow for more easy comparison of their spectral
features. The spectral width of the carrier Ti:sapph beam are preserved in the sideband,
which is frequency up-shifted by 90 THz.

cavity from beam, which upon correcting results in a slight misalignment of the Ti:sapph
beam from the pump. Correcting these effects can be very time consuming, and it can be

difficult to verify that the system has been fully optimized. As a result, the efficiency values

recorded are considered a lower bound for a given pressure. We have found that extensive
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Figure 7.10: Ti:sapph Sideband Repetition Rate

The signal on an RF spectrum analyzer from the frequency up-shifted portion of the
spectrum shown in Figure 7.9 (b), when detected on a fast photodiode. Due to the
discrete-mode nature of the spectrum, there is a strong beat at 94.12 MHz. Within our
measurement accuracy, this value coincides with the measured repetition rate of the
Ti:sapph laser.

tuning can typically give efficiency improvements of about 30%, and so the error bars are
one-sided to reflect this.

The Raman lasing threshold occurs at a pressure of about 0.9 atm. The mixing efficiency
peaks at slightly higher pressure and stays relatively constant until a gas pressure of about
2 atm, at which point the efficiency slowly declines with increasing pressure. This is in
disagreement with the predictions made in Figure 6.2, which suggest a continuous increase
in efficiency. However, as noted in Chapter 6, those kinds of efficiency gains are unlikely to
be realized due to decreased locking performance at higher pressure, which is likely the

primary cause of the declines in efficiency shown here.
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Figure 7.11: Ti:sapph Mixing Efficiency vs Deuterium Pressure

The mixing efficiency for the Ti:sapph beam when the pump beam is locked to the cavity.
After crossing the threshold pressure needed to induce Raman lasing, the efficiency
rapidly rises before somewhat plateauing and decreasing. As extensive adjustments are
needed to maximize efficiency at a given pressure, the maximum efficiency observed is
recorded, and the error bars are one-sided to reflect a 30% increase in efficiency that is
typical upon extensive tuning.

We were very excited about these results, as they showed that our modulation tech-
niques could be successfully applied to broadband pulsed sources. Additionally, while
we were somewhat limited by our Ti:sapph laser, we note that the spectra of Figure 7.9
have immediate important implications for ultrafast waveform synthesis. Below in Fig-
ure 7.12, we plot the calculated intensity of a pulse for the modulated Ti:sapph laser along

with that of an unmodulated pulse. For these calculations, we take the carrier beam to be

centered at 810 nm with spectral components spaced by 94 MHz and with powers given by
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a Gaussian profile with a full-width-half-max of 20 nm. Components corresponding to the

anti-Stokes sideband, frequency up-shifted by 90 THz and centered at 652 nm, are added

in, and we also include the downshifted Stokes components (centered at 1070 nm) that

would be present if the cavity was transmissive at those wavelengths. Finally, we balance

the powers of the three separate beams and set the phases to be equal, corresponding to

amplitude-control and dispersion-compensation.
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Figure 7.12: Calculated Ti:sapph Pulse Shapes

The calculated pulse shape for the unmodulated Ti:sapph beam (a) and the modulated
beam (b). The modulated beam contains components corresponding to both the Stokes
and anti-Stokes sidebands with amplitude control and dispersion compensation. The
modulated beam shows narrow features about 2.5 fs wide underneath the same envelope

of the unmodulated case.

Figure 7.12 (a) shows the calculated pulse shape with no modulation, which has a width

of about 50 fs.

Plot (b) shows the modulated pulse shape. While the envelope remains
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the same, there are now many clusters of narrow features underneath it with widths of
about 2.5 fs and spaced by about 5.5 fs. In both cases, the pulses are spaced by about 10.6
ns, coinciding with the repetition rate of the cavity.

It is also worth noting that the unmodulated pulse length of 50 fs is relatively modest
for a Ti:sapph laser, and so the sideband components were far from the carrier in frequency
space. However, many commercially available Ti:sapph lasers can have pulse widths of less
than 10 fs. Using one of these as the input beam would result in the sidebands and carrier
beam overlapping in their spectral widths and completely covering the 550 to 1250 nm
spectral range. With appropriate amplitude control and dispersion compensation, such a
coherent spectrum would have the capability to produce sub-cycle, 2 fs long pulses, which
would approach the shortest pulses produced in the optical region of the spectrum. We
published these results and a description of the experiments presented in this chapter in

Optics Letters in 2018 [37].
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8 Microresonators: A New Direction

Although we were excited by the results we had produced in modulating the broadband
Ti:sapph laser, we had begun to feel that any utility this might have would be fundamentally
limited by the design of our modulator. The optical cavity that was necessary to achieve
the high intensities required for modulation was large and needed many supporting optics,
covering most of an optical table. It was not clear how this could one day be compacted into
a reasonably sized device that could serve as the basis for an optical waveform generator.
Additionally, the modulation efficiency was low, and, even after a redesign of the cavity,
detecting the sidebands that the system produced remained challenging. To address these
issues, in 2017 our group started a collaboration with Professor Dan van der Weide in the
Electrical Engineering Department at UW-Madison. Dan and one of his students, Atul
Bhadkamkar, had been working with glass microresonators—small spheres that support
whispering gallery modes via total internal reflection—which we believed we could extend
our modulation techniques to.

These microresonators had a few key properties that could help address many of the
challenges and limitations of our optical cavity approach to modulation. First, they have
very small mode-volumes that are on the order of only one wavelength wide and deep as
they travel around the circumference of the resonator. This is much smaller than can be
achieved in optical cavities, and so can lead to much higher intensities and potentially higher
modulation efficiencies. And second, their resonances are based on the geometric effect of
total internal reflection, rather than reflections off of mirrors via dielectric coatings. This
leads to high-finesse across a wide range of wavelengths, and so a single resonator could

work for virtually any pump or mixing laser, rather than requiring many different resonators
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with separately engineered dielectric coatings. This inherent broadband nature, along with
their small size, gives them good potential to be developed into a useful laboratory tool in
the future.

At the same time, our group member Josh Karpel began work on simulating the in-
teractions of electric fields with these types of resonators. He found that with reasonable
experimental parameters, we might achieve modulation efficiencies of more than 1%. A
plot adapted from his thesis is presented in Figure 8.1, which shows a predicted modulation
efficiency heatmap as a function of available pump power and separation of the resonator
from an optical fiber (which influences the coupling of the pump to the resonator) [38].

With the allure of all these features and high efficiency in mind, we began the process of
adapting our experiment to work with microresonators and developing the necessary skills
and techniques to make use of them. Atul’s help during our work with microresonators
was invaluable, as he fabricated resonators to meet our design criteria, as well as supplied
us with very useful knowledge and equipment. We originally began working with glass
microspheres that he supplied for us, which require a high-power CO, laser to produce.
The laser is focused to the tip of a bare fiber optic cable, which heats up significantly and
begins to melt. As the glass melts, surface tension naturally pulls it into an approximately
spherical shape, with diameters in the range of 100 microns, and can be very smooth and
have a high finesse. These resonators primarily support whispering gallery modes, which

are discussed below.
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Figure 8.1: Predicted Modulation Efficiency vs Pump Power and Fiber Separation

Adapted from Josh Karpel’s thesis for a spherical microresonator of 50 micron radius and
quality factor of 10%. The pump is set at 1064 nm and the mixing beam is 800 nm, similar to
previous experiments we have performed. The mixing beam is modulated to a "target"
mode about 12 THz away. The colored dashed lines indicate the fiber separation where
critical coupling occurs for the corresponding mode, but due to the interaction of many
different modes with different couplings, there is no special behavior at these points. A
wide range of parameters allow for modulation efficiencies of greater than 1%.

8.1 Whispering Gallery Modes

Whispering gallery modes can describe the resonances of a variety of types of waves as they
travel around a curved surface. Originally named for sound waves as they traverse the dome
of the St. Paul’s Cathedral in London, they have recently generated great interest for their
application to light in microresonators. Microresonators can come in a variety of shapes
that all support different forms of whispering gallery modes. The basic physics of them

is the same though, and so we restrict this discussion to the spherical case. Unlike linear
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optical cavities that have a fixed path length and whose mode-shape can be described by
two mode-numbers (generally 1 and m for Hermite-Gaussian modes), whispering gallery
modes have a variable path length depending on the radius at which they propagate.
As a result, they are defined by three mode-numbers—q, 1, and m, as well as TE or TM
polarization. Modes are typically donated as TE(M)qm. g corresponds to the number
of intensity maxima in the radial direction in the equatorial plane, 1 is the number of
wavelengths as light travels around the mode-circumference at the propagation radius,
and m is the number of maxima in the azimuthal direction and so must be between —1 and
1 (a negative m indicates clockwise propagation). 1 —|m| + 1 gives the number of maxima
in the polar direction. So modes where | = |m/| correspond to a mode with a single maxima
along the equatorial plane. (To see this, consider that for | # m there must be at least 2
values of the polar angle 0 where an integer number of wavelengths fit in the meridian
around the sphere at 6.)

In practice, whispering gallery modes in optical resonators are generally thought of
as q = land l,m >> 1, with l and m close or equal in value. q = 1 is typically what is
easiest to couple light into, since it has the maximum amount of the mode-intensity near
the surface of the sphere where it is accessible by most coupling schemes. m =1 >> 1 are
modes that are well confined to near the equator, which is desirable for many applications
including ours, since it minimizes the mode-volume and maximizes the intensity of coupled
light. Outside the surface of the sphere, mode-amplitudes experience rapid exponential

decay. Inside the sphere, the mode-shape is described by

E¢(1,0,d) = EgP{" cos(0)e ™ ®jy (ki cT), (8.1)

where P[* are Legendre polynomials, j, are spherical Bessel functions, ki = m:c, and (

is the index P4, m with P = TE(M) as the polarization. Applying appropriate boundary
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conditions to the electric field and expanding the Bessel function to second-order lets us

find the mode-frequencies as

Cc
W ~ —
¢ an

1 T+ 3a2
(H E) + aq( 2 > A e 00+ el (82)

Here, a is the radius of the microsphere, a4 is the qth zero of the Airy function, and

AP = -5~ for P = TEand A” = - —5— for P = TM. Note that m does not affect the
frequency and so there is 21 + 1 degeneracy. In the lab, though, a microsphere will always
have some degree of eccentricity, which lifts this degeneracy. If we additionally consider

the case where ¢ = 1 and | >> 1, we can drop the second-order terms for aq. We can then
write the frequencies as
c

we ~ —
T an

2 2 2

(l+1>+a1<l+1/2>—APiez<l_—|m|)], (8.3)

where a; ~ 2.338 and e is the eccentricity of the sphere, with the + sign used for an oblate
sphere and the — sign used for a prolate sphere.

A analogous free spectral range to that of an optical cavity would be FSR = 5— and
would correspond to a change in L by 1. This is typically tens to hundreds of GHz in our
experiments, and is larger than we can smoothly ramp the laser over. However, unlike a
cavity that can be aligned in such a way that only the fundamental modes are excited and
are spaced by 1 FSR, there is not an easy way to selectively excite certain modes to this
precision in the microresonators. Generally then, we would view only a small portion of a
free spectral range as we scan our laser frequency, but there will still be many resonances
present due to m splitting. This splitting is in fact very advantageous, since it could be

quite difficult to tune a laser enough to find one resonance in a range of several hundred

GHz. Additionally, unlike cavities where higher-order modes significantly distort the
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mode-shape, there is not nearly as much of a change in shape or of a drop in peak intensity

as m changes at high 1.

8.2 Tapered Fibers

Efficiently coupling light into microresonators can be challenging, since the modes have
such small volumes and have such different spatial profiles than the typical Gaussian laser
beam. As a result, we found that we could couple less than 1% of the light from a free space
laser beam directly into a resonator, and so it is not a practical coupling method. Instead,
prisms or tapered optical fibers are most commonly used to produce an evanescent field,
which allows light to tunnel into the resonator. While we briefly experimented with prism
coupling early on, we quickly realized that tapered fibers would be better suited for our
setup, given the small size of our resonators. Tapered fibers, which we affectionately refer
to as "tapers", are bare single-mode fibers that are stretched so that they transition from a
typical core and cladding diameter of approximately 100 microns to just several microns.
For a laser propagating through such a fiber, this allows much more of the evanescent wave
that normally would rapidly decay in the cladding to reach an appropriately placed nearby
resonator.

In addition to allowing significant amplitudes of evanescent waves to leave the fiber,
the tapering process also greatly increases the numerical aperture in the tapered region of

the fiber, which can be problematic. Numerical aperture (NA) is given by

NA = \/n%ore - ngladcling ’/ (84)

with typical values of about 0.1 to 0.2 for single-mode fibers. For tapered fibers though,

the core and the cladding fuse, and the surrounding medium (typically air) acts as the
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cladding. For glass having an index of refraction of 1.45 and air of 1.00, we find the NA of
the tapered fiber to be about 1. This leads to many more propagation-modes, M, in the
fiber being supported. For a typical step-index fiber that would approximately model the
fiber-air interface for a tapered fiber, M is given by

M =2 (;rNA>2, (8.5)

where 7 is the radius of the fiber core and A is the wavelength of propagating light. It is
generally desirable to avoid the propagation of higher-order modes, as they can result
in worse coupling to the resonator (typically, each mode cannot simultaneously have
its coupling optimized) and cause interference effects when light couples back into the
tiber. To avoid this, the tapered fibers are ideally produced "adiabatically" (i.e. with a
small angle from the edge of the fiber where the tapering region begins, to the edge of
the fiber where the diameter is at a minimum). This ensures that light in the original
spatial-mode of the fiber will remain relatively unperturbed as it enters the tapered region,
with minimal excitation of higher-order modes. We found as well that having strongly
adiabatically tapered fibers typically led to higher transmission. We would often get as
high as 90% transmission through our best fibers (meaning, approximately 10% scattering
losses primarily due to the tapered region of the fiber), whereas lower quality ones might

only get 60%.

8.2.1 Bi-Tapered Fibers

Tapered fibers may be mono-tapered, where they end in a small point at the minimum
diameter, or bi-tapered, where they then transition back to their full un-tapered size. In the
case of mono-tapering, two fibers are needed, one which couples light into the resonator,

and another which allows light to couple back out. The main advantage of this is that
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nearly all the light that is transmitted through the second fiber will have interacted with the
microresonator (i.e. there is no transmission when the laser is off-resonance and maximum
transmission when on-resonance), which can simplify optimization procedures and reduce
background noise. There is no practical way to otherwise isolate this "light of interest".

On the other hand, only a single bi-tapered fiber is needed for coupling, but maximum
transmission occurs when the laser is off-resonance (light simply travels through the fiber
unimpeded and is detected), and minimum transmission occurs on-resonance (where
large amounts of light will couple into the resonator and slowly radiate out; some of the
light returns to the fiber where it will destructively interfere with the other propagating
light and cause transmission dips). This can complicate initial coupling detection and
subsequent optimization, and will have much higher background noise even when working
well. However, the coupling is much more stable since there will not be two loose fiber ends
which can easily move, and only opto-mechanics to move one single fiber are required,
rather than two independent sets. Additionally, as we hoped to eventually couple large
amounts of power into the resonators, we were not thrilled with the idea of several watts
of laser light shooting into the air if the laser moves off-resonance. With a bi-tapered fiber,
off-resonant light safely continues down the fiber where it may easily be disposed of (please
consult your local waste authority for information on how to properly dispose of laser
light). For these reasons, we chose to work with bi-tapered fibers in our experiment, and so
"tapers" and "tapered fibers" refer to a bi-tapered fiber from here on, when not otherwise
noted.

Finally, although we did not initially consider this, we suspect that we are able to
achieve a higher fraction of coupling using bi-tapered fibers than we would with mono-
tapered fibers. While it is well known that the theoretical maximum coupling of a fiber
to a microresonator will occur at the critical coupling point, where this is a small air-gap

between them (typically hundreds of nanometers to a few microns), we found that we had
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the best coupling in the over-coupled regime, where the fiber and resonator were in contact.
Additionally, we found that moving the two even further past this point, so that the fiber
bends and wraps around the resonator somewhat, resulted in even better coupling.

We believe that the wrapping of the fiber increases the length over which it is in contact
with the resonator (or perhaps the length where this an appropriately sized air-gap), and
so increases the probability of a given photon coupling and the overall coupling efficiency.
Similar effects have been reported by other groups and studied to an extent, although
usually in the context of transmission losses due to fiber bending [39]. While we observe
this in our own setup as well, generally the increase in coupling far outweighs the drop
in absolute transmission. A plot of our observations for one of our resonators is shown
in Figure 8.2. Much like in the pressure vs mixing efficiency plot in Figure 7.11, we know
that the coupling efficiency cannot be lower than the maximum observed value, and so
we use one-sided error bars. As before, extensive adjustments can usually increase this
efficiency further. We roughly estimate the uncertainty as 30% and display it only on the
relative-depth curve for clarity. Several hundred microns of additional translation are
needed after the resonator and fiber first make contact before significant coupling occurs.
This suggests that the fiber wrapping around the resonator is very important for coupling in
our system. This method of coupling would likely not have been possible for mono-tapered
tibers, or at least not to the same degree. So recording these results, long after our initial
decision to use bi-tapered fibers, helped to further strengthen our view that bi-tapering

was the right choice for our setup.
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Figure 8.2: Coupling Efficiency vs Resonator Translation

The coupling efficiency for a microresonator as it is translated into the fiber, causing the
fiber to slightly bend and wrap around. 0 microns refers to the position where the
resonator first makes contact with the fiber. The absolute resonance depth is the ratio of
coupled power to transmitted power before the resonator was brought near the fiber. The
relative resonance depth accounts for the slight loss in transmission as the fiber is bent.

8.2.2 Fabrication

Tapering fibers is ideally done with specialized equipment such as fiber fusion splicers,
which can precisely apply heat and tension to a fiber to soften and stretch it to the appro-
priate diameter. We did not originally have access to this equipment, so in an effort to keep
our progress moving forward, we experimented with techniques to manufacture tapered
fibers ourselves with simpler equipment. We found that standard butane torches can easily

produce a hot enough flame to soften a fiber. Applying the correct amount of tension,
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however, is more difficult. Less than 1 N of force is needed to start a fiber stretching when
it is sufficiently heated, and the necessary force drops once stretching begins and the fiber
diameter starts to decrease. Once the fiber diameter has reduced to only a few microns, too
much tension can easily break it. Stopping the tapering process is also a delicate affair, as
removing tension too rapidly often results in a slight kink forming in the fiber, which then
typically causes the fiber to snap when heat is removed and it becomes more brittle. To
avoid this, once the appropriate amount of tapering has occurred, tension must quickly but
smoothly be adjusted to keep the fiber taut, but stop any further stretching. The tapered
region may then be secured to a mount to protect it and keep it taut.

Some techniques with which we had relative success involved anchoring the fiber to
a post on an optical table and applying tension to the other end via a pulley and a small
(approximately 50 g) mass off the edge of the table. The operator then applies a very
small butane flame to the center of the fiber, smoothly sweeping it over several cm. The
fiber heats up in a few seconds and begins to stretch. It is important to not let any of the
stretching region cool, as reheating and stretching again typically causes the fiber to break;
Thus, the entire process needs to be done in one sequence. When the operator judges that
the fiber has been appropriately tapered, they remove the heat and secure the edges of the
tapered region to a mount using epoxy, which greatly reduces the risk of breakage during
transport and use. A similar technique involves using a hand-operated translation stage to
apply continuous tension to the fiber. In both cases, sending a visible laser through one
end of the fiber can be very helpful for judging the length and diameter of the tapered
region of the fiber. When the fiber diameter approaches the 10 micron and lower range,
significant amounts of light can be seen leaving the fiber, as it begins to evanescently leak
to the surface and scatters off of impurities (this is somewhat visible in Figure 8.5). The
finished taper can be measured under a microscope to verify the diameter.

Surprisingly, we had the most success in producing these fibers when working entirely
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by hand. With this method, one end of the fiber is anchored as before, and the operator
applies the flame with one hand while applying tension with the other. While certainly
less precise than the other techniques, this method does allow an experienced operator
to rapidly adjust the amount of tension applied in response to the rate at which the fiber
is stretching. However, this is a very time consuming skill to develop, very stressful to
perform, and arguably has very little long-term utility. Any future students of this project
would be advised to avoid resorting to any of these methods if possible. The following
theses were found to have helpful advice on fiber manufacturing and coupling techniques
as well [40, 41, 42].

Fortunately, after several months of using these techniques, we learned that Professor
Randall Goldsmith of the Chemistry Department had a fiber splicer, and was willing to let
us use it regularly. Atul became a skilled operator of the fiber splicer, and has supplied our
group with tapered fibers for over a year, for which we are extremely grateful. Without
access to a fiber splicer in the future, a fruitful technique to pursue might be to set up a
motorized translation stage or winch to apply tension to the fiber. While ideally a variety of
sensors would allow for the rapid adjustment of tension as in a fiber splicer, simply setting
the motor to run for a set amount of time so that the operator only needs to learn to apply
the correct amount of heat during that interval, would likely be able to produce reasonably
consistent results after some practice.

Different resonators are very sensitive to the diameter of tapered fiber that is used to
couple light to it, and so a variety of factors affected the ideal width we wanted over time.
We generally did not have precise control over the diameter of fibers produced, but we
would measure the diameter of all our fibers to narrow down the range of what to aim for.
A photo of a typical tapered fiber as viewed under a microscope is shown in Figure 8.3.
The reticle scale is approximately 24 microns per major tick mark, so the fiber is about 2

microns in diameter.
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Figure 8.3: A Bi-Tapered Fiber

A typical tapered fiber as viewed under a microscope. The narrowest section of the fiber is
in the frame, which was usually about 0.5 cm long. The reticle scale is approximately 24
microns per major tick mark at this magnification, so about 300 microns of the fiber is
visible and the fiber is about 2 microns in diameter. Out of frame, the fiber gradually
widens at both ends to its untapered diameter of about 120 microns.

8.3 Microspheres

After securing a steady supply of tapered fibers to work with, and developing our methods
to characterize them, we focused our efforts on coupling to microresonators. We began
using microspheres because they were easier to manufacture, although we suspected they
would not be suited to our purposes in the end—being made of silica, they have a relatively
low Raman-gain coefficient compared to other materials—but would be fine for developing
our coupling techniques and measurement methods.

Since the tapered fibers are very fragile, they need to be securely held in place to avoid
damage. Additionally, for efficient coupling, a resonator must be able to be freely moved
with respect to the taper. To this end, Matt Dwyer of Professor van der Weide’s group
expertly designed and machined several reusable "fiber forks" that the tapers may be
adhered to, as well as a mount for them on the optical table. A render of the final design is
shown in Figure 8.4. Tapers are adhered to the fingers of the fiber fork, so that the entire

tapered region is in the inner region of the fingers and is relatively taut. This helps to keep
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the tapered region stable with respect to the resonator, and provides significant protection,
since the epoxy prevents most tension on the ends fiber from being transmitted to the
delicate taper. When a taper has reached the end of its life-cycle, the epoxy can be melted
away, the fiber removed, and the fork is reused. A commercial 3-axis translation stage with
a resolution of about 1 micron in each direction is mounted at the other end of the holder
and supports the resonator stage. A resonator is affixed to the stage and is translated with
respect to the taper, which is fixed in place. A microscope view of a microsphere resonator

that is coupled to a tapered fiber using this setup is shown in Figure 8.5.
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Figure 8.4: The Tapered Fiber and Resonator Holder
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Tapers are adhered to the fingers of the fiber fork so that the entire tapered section is in the
inner region of the fingers. A commercial 3-axis translation stage with a resolution of
about 1 micron in each direction is mounted at the other end of the holder and supports
the resonator stage. A resonator is affixed to the stage and can be translated with respect to

the taper, which is fixed in place.
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Figure 8.5: A Silica Microsphere

A silica microsphere and tapered fiber as viewed under a microscope. At this
magnification, the major tick marks on the reticle scale are each 100 microns, so the
microsphere has a diameter of about 200 microns and the fiber is less than 10 microns in
diameter. A red laser is transmitted through the fiber, and some scatter can be seen as light
leaks to the surface of the fiber and also from the surface of the microsphere as it resonates
inside.

8.3.1 Experimental Design

Most measurements and experiments involving the microresonators were made using

slight variations of the setup shown below in Figure 8.6.
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Figure 8.6: Microresonator Experimental Design

The pump laser is generated from a 1064 nm diode, which passes through an isolator, a
fiber amplifier, and a second isolator. A "monitoring" signal is then picked-off for
comparing with the transmitted light signal. The laser is coupled to a bare fiber, which
leads to the fiber fork and resonator holder. The output of the fiber is collimated, and a
small portion is picked-off to generate the transmitted signal. The remaining light is
blocked or sent on for additional analysis or for use in other experiments.

As in our previous experiments, the pump beam is generated from a 1064 nm diode,
which is then sent through an isolator and fiber amplifier. Unlike with the optical cavities
however, the microresonators could be pumped with almost any wavelength of light, as
they will have numerous resonances across nearly the whole optical spectrum. We chose
to pump with 1064 nm, simply because we had an amplifier at that wavelength and were
experienced with the diodes. The beam is sent through a half-wave plate for polarization
control, and is aligned to a fiber coupler. A small fraction of the input beam is picked-off
right before the fiber coupler to generate the "monitoring signal" for comparison with the
transmitted signal. The beam is coupled into the bare fiber, which leads to the fiber fork

and resonator holder shown in Figure 8.4. The output of the fiber is collimated, and a
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portion is picked-off to generate the transmitted signal. The remaining light is blocked or
sent on for additional analysis or for use in other experiments.

To couple light into a microresonator, the pump laser piezo is ramped so that the laser
frequency is scanned. The resonator is then brought close to the fiber using the 3-axis
translation stage, and slowly lowered down. Touching the taper with the resonator with
too much force risks snapping the taper, so it is important that the resonator is lowered very
slowly and gently, and stopped as soon as contact is made. Typically, carefully watching
the transmitted signal while lowering the resonator is enough precaution, because once
they make contact the transmitted signal drops by at least 5% due to scattering losses.
Another good method is to use an IR viewer and look at the resonator while lowering it.
As soon as contact is made, the crystal will visibly glow with scattered light. At this point,
although some light couples out of the fiber, very little light will typically resonate in the
crystal—most is simply scattering on the surface of the resonator, and so only introduces a
DC drop in transmitted signal with no frequency response. A variety of parameters must be
iteratively adjusted to get good coupling and detect resonances on the transmitted signal—
most significantly, the polarization of light and the X, y, and z position of the resonator with
respect to the fiber (the rotational orientation is coarsely adjusted by hand, but does not
typically need additional adjustment). This is one disadvantage of the bi-tapered fibers we
use, as there will be a large DC background that can make initially detecting and optimizing
resonances very difficult. Using two mono-tapered fibers can allow the transmitted signal
to be almost entirely resonant light, but this introduces a variety of other complications.
With practice, the difficulties of the DC background can be mitigated, and as previously
discussed, we think the benefits of bi-tapering far outweigh this and other disadvantages.

Unlike the optical cavities we used in prior experiments, wherein we could be very
confident that resonances were spaced by the free spectral range of the cavity, the micro-

resonators are not so predictable and are very sensitive to perturbations. We must therefore
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rely on a known frequency response of the laser to determine the response of the micro-
resonators. To do this, we send the laser into our previous optical cavity, which will have
resonance spacings of 555 MHz. We can then map the voltage on the piezo in the ECDL to a
frequency shift of the beam. We periodically repeat this process to recalibrate the mapping,
as the response of the laser may drift over time. We can typically get about 10 to 15 GHz
of tuning with our laser, although there are sometimes mode-hops in this range, so we
generally scan over a smaller region where the laser is well-behaved. A typical frequency

response curve of our laser is shown in Figure 8.7.
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Figure 8.7: Frequency Shift of 1064 nm ECDL vs Applied Voltage to Piezo

A typical frequency tuning curve for our laser. The response is generally very linear with a
slope of about 100 MHz/y. A few mode-hops of unknown magnitude tend to occur in this
range, so a somewhat smaller voltage scanning range is used in experiments. Any
retuning of the laser requires remeasuring this curve, although the results are generally
very similar.
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With the frequency response of the laser characterized, and once good coupling with the
microresonator is achieved, we ramp the laser and record the transmitted signal. Figure 8.8
shows a typical resonance scan of one of the microspheres. Two main dips are visible,
but the microsphere has similar resonances every few GHz throughout the entire optical
spectrum. The "depth" of the resonance, which we define as the ratio of the difference
between maximum and minimum transmitted power values of the resonance to the off-
resonance transmitted value, is strongly affected by the distance of the resonator and fiber,
as well as the diameter of the fiber and polarization of light. The right most resonance
in the plot shows a depth of about 0.5. This is a fairly average value for us, with careful
alignment and high quality tapers letting us reach up to 0.90. The resonances have a width
of about 300 MHz, which corresponds to a quality factor of about 10° at 1064 nm, where
the quality factor is given by

Wo

Q= (8.6)

=
with wy as the laser frequency and Aw as the resonance width. Because our microspheres
are all produced under similar conditions, they all tend to have a Q value of about 10°,
although some have been about 5 times higher. Over time though, they all tend to degrade,
and a Q of 10° seems to be the long-term stable value. A literature search suggests this is
primarily due to water vapor absorption [43, 44, 45], and so the degradation stops when
the resonator water content has reached equilibrium with the ambient air. Storing the
resonators under vacuum or periodically baking them at low temperatures can stave off
and or somewhat restore degraded resonators, but the highest Q value resonators typically
degrade very quickly and so must be measured and used right away. In the future, it would
be interesting to test whether there is less degradation or a significantly higher Q value

with a pump laser closer to 1555 nm, where there is a minimum in absorption by water.
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Figure 8.8: Microsphere Resonances

The transmitted signal from the tapered fiber as the laser frequency is scanned, which
shows the resonances in the microsphere. The frequency response of the laser as the piezo
voltage is varied is previously recorded. The resonances have a width of 300 MHz which

corresponds to a quality factor of about 10°.

Figure 8.9 shows another frequency scan of a microresonator, normalized to a subse-
quent frequency scan where the microresonator is removed from the system (shown in
orange). When in contact, the peak transmitted power drops by about 50%, which is largely
due to losses that occur as some of the light that leaves the taper scatters along the surface
of the microresonator, rather than coupling into it. Resonators with smoother surfaces that
we produced later could show a much smaller power drop, often of about 5%. A weak
frequency response is visible in the orange scan, which is partially due to the power output

of the ECDL fluctuating as the piezo is scanned and the optical feedback changes, and
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partially due to the response of the tapered fiber (as the tapering process tends to introduce

strain into the fiber and give a slight frequency response and strong polarization response).
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Figure 8.9: Microsphere Resonances and Fiber Transmitted Signal

The transmitted signal from the tapered fiber as the laser frequency is scanned when the
microsphere is in contact with the fiber (blue) and when removed (orange). There is
about a 50% drop in power when the microresonator is in contact, which is primarily due
to scattering losses of light that leaves the fiber but does not couple into the resonator.
There is a weak frequency response in the orange curve as well, which is due to the laser’s
response to frequency tuning and the frequency response of the tapered fiber that is
caused by strain introduced during the tapering process.

8.3.1.1 High-Power Coupling

These initial experiments and tests were conducted with fairly low pump powers of a
tew tens of mW. Eventually though, we would need to couple in as much power as we

could, potentially many watts, in order to achieve high conversion efficiency. As we
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had learned from our cavity experiments, high-power coupling can cause a number of
complicating effects, and so we wanted to begin testing this early on. Our main concerns
were that at higher-power the transmission through the fiber might drop (due to more
light leaking out in the tapered region), and that the coupling efficiency to the resonator
would drop. There are also issues of the fibers breaking at high-power, which we discuss in
Section 9.2. For these tests, we infer the circulating power in the microsphere by recording
the transmitted power through the fiber without the microsphere present, and then again
with the microsphere coupled and the laser resonant. We additionally record the laser
power at the input to the fiber to determine the overall coupling and transmission efficiency
of the fiber without the microsphere coupled. The results are shown in Figure 8.10. There
is a drop in transmission and resonance depth at about 50 mW of circulating power,
although this quickly levels off and there are no significant further drops. Up to 1 W of
circulating power is reached, with approximately 20% transmission through the fiber and
50% resonance depths (so 10 W is incident upon the fiber, 2 W can be transmitted through,
and on-resonance 1 W of that light couples and circulates in the microsphere with 1 W
continuing on unperturbed).

For a set circulating power, transmission through the fiber is easy to optimize and has
negligible uncertainty. For a given alignment of the microsphere and fiber, the coupling
efficiency measurements are also very accurate. The microsphere, however, is extremely
sensitive to its position relative to the tapered fiber, and different fibers and microsphere
combinations can yield very different performance too. Slight changes in alignment can
significantly affect the resonance depth, and different resonances may exhibit different
depths for a given coupling configuration. For this reason, we perform a reasonable search
of the coupling parameter space, and record the highest observed depths that we feel we
would be able to frequently reproduce. We roughly estimate the uncertainty as 30% of the

difference between the observed resonance depth value and the maximum value of 1.0.
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Figure 8.10: Microsphere Coupling Efficiency
The fraction of light coupled to and transmitted through a tapered fiber (blue) and the
maximum depth of resonance observed with the microsphere coupled (orange) vs the
inferred circulating power. There is somewhat of a drop in fiber transmission and
resonance depth at about 50 mW of circulating power, but no clear continued drops at
higher-power.

These were promising initial results for us, since they suggested that we might not
immediately run into issues at high laser power as we had feared. In fact, at 1 W of
circulating power, we calculate the radiation intensity inside the microsphere to be 0.1
GW/cm?, which is, to the best of our knowledge, the highest ever CW intensities produced
inside a glass microresonator. This was about as much as we could do with the microspheres
though, as we did not feel silica has a high enough Raman-gain coefficient to make it an

efficient modulator. We next switched our focus to more highly Raman-active materials, as

discussed in the next chapter.
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9 Microdisks

We had begun initial planning for switching to Raman-active crystals while we were still in
the early stages of working with microspheres. We identified calcium-fluoride (CaF) and
magnesium-fluoride (MgF,) as good potential materials, due to their high Raman-gain,
THz level vibrational transitions, ease of availability, and the previous success of other
groups in achieving high quality factors with them [46, 47]. The techniques used to create
the silica microspheres will not work with these materials however, as they are not available
in thin fibers that can then be melted down. Instead, we start with commercially available
small cylindrical disks with diameters of 5 to 10 mm and widths of approximately 1 mm.
These disks must then be highly polished along the circumference, which was performed
by Atul using a micro-lathe, along with some custom mounts designed and machined by
Matt.

Besides these differences in manufacturing, most of the experience and knowledge we
had gained through working with optical cavities and then silica microspheres could be
applied to Raman-active crystals. The basic physics of modulation was very similar to our
previous cavity experiments—pump light travels through a material with a vibrational
transition, and Stokes photons are generated down-shifted by the transition frequency.
These are also resonant in the system and build up to form a Stokes beam, establishing a
time-varying index of refraction in the material which separate beams may be sent through
and modulated. But the key difference here was that, with a much smaller mode-volume
and a higher density material, we hoped higher efficiencies would be possible. The basics
of coupling was similar to the microspheres. Disks also support whispering gallery modes,

which travel around their circumference, and coupling can also be achieved using tapered
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fibers. Because these disks were much larger than the spheres though and generally with
higher quality factors, the resonances were much denser in frequency space.

We went through several iterations of refinement in the manufacturing process of these
disks before finding a method that worked for us. A photo of one of the early prototypes is
shown below, which is an MgF, disk bonded to a metal rod. The disk has been polished

through many steps of diamond grit paste on a micro-lathe.

5 mm

Figure 9.1: An Early Prototype of a Microdisk

One of the first disks we produced and worked with. We typically bond the disks to metal
rods for ease of transport and alignment to a fiber. We were not able to observe any
resonances with this disk, likely due to both its quality factor and mode-shape.
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9.1 Detecting Resonances

We attempted to couple light into the microdisks using a very similar setup as that shown
in subsection 8.3.1. We were not able to observe resonances with this disk or ones of similar
designs, however, only a DC drop in transmission when the fiber is brought in contact with
the disk, ranging from about 5 to 50%. Although we were not sure of the reasons at the
time, we now believe this was because the quality factor might have only been on the order
of 10°. As we will see, the resonances of these disks tend to be very tightly spaced, often by
only 10s of MHz. However, at this quality factor, the linewidths of these resonances would
be on the order of 100s of MHz, and so they would exhibit significant amounts of blending
and not be resolvable. A similar effect might be caused by the thickness of the disk. While
we initially thought that light from the fiber would couple to low-order modes of the disk
with narrow mode-shapes, we now believe that once resonating in the disk, light rapidly
couples to higher-order modes and fills the entire width of the cylinder. This results in the
accessible modes of the disk once again blurring together in frequency space and being
unresolvable. This is also undesirable because the intensity inside the disk will be much
lower than if the light stayed well confined.

Our later microdisks were polished with finer grades of grit in hopes of achieving a
higher quality factor. Additionally, coarser grits are used to grind away excess material to
create a wedge shape at the edge of the disk. The sharp angle of the wedge helps to confine
light to a smaller region, increasing intensity and reducing coupling to higher-order modes.

Photos of one of these wedge shaped disks are shown below.
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(a) (b)
Figure 9.2: A Wedge-Cut Microdisk

Cutting and polishing the circumference of the disks into a wedge shape greatly confines
coupled light to a smaller volume and fewer modes. The disk is about 1 mm thick, and
coupling is possible along a region of about 100 microns.

These changes allowed us to observe resonances in these disks for the first time. These
frequency scans are recorded in the same way as described in subsection 8.3.1. One of
these scans is shown in Figure 9.3. Note that the horizontal scale is similar to that of the
microsphere scan showed in Figure 8.8, and yet many tens of resonances are visible: The

resonances of the disk are much denser and narrower than those of the spheres.
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Figure 9.3: A Microdisk Resonance Scan

The transmitted signal from the tapered fiber as the laser frequency is scanned, which
shows the resonances of the microdisk. Compared to the microspheres, these resonances
are much narrower and more densely spaced.

A zoomed view of a different frequency scan is shown in Figure 9.4. The deepest
resonance here shows about 70% depth and a width of about 2 MHz, corresponding to a

quality factor of about 108.
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Figure 9.4: A Zoomed View of Microdisk Resonances Scan

Looking at the resonances of the microdisk more closely shows maximum depths of about
70% and widths of about 2 MHz, corresponding to a quality factor of about 108.

9.2 Searching for Raman Lasing

Our initial calculations suggested that even with substantial coupling from our pump laser,
we might only be near the threshold for Raman lasing. This was not necessarily a major
problem, since, as explored in detail in Josh Karpel’s thesis, peak modulation efficiency
should occur at a pump power only slightly higher than that needed for threshold—one
feature in which the microresonators do differ substantially from the optical cavities, where
we would expect a continuous rise in efficiency with increasing pump power [38]. To look
for Raman lasing, we take the transmitted light from the system (the same setup as shown

in subsection 8.3.1) and send it to our homemade, high sensitivity spectrometer that was
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shown in Figure 7.6.

Unfortunately, as we increased the amount of light we coupled to the microdisk in
hopes of reaching threshold, we encountered consistent problems with the fibers breaking.
Our initial thought was that dust in the air might heat up from the evanescent field from
the fiber and may cause the waist of the fiber to melt and break. Some sources suggest
this is likely as well [41, 48]. However, setting up a vacuum chamber in which to run
the experiment had no noticeable effect on fiber durability or their ability to withstand
high-power, so we do not believe that dust is the issue in our case. We also tried sending the
pump beam through an AOM so that we could use 1 us long pulses with a low duty-cycle
to allow time for the fiber to cool. We found though that the fibers still tended to break
when the peak laser power was at about the same level as in the CW case. It may be that
because the fibers are so thin they heat up too much even during this short time. We did
not wish to go to shorter pulse lengths though, as this would potentially interfere with
the timescale of the Raman processes we were interested in, and also would go against
everything we stood for. We are a CW group through and through.

As not many research groups send such high power through tapered fibers, this is a
somewhat unexplored area. Our current theory is that the issue is with the fibers themselves,
and that even with a clean fiber surface and surrounding environment, impurities in the
fiber will scatter light. At high laser powers, this scatter can generate enough heat to soften
the waist and break it. Fiber breakage was a major hurdle in our work with the microdisks:
Producing the tapered fibers was a time and labor intensive process, but we needed to keep
testing them at high laser power to look for Raman lasing, or at least to try to understand
why we were not observing it. There was a fair amount of variance in the manufacturing
process, however, and some fibers occasionally seemed more robust and could withstand
higher amounts of power.

Unfortunately, it seemed that the microdisks were susceptible to environmental degra-
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dation like the microspheres. By the time we had a few fibers that we thought could handle
the high laser power we needed, the microdisks often no longer had the high quality factor
we needed to produce high intensities of light. Figure 9.5 shows a frequency scan of a
microdisk where the quality factor has decreased from 10° to about 107 over about two
months. A few weeks later, the quality factor had further decreased to about 6.5 x 10°,
where it seemed to stabilize, as shown in Figure 9.6. We believe the reason for this is
due to water vapor absorption, as can be the case in silica microspheres. Repolishing
the crystals at the last few grit levels can often somewhat improve the quality factor, as
shown in Figure 9.7. This suggests that water vapor does not penetrate the crystal very
deeply, or at least that it would take a long time to do so. However, repolishing the crystals
does not generally completely restore them. We experimented with baking the crystals
under vacuum, generally for about 24 hours at 100°C, but this did not make definitive
improvements. Note that these frequency scans are taken using different fibers and with
different coupling alignments between the fiber and disk than the previous ones, and so
the depth and density of resonances are not necessarily indicative of the quality of the
crystal. The width of the resonances though tends to be fairly consistent as the coupling is

changed and indicates a drop in quality factor.
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Figure 9.5: A Degraded Microdisk

After about two months in the lab, resonances have substantially broadened compared to
their initial width. The quality factor has decreased to about 107, presumably due to water
vapor absorption.

Gradually, we managed to hone in on the requirements for robust fibers. Measuring the
diameters under a microscope and recording the performance of the fiber let us determine
that the sweet spot was between 2 and 2.5 microns. While we did not have precise control
over the diameter of the fibers, measuring each fiber let Atul somewhat adjust his techniques
as we went, allowing us to frequently produce fibers in this diameter range. Finally, we
managed to assemble the elusive combination of a high quality factor microdisk, a fiber
of the right diameter, and a reasonably well behaved pump laser. With several watts of
input pump power, we observed light at our spectrometer at approximately 1100 nm,

corresponding to a 10 THz down-shift from our pump beam, as predicted for the Stokes
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Figure 9.6: A Substantially Degraded Microdisk

The resonances have further broadened, giving a quality factor of about 5 x 10°. The
degradation seems to slow down at about this level.

beam. We do not currently have a locking system set up for the microspheres; However, as
the narrowest linewidth resonances we have observed are only 2 MHz and the pump laser
is about 0.5 MHz, this is not particularly necessary. The laser can be kept reasonably well on-
resonance just through small adjustments to the laser piezo. To better observe the dynamics
of the system though, and since different resonances can have very different performance,
we continue to ramp the pump laser when looking for Raman lasing. Figure 9.8 shows
the transmitted pump beam and transmitted (generated) Stokes beam simultaneously
recorded. The pump beam is recorded on the "transmitted signal" photodiode shown in
Figure 8.6. The rest of the beam is sent onward to our spectrum analyzer, where the Stokes

beam is separated using the diffraction grating before being focused on a photodiode.
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Figure 9.7: The Repolished Crystal

Repolishing the crystal at the last few finest grit levels often somewhat restores the quality
factor. This one improved from approximately 5 x 10° to about 5 x 107.

To view more detailed time-dynamics, we also run scans with a reduced amplitude of
the ramp to the laser (a lower amplitude voltage is applied to the piezo, resulting in a
smaller frequency shift in one cycle). We view the signals in the time-domain, as shown in
Figure 9.9.

Within our time-resolution, the peak power of the Stokes beam occurs within 0 to 4
microseconds after the lowest dip in the pump beam, which is in agreement with the
predicted time of a few hundred nanoseconds in simulations performed by Josh Karpel.
The frequency shift of the laser during this scan is 15 kHz/us, and so is negligible compared
to the laser and resonance widths on these timescales.

At the high coupled-powers needed to induce Raman lasing in the microdisks, we
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Figure 9.8: Raman Lasing from the Microdisk

The pump and Stokes signals are simultaneously recorded as the pump laser frequency is
scanned. The Stokes light rapidly builds up when the pump laser is on-resonance (at a
minimum in transmission), before quickly decaying as the pump laser moves
off-resonance. The Stokes beam is separately normalized to a lower value than the pump
beam so that they may be more easily viewed together.

noticed that the disks started to glow a striking blue-green, and would sometimes suddenly
change shades, while other times they would smoothly shift along the color spectrum. This
was unexpected and somewhat alarming the first time it occurred, but it soon became a fan
favorite non-linear optical effect among the group, with labmates lining up out the door to
view it and to have their photo taken with it. The glowing crystal is shown in Figure 9.10,
which unfortunately does not entirely do it justice.

A full wavelength scan of the transmitted light using a commercial spectrum analyzer,

shown in Figure 9.11, helped to somewhat explain this mysterious glowing. The spectrum
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Figure 9.9: Raman Lasing from the Microdisk (Narrow Scan)

Scanning over a narrow frequency range lets us clearly see that the generated Stokes light
occurs very close to the pump beam in time and matches our predictions.

analyzer is very dated, and seems to be somewhat miscalibrated in its power measurements,
but gives reasonably accurate wavelength readings. The pump beam is visible near 1060
nm. There are a variety of spectral features in this region, but they are not visible at the
available resolution over this wavelength range. Some fluorescence is visible around 1200,
1400, and 1800 nm. The peaks from around 650 to 800 nm might be due to 2 photon
processes of the 1800 and 1400 nm fluorescence. These types of processes, which are
typically observed, can occur here since almost all light produced in the microdisk will
resonate in it. The mysterious blue-green light could be seen to change color over a few
seconds, often smoothly transitioning between blue and green, but sometimes quickly

jumping. The peak on the spectrum analyzer would shift between about 480 and 550 nm.
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Figure 9.10: A Glowing Microdisk

At high coupled-powers, the microdisk would begin to glow, often shifting between blue
and green and flickering as the laser moved on and off-resonance.
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This seems likely be a 2 photon process of combinations of pump photons and Stokes
photons. There is also significant self-phase modulation on the pump (not visible in this
full scan), which could contribute photons to fill what spectral gaps might otherwise be left
in the blue-green region from this process. Finally, there is a large peak in the ultraviolet
region. There is likely a calibration issue with the spectrum analyzer, as we were not able
to isolate nearly as much ultraviolet light as this plot would suggest, but frequency tripling

of the pump beam matches well with the observed spectrum to explain this peak.

100@

1

=
9

2

=
9

10_33

Power (Normalized)

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 9.11: Broad Spectral Scan of the Microdisk Transmitted Light

The pump beam can be seen near 1060 nm, but the Raman lasing cannot be seen at this
resolution. Other notable features include fluorescence at approximately 1200, 1400, and
1800 nm, as well as a variety of 2 photon processes between 480 and 550 nm, and between

650 and 800 nm. Frequency tripling of the pump beam likely explains the peak in the
ultraviolet region.
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Performing a higher resolution scan over a smaller range let us view the Raman lasing
in more detail, which is shown below. The pump beam is seen near 1060 nm. There is
also significant broadening from self-phase modulation. While this typically occurs with
pulsed lasers, the relatively high CW power of the beam and the extremely small volumes
of the tapered fiber and microdisk allow the required intensities to be reached. A Stokes
beam is generated from Raman scattering off the first vibrational transition in the CaF, disk,
at 10 THz as expected. This Stokes beam is at sufficient intensity that it interacts with the
same transition again to produce a second-order Stokes beam another 10 THz away. Due to
the broad linewidth of the transition (approximately 1 THz) and the dense mode-spacing
of the microdisk, these beams all resonate in the crystal, allowing them to reach significant
powers.

We achieved a maximum of 300 mW of Stokes light and 10 mW of second-order Stokes
light, with 1.5 W of pump light coupled to the tapered fiber and 1 W of light coupled and
circulating in the microdisk (meaning 67% resonance depths). This corresponds to 30%
conversion efficiency of the pump into Stokes by our measure of efficiency as the output
Stokes power divided by the circulating pump power. To the best of our knowledge, 300
mW of Stokes light is about two orders of magnitude higher than had ever been previously
observed in these types of systems.

Unfortunately, shortly after achieving these high Stokes powers, our tapered fiber broke
and in the few weeks it took to produce more, it seemed that the microdisk had somewhat
degraded. We were not able to reproduce the same level of conversion efficiencies, instead
reaching a maximum of about 3%. Still, we were able to explore the effect of circulating
pump power on conversion efficiency. This plot is shown in Figure 9.13. Threshold is
reached at about 300 mW of circulating power and mostly rises after that. We do not take
the drop in efficiency at around 800 mW of power to be particularly significant. At these

high circulating powers, the microdisk can rapidly heat up and expand when the laser is
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Figure 9.12: High-Resolution Spectral Scan of the Microdisk Transmitted Light

A high-resolution spectral scan of the transmitted light from the microdisk near the pump
beam wavelength. The pump beam can be seen near 1060 nm, with broadening from
self-phase modulation evident as well. A Stokes beam is generated 10 THz away, which in
turn generates a second-order Stokes beam another 10 THz away.

on-resonance, causing the resonances to shift. This can make measuring the conversion
efficiency challenging, and likely reduces the efficiency somewhat. Adding a heat sink and
thermoelectric cooler to the microdisk in the future would likely reduce these issues. For

the same reasons as discussed in regard to previous figures, the error bars are one-sided

and estimated at 30%.
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Figure 9.13: Pump to Stokes Conversion Efficiency

The conversion efficiency of the circulating pump power to transmitted Stokes power as
the circulating pump power is increased. Threshold is first crossed at about 300 mW of
pump power and the efficiency mostly increases from there.

9.3 Future Directions

Our collaboration with van der Weide group has become quite proficient in producing
high quality microresonators and tapered fibers, as well as in the techniques to couple
light to them and induce and observe Raman lasing. We should continue to refine and
optimize these methods. The immediate next steps for the experiment are clear: After
having observed modulation on the pump beam, we wish to now demonstrate modulation
on an independent mixing beam, as in our previous cavity experiments. Doing so will

require two separate tapered fibers to be coupled to a microdisk, as the optimal coupling
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parameters are very wavelength dependent. We have already made progress on developing
a setup to enable this.

The basic principles for this mixing beam experiment are similar to the implementation
in the cavity—just as before, the mixing beam will be able to interact with the coherence
produced by the strong pump beam. However, while in the cavity setup the mixing
beam would not be resonant and would be modulated in a single-pass, there is no direct
"single-pass" analogue here. We believe that the mixing beam will need to couple into the
microdisk for efficient modulation. However, due to the geometric nature of the microdisk
resonances, there will be resonances available every few tens of MHz in the optical region
of the spectrum, and so any mixing beam will be near a resonance. Alternatively, tuning
of the microdisk resonances via temperature control would also allow for applications
where slight frequency tuning of the mixing beam is not desirable. Depending on the
performance of the modulator, it might then be useful to improve the mechanical stability

of the setup and work to make the system function closer to a "turn-key operation" device.

Finally, for future students who work on this project, here is a short list of ideas that

may be useful one day for improvements or changes to make.

e As manufacturing techniques for dielectric mirrors continue to advance, it may be-
come possible to source mirrors that are highly reflective at the pump, Stokes, and
anti-Stokes wavelengths in deuterium, with high transparency throughout the rest of
the optical spectrum. In this case, revisiting a cavity setup might be beneficial, as the

coherence and modulation efficiency could be substantially increased.

e Our modulators work by producing a time-varying index of refraction in a small
localized region of space, which creates frequency sidebands on any light passing
through this region. It may also be possible to create sidebands by instead using a

spatially-varying index of refraction that is constant in time. For light to experience
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THz level modulation, this would likely require a material with very consistent
structure at the 10s of microns level over a length of at least a few centimeters. This
sounds difficult, but does not seem impossible. A single-mode fiber and lithography

techniques would likely be useful.

Performance might be improved in the microdisk setup by tuning the resonances
of the disk rather than tuning the laser. Temperature control could provide slow,
broad tuning and would improve stability as well. For more rapid scanning to view
resonance shapes, a piezo-controlled compression mount could be built to squeeze
the microdisk at a rate of a few tens to hundreds of Hz. By Equation 8.2, it can be seen
that this would allow for significant tuning through changing the radius of the disk
and its eccentricity. Other groups have successfully done this with silica microspheres
and achieved tuning of over 100 GHz [49]. Several GHz of tuning would be quite

adequate for our application.

If we could make a very round microdisk so that the splitting due to eccentricity is less
than the linewidth of a resonance, we would have something analogous to a confocal
optical cavity. While resonances would now be far apart in frequency (spaced by about
the free spectral range), they would likely be very deep and alignment insensitive,
which could greatly improve stability. For our 7 mm diameter disks with Q ~ 108,
we would need an eccentricity of < 0.015, meaning that the major and minor axes

differ by about 1 part in 1000 or a few hundred nanometers.

A simple locking system between the pump laser and microdisk would be useful.
Unless we reach significantly higher quality factors, slow feedback via the laser piezo
would be sufficient. However, feedback via a compression tuner on the microdisk
might work better. At high laser powers, having a TEC on the microdisk for temper-

ature stabilization would be very helpful. A passive heat-sink might be sufficient
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though, and an easy starting point would be to replace the steel rod bonded to the
microdisk with an aluminum or copper one. It might also be possible to have the

entire microdisk and tapered fiber submerged in a liquid for cooling.

e Putting the microdisk setup under vacuum to reduce dust did not help with tapered
tibers breaking at high laser power. However, it may be the case that dust is still
the issue, and that the fibers are simply already too dirty by the time we get them.
I have had some preliminary success with very gently cleaning the tapered region
of the fibers with isopropanol, and this improved transmission through the fiber
and, I believe, improved high-power durability. This should be explored more. An

ultrasonic cleaner might work well.

e Depending on the exact mechanism for the degradation of the microdisks” quality
factor over time, it might help to switch to using our 1555 nm laser as the pump.
If water vapor absorption is a contributing factor, we might see a higher Q at this

wavelength since it is absorbed much less by water than 1064 nm is.

e One or two small USB microscopes would be easy to install to view the microdisk
and tapered fiber interface while making alignment adjustments. This will be espe-
cially useful as we move toward wedge-cut microdisks that come to narrower points.
Switching to a micrometer that has a few microns of piezo travel for fine control of

the microdisk would also be very helpful.

The molecular modulation project has come a long way since Deniz’ original proposal,
spanning three generations of graduate students over more than a decade of effort from
the group. It has been a privilege to contribute to this project and to be involved in
some important milestones—the first modulation of a mixing beam at 90 THz, reaching

new modulation efficiencies two orders of magnitude higher than our previous records,
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modulating a broadband source, and, most recently, observing Raman lasing with our
new microresonator setup. In what little time I have left in the lab, I hope to help teach
and train our group’s next generation of students, so that they might one day modulate a
mixing beam with our microresonator. Even if I won't be around to see it myself, when
it happens, somehow, I think I'll know. At the very least, I'd like to instill in them an
admiration and respect for high-frequency optical modulation. I hope my thesis has been

sufficient testament to the same sentiment that I hold.
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