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Abstract

OPTICAL CAVITY-BASED CONTINUOUS-WAVE RAMAN GENERATION

Jonathan T. H. Green
Under the supervision of Assistant Professor Deniz D. Yavuz

At the University of Wisconsin-Madison

This thesis explores the theory and design of a continuous-wave molecular modulator. A large
amount of research has been devoted to molecular modulation using pulsed lasers and this tech-
nique has been used to synthesize the shortest ever optical pulses. The work described in this thesis
is our effort to extend molecular modulation into the continuous-wave regime. In order to produce
an efficient molecular modulator we must drive the molecules in a gas with two very intense laser
beams tuned to a Raman transition; this causes the molecules to coherently oscillate in unison. To
achieve the high intensities required for this coherent oscillation, we resonate the two driving fields

in a gas-filled high-finesse-cavity.

We demonstrate the highest ever Stokes power (over 300 mW of rotational Stokes light) gen-
erated using an optical cavity-based Raman scattering scheme. This thesis describes the design
and construction of a liquid nitrogen-cooled high-finesse-cavity which is used to produce the most
rotational sidebands ever generated at a pressure over two orders of magnitude lower than any
previous cavity-based experiment. Vibrational Raman generation will also be discussed; we used
a vibrational transition in deuterium gas to create a 90 THz light modulator, which generated a
coherent spectrum of 3 beams spanning from 807 nm to 1.56 ym. With full control over these

coherent beams we infer the ability to generate 1.5 cycle pulses.



Chapter 1
Introduction

1.1 Previous Work

Over the past three decades, scientists and researchers have devoted a great deal of effort to the
generation of very short optical pulses. The development of the Ti:Sapphire laser [2] and subse-
quent techniques of compressing Ti:Sapphire pulses [3, 4] has made ultrashort (< 10 fs) optical
pulses quite common in research institutions and laboratories. An ultrashort pulse’s extremely
short pulse duration, small spatial extent (< 1 pm for a 10 fs pulse), large bandwidth, and it’s high
intensity make it an extremely useful tool in a wide variety of fields.

If we interpret an ultrashort pulse as a type of camera flash, we can begin to see how such a
pulse would be useful. If the duration of a camera flash is longer than the timescale of the motion
of the object being imaged, the final image will be blurred; if it is much shorter than that timescale,
a very sharp, well-resolved image will be produced. To resolve ever faster processes, faster pulses
are required. Processes that take place on the order of the duration of a femtosecond pulse include
protein folding, electronic motion, and lattice vibrations [5]. By using ultrashort pulses as “camera
flashes” these processes can be investigated and even, as in the case of laser-controlled chemistry
[6], controlled.

The broad spectrum of ultrafast lasers is an extremely important tool in time-resolved spec-
troscopy [5]. In time-resolved spectroscopy, some optical property of a medium is excited with an
ultrashort pump pulse and, after some delay 7, a probe pulse propagates through the medium and

is subsequently measured. By varying the delay time, 7, one can essentially map out the temporal



response of the medium to an impulse excitation. This can be used to accurately measure elec-
tronic relaxation rates, reorientation rates of molecules in materials, and crystal lattice vibrations.
Measuring the spectral dispersion of an ultrashort probe pulse through some material sample can
also aid in investigating the electronic spectra of atoms and molecules.

Ultrashort pulses are also put to use in materials processing, laser surgery, optical frequency
metrology, and communications. Because of the high demand for ever-shorter pulses, many
schemes for ultrashort pulse generation have been developed and are currently being explored.

One very effective technique for generating femtosecond pulses is Raman molecular modu-
lation. This technique has actually produced the shortest pulses ever in the optical region of the
spectrum [7]. The basis of this technique is to establish coherence between vibrational or rota-
tional states of a molecular ensemble (forcing the molecules to rotate or vibrate in unison) and use
this coherence to broaden the spectrum of an input pulse. The broadened spectrum of the pulse
allows it to be compressed further in time. This technique was first suggested by Imasaka [8] and
Kaplan [9]. Two methods for establishing the molecular coherence required for Raman molecular
modulation have been explored: impulsive Raman generation and adiabatic Raman generation.

Impulsive Raman modulation establishes the molecular coherence with a short pulse, the du-
ration of which is shorter than the vibrational or rotational period of the molecule (< 100 fs).
Another pulse immediately follows and its spectrum is broadened by the modulation from the
coherent molecules. Pulse durations below 4 fs have been achieved through impulsive Raman
modulation [10]. This method of ultrashort pulse generation via Raman modulation is ultimately
limited by the the low coherence it is able to achieve.

The adiabatic Raman modulation approach establishes molecular coherence by driving the Ra-
man transition with two very intense lasers, termed pump and Stokes, whose frequency difference
is that of the vibrational or rotational states of the molecules. The clear place to begin was with
pulsed lasers, which readily achieve the intensities needed to generate such a spectrum. Imasaka
began by using pulsed lasers and high gas pressures [11] to generate the spectra necessary to pro-

duce pulses in the femtosecond regime and Hakuta explored Raman generation in solid hydrogen



[12]. The Harris group at Stanford used Q-switched driving lasers to produce 17 vibrational side-
bands spanning from 195 nm to 2.94 pym with low pressure Dy [13]. Yavuz et al. explored a
mixture of molecular species and generated over 200 rovibrational sidebands with a D, and H,
mixture [14]. The Harris group was also the first to use this technique to generate single-cycle
pulses [7], the shortest optical pulses ever generated, again using Q-switched driving lasers. Re-
cently, Kung has generated a constant carrier envelope phase sub-single-cycle pulse train [15, 16],
paving the way for the production of arbitrary optical waveforms.

The following figures show some examples of the spectra the Harris group was able to generate
at Stanford. A molecular gas is driven by two copropagating pulses, pump and Stokes. As the
pump and Stokes beams propagate through the medium they drive the molecules to vibrate or
rotate in unison, diverting pump and Stokes power into frequency sidebands. Figure 1.1 shows
the modulated output after being dispersed by a prism. In this figure we see efficient Raman
generation from 3 pm to 190 nm using the vibrational transition in Dy gas [13]. The molecules in
these experiments are in a near maximally coherent state, which means, semi-classically, that all
the molecules are vibrating in unison and diverting power from the pump and Stokes beams into

the broad spectrum shown in 1.1.

Stokes Pump

Ll sscifii s 0 D & » »

| —
IR Visible

uv
3 um 190 nm

Figure 1.1 Vibrational Raman generation in D5 gas with pulsed pump and Stokes lasers.

Figure 1.2 shows the spectrum generated by driving a rotational transition in Hs [17]. The rota-
tional frequency of molecules is significantly lower than the vibrational frequency so the generated
frequency sidebands are more closely spaced and span a smaller spectrum than the vibrational

system shown in 1.1.
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Figure 1.2 Rotational Raman generation in Hy gas with pulsed pump and Stokes lasers.

The work described above uses pulsed lasers to drive the stimulated Raman scattering process
used in ultra-short pulse generation. Following the work of Yavuz [18], we are working to extend
the Raman molecular modulation technique to the continuous-wave (CW) regime. Imasaka has
been active in this field, developing a high-finesse cavity-based CW molecular-optic modulator
using ortho-hydrogen [19]. The principle is to use an optical resonator filled with gas to achieve
the intensities required to generate a broad Raman spectrum. Imasaka has also investigated the
temporal coherence of CW Raman generated beams [20], and has recently generated three Raman
frequency sidebands in a dispersion-compensated high finesse cavity [21].

Calsten is the pioneer of cavity-based Raman generation and developed the first high-finesse
cavity-based Raman laser in H, [22]. The principle of the Raman laser is to lock a single pump
laser to a gas-filled high-finesse cavity which can resonate at both pump and Stokes frequencies. A
Stokes beam begins from noise and builds up in the cavity. Using the vibrational transition of H,
they developed a Raman laser to shift a pump at 532 nm to 683 nm. Their primary motivation for
this research was to use stimulated Raman scattering to generate continuous wave radiation in the
frequency range 1 - 4 um. They have also observed anti-Stokes generation on the order of 50 nW in
such an optical cavity-based Raman laser scheme [23]. Carlsten’s group has done extensive work
exploring the theory of cavity-based stimulated Raman scattering. They have explored thermo-
optic properties of Raman lasers [24, 25], and investigated the efficiency of cavity-based CW
Raman lasers [26, 27]. Repasky and Carlsten have developed a formalism for describing cavity

based Raman lasers [28].



While our research focuses on optical cavity-based CW stimulated Raman scattering tech-
niques, another prominent method of stimulated Raman scattering uses a gas-filled hollow-core
photonic crystal fiber to generate Raman beams. Benabid and Couny have been active in this area
producing very efficient fiber-based pulsed Raman lasers [29, 30] and also fiber-based CW Raman
lasers [31]. The focus of their experiments is on very efficient pure rotational Raman generation
from a single pump frequency at gas pressures as low as 1 atm. By combining their hollow-core
fibers with fiber Bragg gratings they are able to form a cavity within the fiber, lowering the Ra-
man laser threshold to ~ 600 mW of pump power. They have also investigated the coherence of
multi-octave fiber-based Raman frequency combs [32] driven by a pulsed pump.

Our work builds on the achievements in cavity-based stimulated Raman scattering and lays
the foundation for the development of a molecular modulator capable of modulating an arbitrary
optical beam at 90 THz. The usefulness of such a modulator will be described in the following

sections.

1.2 Beam modulation

The goal of our research is to produce an efficient, high frequency modulator which can be used
to generate ultrashort pulses. Beam modulation is a process through which additional spectral com-
ponents are added to an input light beam by a medium with a time-varying refractive index. Figure
1.3 shows a basic diagram of this process. When monochromatic light beam with some frequency
wp propagates through a medium with a refractive index varying at some modulation frequency,
wm, power is diverted into frequency components (sidebands) spaced w,,, from the incident beam.

The key requirement for a light modulator is an oscillating index of refraction, n(t) = ny +
(0n)sin(w,t), where ny is the refractive index of the medium with no oscillation and dn corre-
sponds to how strongly the modulator is driven. This index variation can be achieved through
many methods. Common modulators include acousto-optic modulators (AOMs) and electro-optic
modulators (EOMs).

Acousto-optic modulators use the photoelastic effect to modulate radiation. When sound waves

propagate through a crystal lattice, the crystal is periodically strained; this periodic variation in the
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Figure 1.3 General idea of beam modulation.

crystal density produces a periodic variation of the refractive index which, in turn, modulates an
input beam. An AOM functions by vibrating a crystal at the modulation frequency with a small
transducer. The sound waves from the transducer travel through the crystal and produce a refractive
index variation that modulates a beam passing through the crystal. A new beam, shifted by the
modulation frequency wy, is emitted from the crystal, as shown in figure 1.4. AOMs are often used

in schemes to shift a laser frequency by frequencies between 10’s of MHz and 10’s of GHz [33].
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W
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Figure 1.4 Sound waves propagating through the crystal cause periodic density variations that
propagate through the crystal. A fraction of the power in the input beam (at frequency w) is
diverted into a new beam with a shifted frequency w + wy,.



EOMs use the electro-optic effect to modulate an input beam. Applying a high voltage to a
non-linear crystal such as LiNbO3 or K'TP causes a change in the refractive index along one axis
of the crystal. By driving a voltage across such a crystal at some frequency w,, the refractive in-
dex is varied at w,, as well, and the crystal becomes an optical modulator. When the polarization
of the beam passing through the crystal is lined up with the crystal axis with the oscillating re-
fractive index, pure frequency sidebands are imparted on the input beam. Unlike the AOM, the
frequency shifted sidebands propagate colinearly with the carrier, as shown in figure 1.5. Because
it is driven by an electrical signal, the modulation frequency, in this case, is limited by the band-
width of RF signal generators, amplifiers, and the resonant tank circuit on the crystal. Currently,

the best electro-optic modulators achieve modulation frequencies on the order of 100 GHz, while

commercially available EOMs operate at frequencies in the 10’s of GHz.

Vv

Figure 1.5 An applied sinusoidal voltage across the nonlinear crystal causes a sinusoidal index
variation along one axis of the crystal. When the beam polarization is lined up with the variation,
it is frequency modulated at the modulation frequency.

1.3 Molecular Modulation

The focus of our research is to use a fundamentally different modulation technique to achieve
a modulation frequency of 90 THz. In the scheme, rather than using sound waves or the electro-
optic effect, we use the vibration and rotation of the molecules of the medium themselves to achieve
refractive index variations. First proposed by Imasaka [8] and Kaplan [9], this type of modulation

is referred to as molecular modulation and has been explored by many research groups [34, 10, 35,



15]. Before discussing this system in detail, it is instructive to consider a semi-classical picture of

our modulator.
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Figure 1.6 Semi-classical depiction of a molecular modulator. The refractive index of the
medium varies at the vibrational or rotational frequency of the molecules as they vibrate or rotate
in unison.

The key idea of the molecular modulator is to drive the molecules at their natural vibrational
or rotational frequency such that they oscillate or rotate in unison (figure 1.6). Looking at the
vibrational case specifically, this collective oscillation means that the internuclear separation for
all molecules will vary in unison at the oscillation frequency, causing the beam to see refractive
index variations at that frequency [36].

An efficient molecular modulator drives the molecules to the point that an appreciable frac-
tion of the population is rotating or vibrating coherently. An ideal modulator consists of all the
molecules rotating or vibrating in unison. The molecules are driven by two intense lasers tuned to
a Raman transition between vibrational or rotational states of the molecule. The degree to which
the molecules vibrate or rotate in unison is given by the coherence between the vibrational or rota-
tional states. The connection between beam modulation and molecular coherence will be discussed
in chapter 2.

In D, gas, the natural vibrational frequency of the molecules is 90 THz. The benefit of having
an efficient 90 THz modulator becomes clear when considering the following example. Let us
consider a 90 THz modulator that is efficient enough to impart 1°* and 2°¢ order sidebands on a
carrier frequency at fo = 1064 nm. The output of such a modulator is 5 sinusoidal waves spanning

a very broad spectrum. By phase matching the beams (lining up the peaks of each wave at some



point in time) and setting their amplitudes to be equal to one another, we are left with a temporal
waveform which consists of a train of very short pulses. In this specific example, we would have
a train of half-cycle pulses spaced 11 fs from one another, as shown in figure 1.7. An efficient 90

THz modulator would allow us to synthesize ultrashort pulses from a single monochromatic input

beam.
fO
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Figure 1.7 Five coherent spectral components spaced by 90 THz are capable of producing
ultra-short optical pulses when properly phase-matched.

The work described in this thesis should be interpreted as laying the foundation for such a high
speed modulator. By modulating the powerful driving pump beam we have demonstrated that our
modulator is capable of generating 1.5 cycle optical pulses. This is the first step in developing the

engine for high frequency modulation of an arbitrary input frequency, as shown in figure 1.7.

1.4 Outline

Chapter 2 provides the theoretical foundation for the rest of the thesis. The continuous-wave
molecular modulator explored in this thesis is based on driving a Raman transition in deuterium
gas with two beams which resonate in a high-finesse cavity. This chapter develops the formalism
used to describe stimulated Raman scattering and applies it to an optical cavity-based driving laser

scheme. The hope is to motivate the use of an optical cavity as a method of molecular modulation.
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Chapter 3 gives a detailed description of the methods used to lock the pump laser to the gas-
filled high-finesse cavity. This chapter provides a broad overview of the Pound-Drever-Hall locking
technique and the origin of the locking signal. After a general description of the locking scheme,
specific considerations in the feedback circuit design and implementation are given.

Chapter 4 details a room temperature rotational Raman experiment using a pump wavelength
of 1552 nm and generating up to 300 mW of Stokes power at 1630 nm. It introduces the overall
experimental structure which is, for the most part, repeated in subsequent experiments.

Chapter 5 extends room temperature Raman generation to the vibrational states of deuterium.
Here, the pump is centered at 1064 nm and the generated vibrational Stokes beam frequency is 90
THz lower, with a wavelength of 1560 nm. The pump and Stokes beams are both resonant with the
cavity and the molecular coherence is sufficient to produce an anti-Stokes beam at 807 nm as well.
The beams are shown to be coherent and the capability to produce 1.5 cycle pulses is inferred.

Cooling deuterium gas to 77 K with liquid nitrogen significantly improves the Raman gen-
eration process we are exploring. Chapter 6 describes the benefits of cooling deuterium gas and
outlines the development of, to our knowledge, the first cryogenically cooled high finesse optical
resonator. Solutions to obstacles such as condensation, steel deformation, and instabilities intro-
duced by liquid nitrogen boil off are detailed.

Chapter 7 discusses the first experiments with deuterium at 77 K in an optical cavity. We
observe the generation of up to 5 rotational Stokes beams and two anti-Stokes beams at pressures
as low as .04 atm (measured at room temperature), a pressure over 2 orders of magnitude lower

than other cavity-based Raman experiments [22, 37, 21].
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Chapter 2

Driven Raman System

The system we work with is a Raman system, shown in figure 2.1. A Raman system can be
described as an atomic or molecular system coupling at least two optical fields whose frequency
difference is near the transition frequency of low-lying atomic or molecular states. Figure 2.1 show

an example of such a system. Dipole transitions between states |a) and |b) can be forbidden, but

transitions between the two lower states and the upper electronic states, |), must be dipole allowed.
While the upper levels, |i), are associated with the transition, they are virtually unpopulated be-
cause, in the regime we will explore, the detuning, A, of the lasers from these |i) states is well
outside the linewidth of the transition. In our experiment, for example, the laser frequency is ~
10 % of the dipole transition frequency itself; a strong non-linear effect is still possible with very
intense beams, despite the very large single photon detuning.

Systems that the formalism outlined in this chapter applies to include atomic systems, where
the lower states a and b could correspond to hyperfine levels of the same ground state and 7 are
the states in some higher energy orbital to whom dipole transitions are allowed. In a molecular
system, the lower levels may correspond to vibrational or rotational states in the ground electronic
state of a homonuclear molecule (single photon transitions between rotational or vibrational states
in the same electronic state are dipole forbidden in homonuclear molecules); the ¢ states, in this
case, would be rovibrational levels in higher energy electronic states.

As mentioned in chapter 1, the goal of our experiments is to drive the molecules in such a
way as to, semi-classically speaking, force them to oscillate or rotate in unison. In a quantum
mechanical picture, our goal is to build up an appreciable coherence between the states |a) and |b).

Our molecular system can be completely described by a 2 x 2 density matrix p.
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Figure 2.1 Driven Raman system. E is termed the pump beam and E_; is termed the Stokes
beam.

P pza Pab @1
Pab  Pob

The diagonal elements p,, and pp, give the populations in states a and b, respectively, and
the coherence, py, tells us the degree to which the molecules in the ensemble are in a quantum
superposition of states a and b. A maximum coherence of 1/2 corresponds to all the molecules
vibrating or rotating in unison in the semi-classical picture. For sufficiently intense driving laser
beams Fj and F_;, the populations in @ and b will equalize and the coherence will approach
1/2. For clarity, the fields Ey and E_; will often be referred to as the pump and Stokes beams,

respectively. Aw refers to the two photon detuning of the beams.
To describe beam propagation in a Raman medium we follow closely the formalism developed
by Harris and colleagues [38, 34, 14]. The system Hamiltonian which describes the evolution of

the molecular states is derived in appendix A and is reproduced in equation 2.2. In the derivation

of this Hamiltonian we consider an arbitrary number of beams whose frequency difference is that
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of the Raman transition, w41 — wy; = w, — w, — Aw. Despite the fact that there are arbitrarily
many upper states |7), because the beams are so far detuned from these states, virtually none of the
population is transferred to them and we have a two level system described by the following 2 x 2

matrix.

7_1 Z aqlEq‘2 Zq beEgEy_
2 IS BB By Y, dy |By|” — 28w

q-94

Hepp = —

ElA B
2B D—2Aw

(2.2)

where a,, dy, and b, derived in appendix A, determine the coupling between the states of the sys-
tem and are shown below. Again, Aw is the two photon detuning. From the effective Hamiltonian
shown in 2.2 it is clear that the channel through which the molecules cycle between states a and
b depends on the dipole matrix elements with the upper ¢ states; in this way the upper states are
critical to the process even though the system Hamiltonian need not describe the evolution of these

states.

1 ‘Mai‘Q ’Hai’2
%= 5p2 Z ((wl — Wa) — Wy + (Wi — wa) + Wy

(2

1 |tagi|” | il
d, = ——
7 op2 Z <(w2 — Wp) — Wy + (Wi — wp) + wy

,uaz#bz Mai/il*n'
b= 27122( Wi — We) — W i (wi—wb)+wq>

q

The terms A, D, and B, defined in the matrix 2.2, have a physical interpretation; A/2 and D /2
are the AC Stark shifts of the states |a) and |b) while B is the frequency of the two-photon drive.
In the presence of the light fields, the eigenstates of the system change. To describe the system we
find the new eigenstates in the unperturbed eigenvector basis. We find the new eigensystem and
take the lower energy state to be smoothly connected to the unperturbed ground state. We know the

states are smoothly connected because the characteristic frequency of the molecular system (the
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energy level difference) is much faster than the perturbations to the system (which would be on the

order of the two photon detuning) [39]. The eigenvector for this lower energy state is

|a') = <A — D+ 2Aw+ \/4 IBI*+(A-D+ QAw)) |a) +2B"|b) (2.3)

By demanding this fit into a more standard form

0\ 0 ,
|4)) = cos (§> o' la) + sin (§> e i |a) (2.4
we have the following relations
| B
tan (0 — 2.5
an (0) TD . Aw (2.5)
B = |B|e” (2.6)

The terms in the density matrix relate to the coefficients of the new ground state vector as
follows paa = |Cal’s Paa = |cs|°» and pa, = cic,. This gives us a convenient way to related the
density matrix elements to the parameters ¢ and ¢ in equations 2.5 and 2.6. At this point we also
account for the lifetime of the metastable state by including the Raman linewidth as a dephasing
term in our final expression for the coherence. A Raman linewidth of « corresponds to a decay rate
7/2 from the metastable state |b). We will also work in the regime of low coherence, which means

tan(f) ~ 6 and yields the following expressions for the density matrix elements.

Paa = 1_|pab|2 2.7

o = |pal’ 2.8)
B

Pap = (2.9)

A—D+2Aw + iy

With these expressions for the density matrix elements, we now have all the parameters needed
to model beam propagation through a molecular medium of the type shown in figure 2.1. The

propagation equation, 2.10, is derived in appendix A.
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where N is the density of the molecules or atoms. This equation gives a three dimensional descrip-
tion of beam propagation through a Raman medium of an arbitrary number of laser beams with
frequencies w, = wy + ¢(wy, — w, — Aw) where q is an integer. It assumes field variations in z are
much slower than in z and y.

Inspection of equation 2.10 reveals it to be the paraxial equation with a driving nonlinear po-
larization. It is important to note the coupling of F, to its neighboring frequency components,
E441 and E,_;. These states are coupled through the coherence, pg, of the molecules. This is the
key to molecular modulation and the connection between the coherence of the ensemble and the
semi-classical picture of molecules vibrating or rotating in unison. In the quantum formalism, the

sidebands are produced through the coherence of the molecules.

2.1 Motivation for cavity-based approach to Raman generation

The key to producing an efficient molecular modulator is driving the molecular coherence, pp,
as close to its maximum value of p,, = 1/2 as possible. To generate coherence on the order of
1/2, pump and Stokes powers on the order of 1 GW /cm? are required. This level of intensity is
readily achievable with Q-switched pulsed lasers [13, 35], but the focus of our research is to extend
molecular modulation into the continuous-wave regime [18].

The two primary methods for achieving these high intensities and extending molecular mod-
ulation into the continuous-wave domain are to use a gas-filled high-finesse cavity [40, 37] and
to use a gas-filled hollow core photonic crystal fiber [29, 30, 31]. In our research we choose to
investigate optical cavity based Raman generation for reasons described below.

One advantage a cavity-based continuous-wave modulator has over Q-switched schemes is
the linewidth of the frequency sidebands. In Q-switched schemes the minimum linewidth of the
sidebands is limited by the pulse duration; for typical experiments this pulse duration is roughly

10 ns, giving a minimum sideband frequency linewidth of 100 MHz. If both the pump and Stokes
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beams are resonant with a high finesse cavity, however, the generated sideband linewidth will be
on the order of the cavity linewidth; in our case this is ~ 10 kHz. The large Q-switched pulse
linewidth severely limits their usefulness in such applications as precision spectroscopy.

By forcing emission into modes of the cavity we are assured generated Stokes and anti-Stokes
radiation with gaussian spatial profiles, avoiding the conical properties sometimes imparted on the
beams by pulsed laser experiments [41] due to phase matching requirements.

Narrow-linewidth, single spatial mode, continuous-wave sidebands could have many uses in
precision spectroscopy. If the sidebands are phase matched to produce short pulses, the narrow
linewidth of the sidebands allows a train of nearly identical pulses which maintains its structure
for the inverse of the linewidth. For our cavity this duration would be roughly 100 us. In addition
to the superior linewidth of the sidebands, the cavity-based approach is not susceptible to the low
repetition rate and pulse-to-pulse intensity and timing jitter present in the Q-switched techniques.

While hollow-core photonic crystal fiber methods of stimulated Raman scattering produce large
generated Stokes powers, have very high conversion efficiencies, and eliminate the need for a care-
fully designed cavity locking system, we choose to use a cavity based approach because the gener-
ated Stokes beams have a very clean T'E M, spatial mode and the linewidth of the generated beams
is the linewidth of the high finesse cavity (~ 10 kHz), while, in the hollow-core fiber scheme, this
linewidth is Doppler broadened Raman linewidth, which, for vibrational Raman generation, is 530
MHz.

The focus of most previous work with photonic crystal fibers has been on rotational Raman gen-
eration. Indeed, by using a narrow photonic transmission band, Benabid and colleagues were able
to generate exclusively rotational Raman radiation with no vibrational generation [29]. Such pho-
tonic bands and fiber absorption may limit the capability of photonic crystal fiber-based schemes
to produce broad Raman spectra.

While there are many advantages to a CW approach to molecular modulation, achieving the
required intensities for efficient modulation is much more difficult than with pulsed laser tech-

niques. In order to motivate extending molecular modulation to optical cavity-based setups it is
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necessary to show that the intensities which can be achieved within an optical cavity are adequate
for producing a large molecular coherence.

In an investigation of the damage threshold of highly-reflective dielectric-coated cavity mirrors,
Meng and colleagues achieved intra-cavity intensities of ~ 100 MW /cm? [1] in a high-finesse
cavity. These experiments were carried out in a 1.5 cm evacuated cavity, but we can use these
intensities as a benchmark for an ideal cavity-based molecular modulator. To evaluate the potential
effectiveness of a cavity-based molecular modulator we use the intensities achieved by Meng with

our own experimental parameters and numerically integrate the propagation equations.

2.2 Numerical integration of propagation equations

In numerically calculating quantities such as molecular coherence, generated sideband power,
or Raman lasing threshold (see section 2.3) we can significantly decrease the processing time by
ignoring the transverse spatial variations of the beams. This eliminates the 2-D Laplacian term in
equation 2.10. This term describes third-order spatial effects, such as Raman self-focusing [42, 43]
which could have an effect on the coupling to the spatial mode of the cavity; for these preliminary
calculations these effects will be ignored and, for calculations involving very small coherence, such
as finding the Raman lasing threshold, they are negligible.

We assume a homogeneous linewidth equal to the pressure-broadened linewidth [44, 45] and
account for Doppler broadening by a convolution integral of the susceptibility and a Gaussian

molecular velocity distribution. Equation 2.11 shows the general form of this convolution [46].

X' (W) = / X(w, Wa)g(Wa, Wao)dwq 2.11)

o0

where w, is the center frequency of the transition. For a Gaussian Doppler distribution, the func-

tion g(w,, wao) is given by equation 2.12

2
9(Wa, Wao) = 4ln(3>exp <—4ln(2) (u) ) 2.12)

W Awg

where the Doppler linewidth, Awy is given by
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The frequency dependence of the Raman susceptibility is determined by the density matrix
elements, as can be seen in equation 2.10, so each density matrix element is convolved with the
Doppler line at each numerical integration step. Figure 2.2 shows the effect of Doppler broadening
on the Raman linewidth. Here, the v = 0 — v = 1 vibrational Raman linewidth is significantly
broadened at room temperature and the peak of Im [p,;] is reduced significantly; this reduction in

the peak coherence corresponds to a reduction in the gain experienced by the Raman sidebands.
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Figure 2.2 Comparison of the homogenous Raman linewidth and the Doppler-broadened
linewidth for the |v = 0, J = 0) — |v = 1, J = 0) Raman transition in D, at room temperature.

The a,, d,, and b, coefficients are calculated using the method outlined in appendix B

We model the single-pass generation of vibrational Stokes sidebands with all the parameters
of our cryogenic optical cavity (see chapter 6). The numerical simulations, the results of which
are shown in figure 2.3, are meant to motivate the use of an optical cavity to generate Raman
sidebands by taking the initial pump and Stokes intensities to be ~ 100 MW /cm? (the peak intra-
cavity intensities achieved by Meng) and propagating the fields over the length of the optical cavity.
The simulation results, depicted in figure 2.3, assume the molecules, with a pressure of .1 atm at

room temperature, are at 77 K and that there is no two-photon detuning. From the simulations it
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is clear that we should expect significant Raman generation with intensities that can be achieved
in a resonant cavity. It must be emphasized that the effects of the cavity are neglected completely
and the steady state generation will be significantly different from the powers shown in figure
2.3; clearly, for an input pump and Stokes power of 30 W each, we cannot generate 17 kW of
continuous-wave sideband power. This simulation is meant only to show that the intensities we are
able to produce in an optical cavity are sufficient to produce coherence high enough to generate

Raman sidebands.
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Figure 2.3 Raman sideband generation over the length of the optical cavity using
~ 100MW /cm? (achieved by Meng [1]) as the initial pump and Stokes intensities. In these
simulations the molecules are at 77 K and there is no two-photon detuning. Stokes beams are
have frequencies lower than the pump, while anti-Stokes beams have higher frequencies.

The peak coherence achieved for this system is p,, = .09. This simulation shows that we
can expect to generate appreciable coherence in an optical resonator with reasonable parameters,

making an optical-cavity based molecular modulator a viable experimental option.

2.3 Raman laser threshold

By using an optical cavity to generate the high intensities needed for molecular modulation,
we put restrictions on the relationship between the pump and Stokes wavelengths. For both the

pump and Stokes to have high intensities they must each have a frequency that resonates with the
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cavity and a frequency difference close to the Raman transition frequency. In our experiments we
lock just one pump laser beam to the cavity and a Stokes photon is radiated from noise. Stokes
photons emitted into a cavity mode that are close to, or within, the Raman transition linewidth will
then lase (see figure 2.4). The cavity lines shown in figure 2.4 are typically much narrower than
the Raman linewidth, although the free spectral range of the cavity (the spacing between the cavity
lines in the figure) is not necessarily smaller. We have the freedom to tune the two photon detuning

across the Raman resonance, allowing us to maximize the Stokes generation.
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Figure 2.4 The Raman linewidth acts as the gain profile for the Stokes beams. The dashed lines
indicate cavity modes. The Stokes beam emitted into the cavity mode closest to the Raman gain
peak will tend to lase.

Using the propagation equation (equation 2.10) and, for computational simplicity, dropping
the transverse field terms, we can estimate what pump powers are required to reach the lasing
threshold. Treating this as a one dimensional problem and only focusing on the term that describes
the amplification of the Stokes beam due to a strong pump we can use equation 2.14 to describe

the gain experienced by the Stokes beam.
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Near the lasing threshold it is reasonable to assume that the pump beam is not depleted and that

= —inhwsNb,p;, E, (2.14)

the coherence, p,, is small. Making these assumptions we have

hws N b? 2
OF, _ 2 4 121 ——F, (2.15)
0z 2 A/2—-D/2+ Aw —ivy/2

= —iXE,

By assuming constant pump power, equation 2.16 has a very simple exponential solution. In
equation 2.14, v is the homogeneous linewidth of the molecules; we must also consider effects of
Doppler broadening. To find the Doppler-broadened lineshape of the transition we must convolve
the homogenous susceptibility of the medium with the Gaussian molecular velocity distribution,
as in section 2.2.

After accounting for the Doppler-broadening of the Raman linewidth, we can find the round-
trip gain on the Stokes beam and compare that to the losses in the cavity. We consider only
the mirror transmissivity at the Stokes wavelength and the scattering and absorptive losses of the
mirrors for this calculation. The round-trip power gain, G,;, in a cavity with length L. and mirrors

with a reflectivity I? is given by equation 2.16

G,; = RRe*mXNEL) (2.16)

which gives a threshold condition of

R

Using this equation, we can calculate an estimate for the lasing threshold of a vibrational Stokes

Jm[X'] (2L) = In <l> 2.17)

beamonthe |v =0,J =0) — |v = 1, J = 0) transition in D, gas. This calculation uses all the ex-
perimental parameters (cavity length, mirror properties, temperature, etc) described in chapter 5. It

also assumes a two photon detuning, Aw, of zero, a pressure of 0.1 atm, and takes into account the
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statistical distribution of molecules across the lower rotational states. Assuming a mirror transmis-
sivity of 38 ppm and mirror scattering/absorption of 100 ppm at the vibrational Stokes wavelength
we find the laser threshold to occur when 9 mW of pump power is transmitted through the cavity,
corresponding to a peak intra-cavity pump intensity of 248 kW /cm?. Increasing the pressure to 0.5
atm reduces this threshold to 2.1 mW of pump power transmitted through the cavity, corresponding
to a peak intensity of 57 kW /cm?. Referring to figure 5.5, this estimate proves to be on the same
order of magnitude, but significantly less than the experimental threshold we observe. The most
probable sources of discrepancy between the measured threshold and that calculated above are 1)
imperfect overlap of the cavity mode with the peak of the Raman linewidth, 2) differences between
the reflectivities of each individual cavity mirror and small frequency dependent variations in the

reflectivity, and 3) degradation of the cavity coupling due to thermal focusing effects.
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Chapter 3
Cavity Locking

As described in chapter 2, very large pump and Stokes intensities are required to generate
any appreciable coherence between vibrational or rotational states of the molecular ensemble. To
achieve these intensities in the continuous-wave domain we use a resonant cavity. Our cavity
has a frequency linewidth on the order of 10 kHz, which means that in order for a laser beam to
remain resonant with the cavity, the cavity length and wavelength of the light must match to within
107!% m, which is on the order of the width of an atom, on average. Thermal drifts, the smallest of
vibrations, and the variations in wavelength from the laser diode itself clearly make this impossible
without the careful design of an active feedback system.

To maintain resonance with the cavity we use the Pound-Drever-Hall locking technique [47,
48]. In our scheme, feedback is split into two branches. Feedback is sent to the laser diode itself
to compensate for “fast” variations in the laser wavelength and narrow the linewidth of the laser.
A signal is also sent to the cavity (or laser) piezo to correct for “slow” variations from mechanical
vibrations or thermal effects.

In this chapter we give a detailed description of the feedback system we use to maintain very

high intra-cavity intensities.
3.1 Origin of the error signal

The key to the Pound-Drever-Hall locking technique is the generation of the error signal used
to lock the laser to the cavity. This error signal is produced by modulating the frequency of the

input beam and detecting the signal reflected from the optical cavity. The error signal is generated
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Figure 3.1 The total reflected wave from the cavity is a combination of waves which are leaked
from the cavity after a number of round trips through the cavity.

from interference between the frequency sidebands on the laser and the multiple components that
make up the total reflected wave from the cavity. Figure 3.1 shows the total reflected wave, E,,
from a simple optical resonator is a combination of the reflection of the incident beam, E;, from
the surface of the mirror and the waves leaked from the cavity after subsequent round trips. If the
mirrors are lossless with a reflectivity r, an amplitude transmission coefficient of ¢, and are spaced

a distance [ from one another, the reflected field for an incident field with angular frequency w is

E, = [r+ttre (1 +r% " +rle ™ +.. )] E; (3.1)

where § = % [49]. Here we take mirrors to have the same reflectivity regardless of the direction
of propagation of the incident field. Equation 3.1 is a geometric series which can be expressed as

follows

B (1 — e*"‘s) VR
Er= 1 — Re™% Es

E, = F()E, (3.2)

where R = 2.
To see the effect of beam modulation on the reflected field we define the incident and reflected

fields as follows.

Ei — Eoezwt

Er = E1 e”’t
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Modulation of the input beam at some frequency (2 and amplitude (5 gives

E; = Evoei(wt—l—ﬁsin(Qt)) 3.3)

Using the Jacobi-Anger expansion (eq. 3.4) we can express the modulated input beam in terms of

Bessel functions.

eizsin(G) _ Jo(Z) ) Z 'Lan(Z)COS(TlQ) (34)
n=1

In practice the input beam is modulated such that only the first frequency sideband need be con-
sidered as the others have negligible power. Using 3.4 and throwing out terms that correspond to

higher order frequency sidebands we have

Ez’ = Egei‘”t [J()(B) + 2ZJ1(5)SIH<Qt>]
= E, [JO(B>eiwt + Jl(ﬂ)ei(erQ)t _ Jﬂﬁ)ei(wfﬂ)t} (3.5)

Taking this as the incident beam we can now find an expression for the reflected power from the

cavity P. = E'E,

P, = E'E,

|[Eol* J5(B) |[F(w)|* + | Eo* JE(B) [|F(w + Q)] + | F(w + Q)]

[F(w)F*(w+ Q) Jo(8) 11 (8) — Flw — QF*(w)Ji(8)Jo(8)] e | Ey|”
[F*(W)F(w + ) Jo(8)11(8) = F*(w — Q) F(w)J1(8) Jo(8)] '™ | Eo[*

0(29) 3.6)

+ o+ o+

The power of the reflected beam is necessarily a real quantity. This means that the product of the
real and imaginary components of the exponential terms and their coefficients in equation 3.6 must
be purely real. Throwing out terms oscillating at 2() this gives the following expression which

matches real and imaginary terms to give a real result.
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P, = E'E,
= |Eo* 3(B) [F(w)|* + | Eol* J3(B) [| F(w + Q) + | F(w — Q)]
— 2¢ | Eo|* J2(B)J3(8) [Re (F(w)F*(w+ Q) — F*(w) F(w — )) cos(Qt)

+ Jm(F(w)F*(w+ Q) — F*(w)F(w—Q))sin(t)] 3.7)

Equation 3.7 shows that the reflected signal is made up of a non-time-varying signal and a
signal oscillating at the modulation frequency (2; the error signal is in the oscillating component of
the reflected signal. In our case, the finesse of the cavity is sufficiently high that the cavity linewidth
is much narrower than the modulation frequency. This means that the carrier and sidebands cannot
both be resonant with the cavity. If this is the case, then when the carrier is nearly resonant with

the cavity F'(w £+ Q) ~ —1 and

Fw)F'(w+ Q) — F*(w)F(w—Q) - [*(w) — F(w) = —2i0m(F(w)) (3.8)

Because F'(w)F*(w+ Q) — F*(w) F(w — ) becomes purely imaginary, the cosine term in 3.7 can

be neglected and the reflected signal is given by

Pyey &~ 2P, — 4y/P.P,3m(F (w))sin(Qt) (3.9)

where

Pc = |E10|2 Jg(ﬁ)
Py = |E0’2 le(ﬁ)

are the powers in the carrier and sidebands. The error signal is the amplitude of the reflected power
component oscillating at the modulation frequency ¢2. Figure 3.2 shows the amplitude of this term
(Jm(F(w))) as a function of § = 2.

Figure 3.2 shows that, near the cavity resonance, the error signal varies linearly with frequency

deviations from the cavity resonance (dw). This linearity is very important because it allows us to
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Figure 3.2 Error signal near cavity resonance for cavity with linewidth much smaller than the
modulation frequency (~ Jm(F(w))). If the deviation of the laser frequency from the cavity
resonant frequency is within the cavity’s frequency linewidth the error signal is linear, allowing us
to use conventional feedback and control techniques to lock to the cavity.

use standard techniques of feedback and control to control the system. The linear approximation
is good as long as dw < dv where dv is the linewidth of the cavity. In this linear regime the error

signal is given by

8V P.P,
ov

where 0 f is the deviation of the real frequency of the laser from the cavity resonance.

5f (3.10)

€ = —

3.2 Implementation

This section discusses how the error signal described in section 3.1 is actually used for locking

and covers most of the important considerations when designing the system.

3.2.1 Details of the optical cavity

The cavity used in our experiment consists of ultra-low loss, highly-reflective dielectric coated
mirrors. The measured transmittance through these mirrors at the resonant wavelengths is on the

order of 50 parts per million (ppm) and scattering and absorptive losses are on the order of 100
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ppm, as quoted by the manufacturer; this gives a mirror reflectivity, R, of ~ 99.98%. With this

reflectivity, the finesse can be calculated (using eq. 3.11) to be 15,700.

™R
1-R

The frequency linewidth, Av, /5, of the cavity depends on the cavity length, [, as well as the reflec-

‘F:

(3.11)

tivity of the mirrors [46]. We have used two different cavity lengths in our experiments, 75 cm and
27 cm. Using equation 3.12 we find the cavity linewidth to be ~ 13 kHz for a 75 cm cavity and
~ 38 kHz for a 27 cm cavity.

c

AVl/Q = 2_]:l (312)

In our 27 cm cavity experiments, we work with mirrors with a radius of curvature of 50 cm.
Because the cavity length is sub-confocal, we are able to discriminate between spatial modes of
the cavity and couple light exclusively into the TEMyy mode. For our 75 cm cavity length, we
use mirrors with a radius of curvature of 100 cm. Theoretically, mirrors with 2 = 50 cm should
form a stable resonator for this cavity length; in fact this would be preferable in our experiment
because the beam waist inside the cavity, for 1064 nm light, would be ~ 240 pm, rather than ~
400 pm for the 100 cm mirrors, giving us higher peak beam intensities. In an effort to empirically
mode-match the beam we remove the experimental chamber and place one extra cavity mirror on
the table in the location of the input mirror of the experimental cavity. We measure the beam profile
transmitted through the mirror as a function of distance from the mirror and make adjustments to
the input beam to try to match the location and size of the theoretical cavity waist. Unfortunately,
we were unsuccessful in our efforts to couple to the 75 cm cavity with mirrors of 2 = 50 cm. We
then replaced the R = 50 cm mirrors with R = 100 cm mirrors, followed the same procedure for
mode matching and were easily able to couple the light to the cavity. The intra-cavity beam waist
is increased for this choice of mirrors, reducing our peak attainable intensity, but we benefit greatly

from the ease of coupling and resonator stability.
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3.2.2 Producing the error signal

A basic schematic for our locking scheme is shown in figure 3.3. The focus of this diagram is
on the RF electronics used to manipulate the error signal and create a useable feedback signal, so

many of the optics details (such as fiber amplifiers and measurement schemes) are omitted.
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Figure 3.3 Basic schematic for our Pound-Drever-Hall locking scheme

In order to perfectly lock a laser to an optical cavity the laser linewidth must be the same as
the cavity linewidth. For this reason it is important to begin with a stable laser with as narrow a
linewidth as possible. We begin with an inexpensive AR coated laser diode which we temperature
tune to be centered at the desired wavelength. We use a diffraction grating-based external cavity to
narrow the free running diode laser linewidth and tune the frequency [50, 51]. The linewidth of our
external cavity diode laser (ECDL) is ~ 500 kHz. As stated in section 3.2.1, our cavity linewidth
is on the order of 10 kHz, so, in order to effectively couple to the optical cavity, we will need to
actively narrow the linewidth of the laser further still, as we will see in section 3.2.5.

When the light is mode-matched to the optical cavity, the full power of the beam is reflected

directly back on itself, except for when the beam is resonant with the cavity. In experiments
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where circularly polarized light is used we are able to divert most of this back reflection with a
combination of a A/4 plate and a beam cube. In our experiments which require linear polarization,
we must use a Faraday isolator to prevent back reflections from damaging the fiber amplifier. Even
in low power Pound-Drever-Hall setups, where there is no danger of damage, back reflections
that reach the laser diode are detrimental to the stability of the laser; isolation is a very important
consideration in cavity locking.

As we discussed in section 3.1, the error signal is produced through the interference of fre-
quency sidebands on the carrier as the input beam is reflected from the optical cavity. The first
step to locking the cavity is to impart these sidebands on a carrier beam. We choose to use an
electro-optic modulator (EOM) for this task. In all our experiments the modulation frequency (£2)
is in the 10’s of MHz, well outside the response time of the cavity. In our earlier experiments
we used LiNbOj3-based modulators. These modulators were unsatisfactory because the amount of
residual amplitude modulation (AM) on the beam was strongly coupled to the temperature of the
crystal. Our locking electronics are susceptible to problems stemming from slow AM drifts so this
drift proves to be problematic. Our current experimental setup uses KDP as the nonlinear crystal.
In addition to having a higher optical damage threshold, this crystal has proven to be much more
reliable and more resistant to thermal noise.

After frequency sidebands are imparted on the laser, it is mode-matched to the cavity with a
mode-matching lens (MML). The procedure we use to ensure our beam matches the theoretical
cavity mode is described in section 3.2.1. The reflected signal is picked off either with a glass
slide or a beam cube. As described in section 3.1, the error signal is contained in the reflected
signal, but it is at the modulation frequency, €2; in order to produce a useable signal we must use
RF electronics to mix the signal down to DC. The first step in this procedure is to use a DC block
after the photodiode to filter out the unimportant DC components of the reflected signal. After this
filter, only the component at the frequency () survives. This signal is then mixed with the properly
phase-adjusted RF signal that drives the EOM. The ouput of the frequency mixer has components
at DC and at 2€). A low pass filter blocks the 22 component and what remains is the locking signal.

As mentioned before, for a cavity of our finesse, we must narrow the laser linewidth in addition to
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controlling the cavity length to maintain resonance. For this reason the error signal is split and sent
to a high-speed feedback circuit (which feeds back to the diode) and a low-speed feedback circuit
(which controls the cavity or laser piezo).

Before discussing the feedback branches in more detail, it is worthwhile to discuss some of the
details of the RF filtering system. One component which is helpful, although not fundamentally
necessary, is an RF amplifier immediately after the DC block on the photodiode. The RF mixer
used in our setup operates most efficiently when the RF input is close to the local oscillator (LO)
power, which, for our mixer, should be +7dBm. The component of the reflected signal oscillating
at €2 is well below this power, so a +20 dB amplifier on this signal can help improve the signal
from the mixer and the overall error signal.

One other important detail of the mixing process is making sure the LO phase matches with
the error signal input such that mixer produces the appropriate error signal. Figure 3.4 shows
the simulated output DC signal for different LO phases. In these plots, features at the carrier and
sideband frequencies are clearly visible. Phase lags of 7/2 and 37 /2 produce a pronounced feature
at the carrier wavelength which can be used for locking. It is important to note that only one of the
7/2 and 37 /2 error signals can be used as they are reflections of one another (see figure 3.4). One
of the error signals will tend to lock the carrier and the other will prevent the carrier from being
resonant with the cavity and tend to lock the sidebands. By scanning one of the cavity mirrors with
the piezo and measuring the output of the RF electronics we can see the shape of the error signal;
we adjust the phase of the LO until the error signal we measure has the proper shape.

The method for adjusting the LO phase is quite simple. LO phase adjustments are performed
simply by adding or subtracting lengths of cable between the RF source and the mixer. For a
modulation frequency 50 MHz, one wavelength in electrical cable is ~ 4 m, so by adding or
subtracting 30 cm lengths of cable we have relatively fine control over the LO phase. The total
cable length before the LO input of the mixer is modified until the error signal takes the form it
should. In order to determine whether the error signal is oriented properly we can activate the

high-speed feedback to see if the feedback system tries to lock the sidebands or the carrier to the
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Figure 3.4 Output of the mixer as the phase of the local oscillator is changed. The phase lag is
shown within each figure.

cavity. If the feedback system is clearly trying to lock to the sidebands rather than the carrier, an

additional 180° phase flip is required on the local oscillator.

3.2.3 Feedback electronics design

Once the error signal is produced, the next task is to design the feedback electronics necessary
to lock the laser to the cavity. There are several considerations that go into the design of the
electronics; generally the goal of the electronics is to put as much gain on the signal as possible
while preventing positive feedback noise on the system. For example, when designing the PZT
feedback electronics one must consider the PZT resonance near 1 kHz; high gain on the error
signal at frequencies below this resonance will ensure a robust lock, but the gain on the error signal
must be well below unity at the resonant frequency, otherwise the feedback signal will actually
contribute to system instability. Striking this balance is one of the most important and difficult

aspects of the Pound-Drever-Hall technique.



3.2.4 Piezo feedback (slow feedback)

The circuit used in our setup is shown in figure 3.5.
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Figure 3.5 Circuit diagram for piezo feedback electronics.

In a feedback electronics context, the piezo can be viewed as capacitor and, when modeling the

system, we treat it as such. The cavity piezo, which we use for locking, has a capacitance (quoted

by manufacturer) of C;.., = 5 uF. The piezo and piezo driver system can be viewed as a low

pass filter whose bandwidth is primarily determined by the piezo capacitance. Taking the output

impedance of our piezo driver (R,,; = 150 €2, C,,;, = .047 uF) into account we can calculate a

rough bandwidth of 210 Hz, using equation 3.13.

bandwidth =

1

271-Rout(cyout + Cpi€ZO>

(3.13)
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It is important to note that piezos have strong resonances typically in the kHz frequency range.
This resonance is the main limiting factor on the piezo feedback bandwidth. This resonant fre-
quency is unique to each piezo and also depends on the piezo load, in this case the cavity mirror
and optics adapter. In addition to the bandwidth calculation above, we must find the frequency at
which this resonance occurs. In order to find this resonance, we couple our beam to the cavity and
scan the laser piezo, allowing us to see laser power transmitted through the cavity at the cavity
resonances. We then send a small sinusoidal voltage to the cavity piezo driver and observe the
oscillations of the transmitted peak. We increase the frequency of the driving voltage until we
observe the amplitude of oscillation of the resonant peak increase dramatically and suddenly. We
observe this behavior at a frequency of 4.5 kHz.

With a good idea of the upper limit of the piezo feedback bandwidth we can now design the
feedback circuit. The circuit shown in figure 3.5 is designed to, in conjunction with the piezo and
piezo driver system, have as much gain as possible at low frequencies while falling well below
unity at the piezo resonance. The circuit has two gain stages, A and B. The first (A) provides a
factor of 10 voltage gain and rolls off near 40 Hz. This low bandwidth is required to avoid gain at
~ 1 kHz. After the 40 Hz 3 dB point of this stage, the gain falls with a slope of 20 dB/decade and
the signal phase lags the input by 90°.

In order to get more gain at DC levels we add another gain stage (B). One must be cautious
when adding additional gain stages so as not to make the circuit unstable. For example, another
RC inverted OPAMP gain stage with the same bandwidth as the first would have the overall effect
of doubling the slope of the gain roll-off above 40 Hz, 20 dB/decade — 40 dB/decade, and pushing
the phase lag to 180° above 40 Hz, which would cause positive feedback making any type of lock
impossible. The gain stage B avoids this problem by including a resistor in the capacitor branch of
the feedback. This has the effect of producing very high gain with no phase lag (V x 100) at low
frequencies and unity gain with no phase lag above 40 Hz. The phase lag dips to 90° as the circuit
makes the transition from high gain to unity gain around 40 Hz, but comes back to zero above
this frequency and remains at zero all the way out to the unity-gain bandwidth of the OPAMP at 4
MHz.
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Figure 3.6 Frequency response of the piezo feedback at maximum gain. This includes the
bandwidth of the piezo and piezo driver.

The Bode plot for the piezo feedback, including the effects of the piezo and piezo driver, is
shown in figure 3.6. The gain shown in the Bode plot corresponds to the gain from the feedback
electronics and the phase corresponds to the phase lag between the output and the input. The
feedback circuit crosses the unity gain point at 100 Hz; at this point the phase margin (180° — |¢|)
is over 90°, which is well above the minimum phase margin required for stable operation. As a
rule of thumb, a phase margin of 45° (135° phase lag) is the point at which the gain must be below
unity [52, 53]. The gain is -20 dB at 1 kHz, where the phase margin is ~ 45° and where the
piezo resonance would introduce instabilities to the system. When looking at the reflected signal
immediately after the DC block on the photodiode (see figure 3.3) on a spectrum analyzer we see
features 3 kHz from the modulation frequency of 50 MHz when the cavity is locked, but these are
not the sharp spikes characteristic of positive feedback instabilities [53]. This suggests the piezo
feedback is working within a comfortable phase margin.

Residual AM from the EOM will also be present in the error signal and will manifest itself as a
DC offset to the locking signal. The trim pot across the zener diodes shown in the circuit diagram
(figure 3.5) serves to eliminate this AM offset. As mentioned previously, in section 3.2.2, AM drift
from the EOM can be problematic because it constitutes a drift of the zero of our locking signal.
With our original LiNbO3 EOM, it was not uncommon to see drifts on the order of the error signal

peaks themselves. In our current setup, which uses a KDP crystal, the DC drifts from thermally
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induced AM are much smaller than the error signal itself allowing us to maintain a lock for 10’s of

minutes to an hour.

3.2.5 Laser feedback (high-speed feedback)

Locking to a cavity with a finesse of ~ 20,000 requires a large servo bandwidth. Because
the feedback to the cavity piezo is ultimately limited by the piezo resonance at the kHz level, an
additional feedback branch to the laser is required. The laser feedback in our system operates from
100 Hz to nearly 1 MHz. Because the error signal is linear within the linewidth of the laser we
can use the signal to narrow the linewidth of the laser itself. The narrowing of the linewidth can
be seen in figure 3.7 which shows the power transmitted through the cavity as the cavity piezo is
scanned. The left peak shows the cavity transmission when there is no feedback on the laser, the
right peak shows the same peak at the same scan rate when the high-speed feedback is activated.
As the cavity piezo scans through the resonance, the high-speed feedback attempts to lock the laser
to the cavity. The transmitted power increases significantly when the feedback is on due to the fact

that the laser linewidth is narrowed and more of the input beam is able to “fit” into the cavity.

Transmitted peak with
high-speed feedback
activated

Transmitted peak with no
feedback l

Transmitted Power (a.u.)

Time (a.u.)

Figure 3.7 Comparison of the power transmitted through the scanning cavity with high-speed
feedback off and on. The increase in power transmitted through the cavity is due to the narrowing
of the laser linewidth.



37

The limiting factor for the bandwidth of this branch is the response of the laser. Diode lasers
typically do not have “well-behaved” frequency roll-offs; the accumulation of phase-lag can be
sharp and is difficult to model with a simple RC filter. For this reason it is good to have the
feedback gain be very low at the laser bandwidth frequency to prevent unpredictable problems
with positive feedback. To roughly characterize the frequency response of the laser, we put an
oscillating current on top of the DC laser diode current and measure the phase difference between
the input wave and the resulting power fluctuations on the beam. We find that the laser power
variations remain in phase with the driving current up to roughly 500 kHz and then begin to lag
sharply, becoming roughly 60° out of phase at 5 MHz

The optical cavity has a frequency response that must be accounted for as well. In section 3.1
we discussed the importance of having the modulation frequency be larger than the linewidth of
the cavity; the reason for this is that the cavity response (given by the cavity linewidth of ~ 30
kHz) is too slow to for the sidebands (~ 10 MHz) to build up inside the cavity. The sidebands do
not couple to the cavity; they interfere with the fields leaking from the cavity. Frequencies on the
carrier that are less than the cavity linewidth will couple to the cavity. We can seek to characterize
the response of the cavity by finding the decay time of the intra-cavity fields. To roughly measure
the frequency response of the cavity we quickly scan the cavity piezo across a resonance. The
ringdown is clearly visible on the tail of the transmitted power spike (see figure 3.8). We fit a curve
to the ringdown and find the decay time constant (7). Averaging over several measurements taken
on our 27 cm length cavity we find 7 ~ 8.16 us.

After measuring the time response to an impulse, we have enough information to characterize
the frequency response of the system. The cavity linewidth is related to the decay time by Av, /5 =
1/(277) [49]; aringdown time of 8.16 us gives a cavity linewidth of 14 kHz, which is in reasonable
agreement with our cavity linewidth calculation based only on the reflectivity of the mirrors and the
length of the cavity (38 kHz). The Laplace transform of an impulse is unity, so the time response

of the cavity to an impulse gives us the transfer function of the cavity. The inverse of the time
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Figure 3.8 Transmitted power through the cavity as piezo is quickly scanned across resonance.
Only the ringdown tail is analyzed so the plot begins at the peak of the transmission spike.

constant is a pole, p, of the transfer function P(s).
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(3.14)

By plotting the magnitude and phase of P(iw) we can see what the frequency response of the

optical cavity is (figure 3.9). The 3 dB point of the 27 cm optical cavity is located at ~ 140 kHz.
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Figure 3.9 Frequency response of the 27 cm length optical cavity. The 3dB point for this system
is at 140 kHz

The bandwidth limitations of the cavity and laser are both taken into account when designing

the high-speed feedback circuit shown in figure 3.10. When working with feedback systems it
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is important to make sure that when the phase lag of the feedback nears 180°, the gain on the
feedback signal is below unity; if this is not the case the feedback electronics will put positive
feedback noise onto the system. In previous versions of our high-speed electronics this positive
feedback was clearly visible and manifested itself as sidebands at the positive feedback frequency
(typically about 5 MHz). When looking at the reflected signal after a DC block on a spectrum
analyzer, sharp spikes 5 MHz above and below the modulation frequency were visible as well. In
order to extend the bandwidth of our feedback we add a phase lead at 200 kHz. This pushes the

phase margin higher and allows us a higher bandwidth.
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Figure 3.10 High-speed laser diode feedback circuit

By introducing this phase lead we increase the bandwidth at the expense of gain at lower
frequencies. In order to ensure robust locking we include an low noise amplifier in the circuit
to boost the signal at lower frequencies. Standard compensated OPAMPS have a gain-bandwidth
product of ~ 5 MHz. In this case, a voltage gain of 10 at lower frequencies would limit the
bandwidth of the amplifier to 500 kHz and the OPAMP roll-off would work against the phase
lead we introduced. To overcome this limitation we use an uncompensated OPAMP with a gain-
bandwidth product of 80 MHz. This allows the phase lead to function without competing with the
phase lag introduced by the amplifier. Figure 3.11 compares the response of the system with just a
phase lead and with a phase lead / amplifier combination. The Bode plot 3.11 clearly shows how
we are able to substantially increase the gain at lower frequencies while still converging on the

comfortable phase margin required to prevent positive feedback instabilities.
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Figure 3.11 Bode plots for high-speed feedback. These plots account for amplifier, cavity, laser
bandwidths.

In an effort to minimize noise on the feedback signal and ensure that no additional phase lag is
introduced by standard DIN sockets and wiring we connect the laser driver and feedback directly to
the diode through an SMA cable. The cable is cut and the core and shielding are soldered directly
to the laser diode pins. The high-speed circuitry is soldered directly to SMA connections as well.
An inductor and capacitor are included between the laser driver and the feedback system; this is to
isolate the driver from the feedback signal and to minimize noise from the driver itself.

In the case of both the high-speed feedback to the laser diode and the slow feedback to the
cavity piezo, additional adjustments must be made to the input error signal in order to optimize
the lock. Attenuators must be added after the final splitter before the feedback circuits in figure
3.3. Without these attenuators, the signal back to the diode or piezo may be too great, increasing
the overall signal to the component and possibly causing positive feedback problems. We begin
by optimizing the high-speed feedback by activating it while ramping the cavity piezo. We look at
the height and width of the transmitted peaks and adjust the optical signal to the initial photodiode
with a A\/2 plate and beam cube; by adjusting the input signal we get a clue as to whether more
or less signal is required for optimal feedback. In this way we try to maximize the height of the

transmitted peaks. After the high-speed signal is optimized, we add or subtract attenuators to the
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piezo feedback branch and empirically find the best level of attenuation by repeatedly locking the

laser with different attenuation values.
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Chapter 4

Rotational Raman Generation in D, at Room Temperature

In this chapter we discuss rotational Raman generation in a high-finesse cavity at room temper-
ature. In this experiment we use a pump laser at 1.5 um to drive the rotational transition " = 0,
J"=1—= 1 =0, J = 3 and generate a Stokes beam at 1.63m. We are able to generate over
300 mW of continuous-wave rotational Stokes power, the most ever generated using a cavity-based

Raman generation scheme [40].

4.1 Experimental Setup

The experimental setup is shown in figure 4.1 and described in this section. We begin with
an external-cavity diode laser (ECDL) tuned to 1.55um. The laser has a linewidth of ~ 500 kHz
and an optical power of ~ 20 mW. This beam is then modulated by an electro-optic modulator
(EOM) at 20 MHz; this modulation is used to produce the locking signal as described in chapter
3. The modulated beam is then amplified by an IPG Photonics erbium-doped fiber amplifier. This
amplifier produces up to 30 W of continuous-wave output power from 5 mW seed power. The
output beam is emitted via a single-mode polarization maintaining optical fiber with an integrated
isolator attached; this allows for a pure Gaussian spatial mode of the amplified beam which is
ideal for coupling to the high-finesse cavity. The amplified Gaussian output beam has a measured
polarization purity of 99%.

The beam goes through an additional isolator immediately after leaving the amplifier. This
additional isolation stage is critical because a consequence of ideal coupling to the optical cavity

is that the back reflection from the cavity overlaps the input beam. Light coupled to the amplifier
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in the wrong direction can critically damage it; so we must take care that the full back-reflected 30
W cannot reach the amplifier.

After the isolator, the beam is coupled to the TEMy, mode of the high-finesse cavity by us-
ing a mode-matching lens. To achieve optimal coupling to the cavity we treat the cavity mirrors
themselves as diverging lenses (with a focal length depending on the mirror material and radius
of curvature of the mirror surfaces), measure the beam profile and radius of curvature of the input
beam, and use the complex ABCD matrix formalism to calculate the ideal focal length and position
of the mode-matching lens.

Immediately before the cavity we convert the horizontal polarization of the input light to circu-
lar polarization with a \ /4 plate. We use circular polarization to maximize the rotational generation
in the cavity. The back-reflected beam will have opposite circular polarization; upon passing again
through the /4 plate, the back-reflected radiation has vertical polarization and can be diverted
with a beam cube to the reflected signal photodiode. It is this signal that is used to produce the
locking signal.

The high-finesse cavity consists of two custom-made mirrors from Precision Photonics. The
mirrors have a radius of curvature of 50 cm and are separated by 27 cm. This sub-confocal sepa-
ration allows us to discriminate between the cavity modes and couple the light only to the TEM,
mode. This configuration gives a free spectral range of 555 MHz. One of the mirrors is mounted
on a piezo allowing us the flexibility to scan and lock with the cavity mirrors, rather than the piezo
on the ECDL. The measured transmittance of the cavity mirrors is 38 ppm at the pump wavelength
and 277 ppm at the Stokes wavelength. The losses (both absorptive and scattering) are around
100 ppm according to the manufacturer. From these reflectivities we calculate a cavity finesse of
22,764 at the pump wavelength and 8332 at the Stokes wavelength.

The high-finesse cavity is placed in a chamber filled with .1 atm of D5 gas. The amplified pump

beam is then locked to the cavity via the Pound-Drever-Hall technique [47] described in chapter 3.
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Figure 4.1 Experimental setup for the room temperature rotational Raman generation experiment.
An external cavity diode laser centered at 1.5 pm is modulated at 20 MHz by an electro-optic
modulator and amplified to up to 30 W by an Erbium-doped fiber amplifier. This amplified beam
is then converted to circular polarization and locked to a Do-filled high-finesse cavity. After the
cavity, the pump and generated Stokes beams (which are opposite circular polarization) are
separated and measured. ECDL, external-cavity diode laser; A/2: half-wave plate; EOM,
electro-optic modulator; MML, mode-matching lens; PBS, polarizing beam splitter; /4,
quarter-wave plate; HFC, high-finesse cavity; PZT, piezoelectric transducer; PD, photodiode;
OSA, optical spectrum analyzer.
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4.2 Cavity Performance

Figure 4.2 shows the transmitted power of the pump beam when locked to the evacuated high-
finesse-cavity. For an incident pump power of 25.4 W we find that 929 mW is transmitted. Clearly
the transmitted power is significantly lower than the incident power. This is due in part to the fact
that the absorptive/scattering losses of the cavity are greater than the transmittance of the mirrors
at the pump wavelength. The spatial mode matching is imperfect as well. We took care to model
the system when choosing the lens focal length and distance from the cavity, but our knowledge of
the characteristics of the physical input beam and optical elements is limited, which prevents our
achieving perfect mode matching. In addition to these factors, the locking electronics bandwidth
is ultimately limited by the laser diode/optical cavity bandwidth. This bandwidth limitation results
in imperfect spectral narrowing of the ECDL.

By measuring the output power of the cavity we can calculate the peak intensity of the light
inside the cavity with our knowledge of the mirror transmittance and the calculated waist of the

cavity mode. We use the formula

L\ 1+g
= — | — 4.1
Wo - 1 (1 — g) 4.1)
where
L
=1—-—= 4.2
g 7 4.2)

to calculate the waist of the cavity mode given the length of the cavity, L, and the radius of cur-
vature of the cavity mirrors, R [46]; we find the waist for our parameters to be 331 pum. With this

information we find the peak intensity of the intra-cavity field to be 14.1 MW /cm?.

4.3 Raman Generation Inside the Cavity

Figure 4.3 shows the energy level diagram for the process discussed in this chapter. The Stokes

beams are generated from different rotational states in the same vibrational state of the molecule. In
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Figure 4.2 Transmission of pump beam through high-finesse cavity (without D) The dashed line
is a linear fit the the first six data points. For an input power of 25.4 W (measured immediately in
front of the cavity) we calculate a peak intra-cavity intensity of 14.1 MW /cm? using the known

parameters of our experiment.

a homonuclear molecule (such as D5), Raman transitions with AJ = +1 are forbidden; rotational

Raman transitions are allowed with the condition AJ = £2 [54].

Figure 4.3 Energy level diagram for rotational stokes transitions in Deuterium gas.
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Because the input pump light is circularly polarized, the generated Stokes light has opposite
circular polarization. As the pump beam propagates through the medium, a Stokes photon is
generated from noise. The cavity mirrors are highly reflective at the Stokes wavelength as well as
the pump so a Stokes photon emitted into the cavity mode will experience a large degree of optical
feedback and the Stokes field will build in the cavity. When the gain on the Stokes beam equals
the losses due to the cavity mirrors the Stokes beam will lase, as discussed in section 2.3, and all
the excess pump photons will be converted into Stokes photons. This is clear in figure 4.6 where
the pump power plateaus as the Stokes power begins to increase linearly with input power.

We are able to generate rotational Raman Stokes beams onboth the |v =0, J = 1) — |[v =0, J = 3)
and [v =0,J =0) — |v =0, = 2) transitions. These rotational transitions are 297 cm~" (8.9
THz) and 179 cm™! (5.3 MHz) respectively. Figure 4.4 shows an example of a typical optical

spectrum analyzer scan for this experiment; this shows the J =1 — J = 3 transition.

Stokes
pump

1.54 1.58 1.62

wavelength (um)

Figure 4.4 Typical optical spectrum analyzer output showing the clear generation of a Stokes
beam at the J = 1 — J = 3 transition.

We control which transition we drive by changing the cavity length with the cavity mirror piezo.

As discussed in chapter 2, a Stokes beam will tend to dominate when the resonant frequency of the
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cavity matches with the Raman transition frequency to within the Raman linewidth. By adjusting
the cavity piezo we change the cavity’s resonant frequency such that either the J =1 — J = 3

transition or the J = 0 — J = 2 transition is favored.

il

eyt b P Wi i

Beam Intensity (a.u.)

Time (a.u.)

Figure 4.5 Scanning the cavity piezo across the cavity resonance we can see the two different
channels for Raman generation competing. This figure shows the measured power transmitted
through the output cavity mirror with time as we scan through a resonance. The higher measured
power corresponds to the J = 1 — J = 3 transition while the lower corresponds to
J=0—=J=2.

For some cavity lengths we see competition between these modes or lasing in both transitions
simultaneously. Figure 4.5 shows the signal that is transmitted through the cavity as a function
of time as we scan the cavity piezo with the feedback to the laser diode active. The upper level of
the transmitted signal is the |[v = 0,J = 1) — |v =0, J = 3) transition while the lower level is
lv=0,J =0) = |v=0,J = 2). By gaining familiarity with the shape of the transmitted signal
as we scan the piezo we can quickly find the desired rotational transition to lock to.

As mentioned above, we are able to achieve Raman generation at two rotational transitions.
Figure 4.6 showing the generated Stokes beam power as a function of input power for each tran-
sition. The J = 1 — J = 3 transition is has a greater conversion efficiency and higher overall
generated Stokes power than the J = 0 — J = 2 transition. This is due to the fact that, at room
temperature, the majority of the molecules (31 %) are in the |v = 0, J = 1) state while only 14 %
are in the [v = 0, J = 0) state.

Using the method described in section 2.3, we estimate a Raman laser threshold of 223 mW of

incident pump power. Experimentally we observe a threshold of 1.1 W forthe / =1 — J =3
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transition, as can be seen in figure 4.6. One possible explanation for this discrepancy includes
imperfect frequency overlap of the cavity mode of the generate Stokes beam with the Raman gain
peak. We also suspect that the intensity measurements made with vacuum in the high-finesse cavity
are not valid when gas is introduced. Thermal effects caused by the introduction of the deuterium
gas in the system degrade the lock and decrease the optical power coupled into the cavity. For this

reason higher input powers may be required to achieve the intensities show in figure 4.2.
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Figure 4.6 Stokes laser output measured after output mirror of the high-finesse cavity. Pump
power — o, Stokes power — X. One laser uses the J = 0 — J = 2 transition while the other
uses the / = 1 — J = 3. The conversion efficiency and overall generated Stokes power is greater
for the / = 1 — J = 3 case because of the greater initial population in the J = 1 state.

Using the scheme described in this chapter we were able to produce the highest ever generated
Stokes power using cavity-based gas-phase Raman generation. This generation was achieved using
two orders of magnitude lower Deuterium pressure than previous work [55]. While this experiment
makes significant strides in cavity-based Raman generation there is still room for improvement;
one of the most straightforward ways to improve the efficiency of the Raman generation within the
cavity is to cool the gas to liquid Nitrogen temperatures. This motivation for cooling the deuterium
gas and preliminary results of cooled-cavity Raman lasing are described in detail in chapter 7.

One important aspect of our particular cavity-based scheme is the lower pressures we require to
produce stimulated Raman scattering. In each of our experiments we work with pressures nearly

2 orders of magnitude lower than previous experiments [55, 20], and, in the case of the cooled
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experiment described in chapter 7, almost 3 orders of magnitude lower. By working at lower
pressures we minimize nonlinear thermal effects which degrade cavity coupling. Thermal lensing
in optical cavities was studied extensively by the Carlsten group [25, 24]. Because emission from
the metastable higher vibrational or rotational state is dipole forbidden, transitions to the ground
state will be primarily due to molecular collisions. The energy lost by the decay is not lost as
radiation, but as translational kinetic energy of the molecule. This kinetic energy distribution
modifies the refractive index of the medium, shifting the resonant frequency of the beam in the
cavity and possibly deforming the beam shape as well. The rate at which the collisions occur
increases with pressure so by operating at lower pressures we can minimize the rate of collisions
and these thermal effects. By working with lower pressures we are also able to attain a much
higher coherence than previous experiments. The rotational Raman linewidth (which essentially
the collisional broadened linewidth) is significantly narrower due to fewer molecular collisions at

a lower density, which allows higher peak coherence.
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Chapter 5

Vibrational Raman Generation in D, at Room Temperature

In chapter 4 we discussed Raman scattering in D5 gas using rotational Raman transitions. In
Dy, the frequency difference between the pump and Stokes beams is 9 THz, for J = 1 — 3
transitions. One of the main motivations for exploring vibrational Raman transitions is the fact
that this frequency difference is approximately 90 THz. This allows us to produce coherent light
at frequencies very far from our monochromatic pump. We have experimentally demonstrated
the generation of coherent Raman sidebands spanning from 807 nm to 1.5 ym [56]. By producing
coherent beams that span this range of frequencies we can infer the production of near-single-cycle

pulses.

5.1 Experimental Setup

These vibrational experiments are carried out at room temperature in the same cavity with the
same cavity mirrors as our previous room temperature rotational Raman experiments (see chapter
4). This means, once again, the cavity length is 27 cm, which corresponds to a free spectral range
of 555 MHz. The cavity mirrors have a radius of curvature of 50 cm so the cavity is sub-confocal,
allowing us to discriminate between the spatial cavity modes and couple to only the TEM(, mode.

To have efficient cavity-based continuous-wave Raman generation it is critical to have the cav-
ity mirrors highly reflective at the pump and Stokes wavelengths. The mirrors used in our exper-
iments are coated to be highly reflective at 1064 nm and 1550 nm; the scattering, absorption, and
transmission losses of the mirrors at each of these wavelengths is at the level of 100 ppm (parts per

million). The frequency difference between these center wavelengths is the same as the frequency
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of the Raman transition. This means that a pump beam at 1064 nm will be able to resonate with

the cavity and produce a vibrational Stokes laser resonating near 1550 nm as well.

807 nm

prism

glass slide > !
o

— OSA
HFC| D2
PZT i i
Photo-diode
glass inde\ﬁD
MML <=
<= << <
II:arIauiIay EOM II:arIa(:ay
solator Yitterbium solator
amplifier ECDL

Figure 5.1 The experiment begins with an external cavity diode laser at 1064 nm. This beam is
modulated by an electro-optic modulator and amplified to up to 20 W by an Ytterbium-doped
fiber amplifier. This linearly polarized light is then locked to a high-finesse cavity filled with .1
atm of D, gas. Raman sidebands are generated on the pump beam at 807 nm and 1560 nm. These
sidebands are then separated and measured by a prism after the cavity. ECDL: external cavity
diode laser, EOM: electro-optic modulator, MML: mode matching lens, HFC: high-finesse cavity,
PZT: piezo-electric transducer, OSA: optical spectrum analyzer.

The experiment (figure 5.1) begins with a home-built external cavity diode laser (ECDL) tuned

to our selected pump wavelength of 1064 nm. This laser system has an optical power of roughly
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20 mW and a linewidth of ~ .5 MHz. After a Faraday isolator, the beam is phase-modulated by an
electro-optic modulator (EOM) at 50 MHz; this modulation is required for the generation of the
cavity locking signal.

This continuous-wave modulated signal is then amplified to up to 20 W by an Ytterbium-doped
fiber amplifier from IPG photonics. Because we are working with linear polarization in this case
we cannot rely on a \/4 plate, polarizing beam cube pair to divert the back-reflected power from
the cavity; when not locked to the cavity, all the incident light is reflected back on itself. To protect
the amplifier from this direct and powerful back-reflection we add an additional isolator after the
amplifier. In order to minimize the peak optical intensities in the isolator’s crystal we take great
care in maximizing the beam size through the isolator while avoiding clipping. Even with these
careful beam size considerations, at full power (30 W continuous-wave emission) the isolator is
dangerously close to its damage threshold. To avoid failure of the isolator and possible damage to
the amplifier we choose to run the amplifier at just 2/3 its maximum power.

The 1064 nm pump beam is locked to the cavity via the Pound-Drever-Hall locking technique.
A small portion of the reflected beam from the cavity is reflected by the face of a glass slide and
collected on a photodiode. This signal is sent to the locking electronics. The pump and generated

Raman beams are separated after the cavity by a SF11 prism to be measured.

5.2 Stokes Generation

When the difference between the pump frequency and resonant frequency of the cavity at the
Stokes wavelength falls within the Raman linewidth of the transition (see figure 5.3) the Stokes
beam will experience optical feedback and build up in the cavity, just as in the case of rotational
Raman generation discussed previously. At room temperature the linewidth of the Raman transi-
tion is primarily the Doppler-broadened linewidth of 530 MHz. For comparison, the free spectral
range of the cavity (27 cm length) is 555 MHz. The overlap between the emission of the Stokes
beam and the cavity modes into which the Stokes beam emits is roughly depicted in figure 5.3. The

calculated linewidth of the cavity is near 40 kHz while the Raman linewidth is 550 MHz; therefore
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Figure 5.2 Energy level diagram for the vibrational Raman transition. The difference between the
ground and first vibrational states of Dy is 2,994 cm ™! (89 THz). The pump laser is very far
detuned from the upper electronic states with a frequency only 10% that of the electronic
transition frequencies.

the role of the cavity is to confine the Stokes radiation to a small sliver of the overall Raman gain
curve.

When the cavity length is not matched with the possible vibrational Stokes generation frequen-
cies either no Stokes generation will occur or we will see rotational Raman generation. Once again,
we are required to tune the cavity length by adjusting the position of a piezo on one of the cavity
mirrors to find the appropriate cavity length for the Raman transition we are interested in. By be-
coming familiar with the shape of the peaks transmitted through the cavity while scanning we can
see which transitions are desired and lock there. Once locked to a vibrational transition we make
fine adjustments to the laser frequency by adjusting the position of the piezo-mounted diffraction
grating in our extended cavity diode laser setup. We adjust this frequency in an effort to match
the emitted Stokes frequency to the peak of the Raman linewidth to maximize the efficiency of the
Raman process.

The pump and Stokes power as a function of input power exhibit the same laser-like behavior

as in the rotational Raman laser case. When the intra-cavity pump intensity is high enough, the
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Figure 5.3 The Stokes beam will lase when the resonant frequency of the cavity matches with the
difference between the pump frequency and first vibrational state transition frequency to within
the Raman linewidth. At room temperature, the Raman transition has a linewidth of 530 MHz
(shown in blue) and the cavity resonances (shown by dashed lines) have a linewidth of
approximately 40 kHz and are separated by the free spectral range of 550 MHz. These cavity
resonances can be tuned to the peak of the Raman linewidth by adjusting the laser frequency with
the piezo in the extended cavity laser setup.

gain on the generated Stokes beam overcomes the cavity loses and the Stokes beam begins to lase.
After this laser threshold the excess pump photons are converted into Stokes photons. This is
clearly visible in figure 5.5; as the Stokes power begins to increase linearly with input power the
pump power levels off.

Figure 5.5 shows the pump and Stokes powers as a function of input power for .1 atm and .5
atm. We observe a lasing threshold of 3 W and .6 W respectively, higher than what was predicted
in section 2.3. In the case of the higher pressure, the lasing threshold is reduced and the conversion
from pump to Stokes is more efficient, as is shown by the lower steady state pump power. This is
to be expected at higher densities. Despite the lower threshold and lower steady state pump power,
the peak generated Stokes power is not higher than the lower pressure case. One reason for this
may be other density related effects; as density increases, other nonlinear effects begin degrade

the coupling to the cavity and, therefore, the peak intensities we can achieve in the cavity. This



56

is visible when locking the laser as the drop in the reflected power level is significantly less when
the cavity is filled with gas than when at vacuum. When the cavity is in vacuum, dips 25% to 35%
are not unreasonable when locking. With gas present these drop to 5% or 10%. The fact that .1
atm is less disruptive to cavity coupling and the lock may explain why we actually achieve higher
Stokes generation at a lower pressure. In light of the thermal effects of molecular collisions on
the refractive index of the medium briefly discussed in section 4.3 and investigated extensively
in [25, 24], lower pressures are also desirable to reduce thermo-optic variations in the refractive
index.

The results shown in figure 5.5 and discussed throughout this chapter involve Stokes generation
on the Raman transition between |v = 0, J = 0) — |v = 1, J = 0). It is important to note that we
do see lasing on the |[v = 0,J = 1) — |v =1, J = 1) transition as well. These results are shown
in figure 5.6. We chose to focus on the transitions with ./ = 0 somewhat arbitrarily; it was mostly
based on familiarity and reliability experimentally when locking to these transitions in addition to

the fact that the anti-Stokes beam tended to be slightly stronger for the J = 0 case.

5.3 Anti-Stokes Generation

As we have already discussed extensively, our system is a Stokes laser. The Stokes beam is
generated from noise and experiences optical feedback from the highly reflective cavity mirrors
and gain from the effective population inversion rooted in the fact that at room temperature the
vast majority of the molecules are in the ground vibrational state as opposed to the first vibrational
state. As the intra-cavity Stokes intensity increases another third-order nonlinear process occurs
generating an anti-Stokes beam (807 nm) which is shifted up in frequency from the pump by the
vibrational transition frequency.

The relevant energy level diagram for the Stokes/anti-Stokes generation process is shown in
figure 5.4. From the propagation equations for light in a Raman medium (see Appendix A for
definitions of the constants b, Aw, A, and D) we see that the anti-Stokes beam is generated from

the pump beam through the coherence of the ground (0) and first (1) vibrational levels of the gas

(Po1)-
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Figure 5.4 Four wave mixing process for anti-Stokes generation in the Raman medium. The

Stokes beam is generated from noise and is constrained by the cavity length. The anti-Stokes

beam is generated purely from the coherence between the vibrational levels and is determined
only by the frequency of the pump and Stokes beams as shown above.

aElanti—Stokes

P X =120k Nb* po1 Epump (5.1)
z

where b is defined in appendix A, N is the gas density, w and k are the angular frequency and

wavenumber of the anti-Stokes beam respectively, and

_ bEpumpEStokes
A—D+2Aw + iy

where A, D, Aw, and +y are defined in appendix A. From equation 5.2, it is clear that the coherence

Po1 (5.2)

between the vibrational states is established through the pump and Stokes beams. The pump and
Stokes intensities couple one vibrational state to the other, so, by increasing the pump and Stokes
intensities, we increase the coherence between the states. A look at figure 5.5 will show that at
.1 atm we generate a higher coherence between the vibrational states simply due to the fact that
the circulating power of the pump and Stokes beams is larger. For the powers shown in 5.5 we

calculate a peak coherence of 3 x 1074,
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As the pump and Stokes powers increase as a function of input power in figure 5.5, the anti-
Stokes beam is generated as well through the mixing of these waves. The maximum generated
anti-Stokes power is approximately 40 pW. While the high-finesse cavity is reflective and reso-

nant at the pump and Stokes wavelengths, the cavity mirrors are not reflective at the anti-Stokes

wavelength and the anti-Stokes beam is generated in a single pass through the 27 cm cavity.
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Figure 5.5 Measured power of the pump, Stokes, and anti-Stokes beams after being split by the
prism at two different pressures of D,. Filled green diamonds: Stokes power, filled red circles:
pump power, empty diamonds: anti-Stokes power which is meant to be read on right vertical axis.

Figure 5.7 shows a combination of typical optical spectrum analyzer scans. The generated 807
nm and 1.56 pm sidebands are clearly defined and each 90 THz from the single input beam at 1064
nm.

Because the coherence between the states | =0,/ = 0) and |v = 1,J = 0) is sufficient to
produce an anti-Stokes beam at 807 nm we have reason to believe that we are generating a second
Stokes beam at 3 pm with power comparable to that of the anti-Stokes beam. This wavelength
is absorbed in many optical materials so we took care to use only optical elements, such as fused
silica, that were not absorptive at 3 ;m. Detection of 3 pm light is also more difficult than at other
NIR and optical wavelengths. Despite using a special detector and the optical material considera-

tions, we were not able to conclusively observe this weak 3 ;sm component.
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Figure 5.6 Measured power of the pump, Stokes, and anti-Stokes beams after being split by the

prism with 0.5 atm of D5 in the cavity. This power curve shows the results of using the J =1

rotational state instead of the .J = 0 state as in 5.5. Note that the vertical axis is in mW for pump
and Stokes powers and W for the anti-Stokes power. Blue x: Stokes power, red circles: pump
power, black diamonds: anti-Stokes power.
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Figure 5.7 Combination of optical spectrum analyzer scans (not to scale) showing the measured
wavelengths transmitted from the cavity. Two 90 THz sidebands on the 1064 nm pump are clearly

5.4 Coherence of the beams

visible.

While we are able to generate sidebands that span nearly an octave from one monochromatic

input beam we must also be sure that these beams have a high degree of coherence. The coherence
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of the beams is critical if the sidebands are to be used to modulate the carrier or to form temporal
waveforms. To check the coherence of the beams, we investigate nonlinear processes driven by
the three overlapped beams in a nonlinear crystal. The nonlinear process we use to investigate the
coherence is shown in figure 5.8. Colinearly propagating radiation at 807 nm, 1064 nm, and 1560
nm will generate 532 nm light in a nonlinear crystal. As seen in figure 5.8, this light is generated
through two channels: 532 nm is frequency doubled 1064 nm light and the sum of the frequencies
of the 807 nm and 1560 nm light. The generation of 532 nm (Fj535) light can be described by
equation

B2 _ 44 u’—2|E | e!Bknarm® 4 ¢194d & B Ergagei oo (5.3)
4z efkaQ 1064 effkc2 807441560 .

where £ and w are the wavenumber and angular frequency of the 532 light, respectively. k£ depends

on the refractive index of the medium which is wavelength dependent and is determined by using
the Sellmeier equations for the nonlinear crystal being used. d.y is related to the second order

susceptibility, ¥, of the crystal. The phase mismatch terms in equation 5.3 are

Aksym = Fkiseo + ksor — kss2
Akngrm = 2k1064 — ks32

From equation 5.3 we can see that the two terms on the right hand side of the equation interfere
through the phase ¢. This phase can be controlled by controlling the phase of one of the sidebands.
By adjusting the phase of either the 807 nm or 1560 nm sideband we can control whether these
nonlinear generation channels interfere constructively or destructively. By adjusting this phase we
can measure the interference fringes and see the degree to which our light deviates from the case
of perfect coherence.

Figure 5.9 shows our experimental setup for measuring the coherence of the beams. The out-
put radiation of the cavity consists of the pump and two sidebands propagating colinearly. These
beams are split by a prism allowing us to control the amplitude (with ND filters) and phase of the

sidebands. Phase control is added to the Stokes beam (1560 nm). The phase control consists of
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Figure 5.8 Two channels through which 532 nm radiation can be generated by our experiment’s
output. 532 nm light is generated through second harmonic generation and sum frequency
generation. As we adjust the phase of one of the sidebands these processes will interfere and
reveal the level of coherence between the three wavelengths involved in the nonlinear process.

a glass slide which can be rotated with an actuator, changing the beam path length of the side-
band. The Stokes beam was chosen for the phase control because it is significantly more powerful
than the anti-Stokes beam. After the appropriate phase and amplitude adjustments, the beams are
reflected and recombined by the same prism.

The beams are then focused by an achromatic lens onto a Beta-Barium-Borate (BBO) crystal.
The beams are focused to a 70 pm spot size and great care is taken to ensure that they all overlap at
the crystal position. In order to avoid phase mismatch as the beams propagate through the nonlinear
crystal we use an ultra-thin crystal with a thickness of 10 ym. At the BBO crystal we measure the
powers of the beams to be 39.4 mW (Stokes), 5.61 mW (pump), and 38 uW (anti-Stokes) and the
waists to be Wgiokes = 36um, Wyymp = 33um, and W _siokes = 30pm.

In order to make the two interfering nonlinear channels comparable we attenuate the pump by
60 % while leaving the Stokes and anti-Stokes beams alone. It is important to note that we do not

attenuate the Stokes beam to make its power more comparable to the anti-Stokes power. Because
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Figure 5.9 Experimental setup for measuring the beam coherence. The input radiation is straight
from the D--filled cavity.

the interference is based on the electric fields of the beams, see eqn. 5.3, we can still see large

contrast even given a significant power imbalance.
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Figure 5.10 The number of 532 nm photons per second detected at the single photon counting
moudle as a function of the introduced phase change. We observe sinusoidal variation with a
large contrast. The solid line is a numerical calculation based on the measured power values and
the beam sizes of the three Raman beams. The contrast of the theoretical curve is calculated
without any adjustable parameters.

After the crystal, the beams are once again split by a prism. All the generated beams are
blocked and we measure the light at 532 nm with a single photon counting module. The results of

our measurements are shown in figure 5.10. The number of photon counts per second is shown as a
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function of the phase shift of the Stokes beam. The solid line in figure 5.10 is a theoretical calcula-
tion based on the process described in equation 5.3 and the measured beam sizes and powers. Only
the initial relative phase and absolute vertical scaling are adjusted in this plot; the contrast between
these interference fringes is calculated without any adjustable parameters. Clearly our data agrees

very well with the theoretical case, which shows almost perfect mutual phase coherence.
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Figure 5.11 The intensity of the inferred synthesized temporal waveform when the spectrum is
phase-locked and the amplitudes of the three beams are adjusted to be equal. A near single-cycle
optical waveform with a repetition period of 11 femtoseconds is formed. Since the absolute
frequencies of the beams are not a multiple of their frequency difference the carrier-envelope
phase changes at every period. Since the waveform is synthesized by three kHz-level-linewidth
CW beams, it maintains its structure without significant change for about 100 yus.

We have shown that we have very good phase coherence between the beams and the ability
to control the amplitude and relative phase of the sidebands. This allows us to infer the ability
to synthesize any waveform within the capabilities of the spectrum. For example, proper phase
adjustment of the sidebands allows us to modulate the phase or amplitude of the 1064 nm pump
beam at 90 THz, nearly 3 orders of magnitude faster than state-of-the-art electro-optic modulators.
By setting all the amplitudes equal to one another and phase locking the beams we would be able
to generate a near single-cycle pulse with a repetition period of 11 femtoseconds (see figure 5.11).
The three frequencies that create this time waveform have an absolute linewidth that is determined

by the high-finesse cavity, which is on the 10 kHz level. The very narrow linewidth of the spectral
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components allows this temporal waveform to maintain its structure without significant change for

about 100 us.
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Chapter 6

Cooling the chamber

Much of the previous work in stimulated Raman scattering has been done with pulsed pump
and Stokes lasers. In these pulsed laser experiments, an important step in generating near maxi-
mum coherence between the molecular states is cooling the D, to 77 K with liquid nitrogen [57, 7].
Cooling the molecules significantly increases the efficiency of the Raman process, as will be dis-
cussed in section 6.1. In a pulsed laser experimental setup, the gas-filled chamber is significantly
less complicated; it is essentially a steel tube with windows and an input port for D». This allows
cooling to be straightforward with minimal modification to the gas chamber. In optical cavity-
based schemes, however, the D,-filled chamber also houses the cavity mirrors which are extremely
sensitive to misalignment. We have successfully designed an experimental chamber which can be
cooled to liquid N, temperatures while still allowing for a stable cavity lock. The design consider-

ations and procedures for locking the cavity are described in section 6.2.

6.1 Deuterium at 77 K

Cooling the D, is useful for our experiments for multiple reasons. One of the main improve-
ments comes from the redistribution of the molecular population in the rovibrational states. The
energy difference between the lowest vibrational states of Do is 90 THz. Such a large energy dif-
ference means that even at room temperature the fractional population of molecules in the v = 1
level is 6 x 10~7. Cooling the gas changes this fractional population to 5.2 x 1072, but because
the population was so small to begin with this doesn’t have much of an effect the Raman process.

The redistribution of population in the rotational states, however, does have a significant effect.
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Figure 6.1 Comparison of the distribution of molecules in the rotational states of the v = 0
vibrational state of deuterium

Figure 6.1 shows the statistical distribution of molecules at room temperature and at liquid Ny
temperature in the zeroth vibrational state. At room temperature the population is relatively evenly
spread among the four lowest rotational states. By cooling the deuterium we push most of the
population into the two lowest rotational states. This is beneficial because it increases the number
of molecules in the Raman process. For instance, experiments using |v = 0, J = 0) as the initial
state will see a factor of 3 improvement in the effect because of the increase in population in the
initial state.

Cooling the deuterium has additional benefits for vibrational Raman experiments. The Raman
linewidth for v =0, J = 0) — |v =1, J = 0) transitions is determined primarily by the Doppler
linewidth (Aw /2) given by equation 6.1 [58].

8In(2)xT

Awl/z = 5 (Wy=1 — wWy=0) (6.1)

mc

At room temperature, the Doppler linewidth is 532 MHz. Cooling the deuterium decreases
that linewidth to 260 MHz. Looking at figure 6.2, the benefit of this is clear. By picturing the
Raman linewidth as the gain profile for a Stokes laser we can see that halving the Raman linewidth

increases the peak Raman gain by a factor of 2. This, coupled with redistribution of the molecular
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population should give a factor of 6 increase in efficiency for a purely vibrational process on the

lv=0,J =0) — |v =1, J = 0) transition.
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Figure 6.2 Cooling the chamber slows the molecules. This halves the Doppler linewidth and
increases the peak Raman gain by a factor of 2.

6.2 Chamber design

Figure 6.3 shows schematic of our experimental cryogenic D, chamber. The entire chamber is
stainless steel; stainless steel was chosen because of its durability and low thermal conductivity.
The D, chamber consists of a 75 cm long, 5 cm inner diameter tube with NW50 KF flanges welded
to each end. A D, input tube and an electrical feedthrough port are welded to the chamber and
also use standard KF connections. KF connections are used in all parts of this chamber to allow as
much flexibility as possible and to make connections quick, easy, and reliable down to 1078 torr.
In our current setup, swagelock connections outside the cavity itself prevent us from dropping the
pressure past 100 mtorr; the swagelock can be replaced with higher quality connections should we
need to improve the cavity evacuation.

A 45 cm long Ns reservoir is welded to the central region of the D, tube. This reservoir has an
input tube and a venting tube. The input tube is sufficiently wide that one can simply pour liquid
N, into the reservoir from a dewar. After the N, is poured, the input tube is capped off and the Ny

vents through a long foam tube attached to the venting tube; the foam tube allows the N, vapor to
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Figure 6.3 General layout of cryogenic experimental chamber (to scale).
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Retaining Ring

Figure 6.4 Closer view of the endpiece that houses the mirrors and windows.

escape far from the cavity and optical table. The reservoir is insulated with a roughly 2 cm thick
layer of aerogel, which has a thermal conductivity of 0.0098% at liquid nitrogen temperatures.

The cavity mirrors and input windows are held in stainless steel end-pieces which are machined
to mate with NW50 KF flanges (see figure 6.4). Because this connection is compatible with KF
sized components we have the flexibility to use a range of seals (viton, indium, aluminum, etc.)
and clamps. The flexibility at this interface was very important as we were developing methods to
overcome cavity warping from rapid cooling of the cavity. A piezo is epoxied to one end-piece and
holds one cavity mirror while the other mirror is held by a retaining ring in a recessed, threaded
bore. AR coated windows seated on viton o-rings form the final seal of the cavity. In order to
ensure that there are no pockets of air within the vacuum chamber, we drill small holes in the
mirror holders between the mirrors and the chamber windows.

Many factors must be considered when designing such a chamber. Preventing condensation,
minimizing Ny boil off to prevent disruptive vibrations, and compensating for thermal contrac-
tion and warping as the cavity is cooled are some of the main technical hurdles in the chamber

development.
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The first step to designing the cavity is to eliminate any condensation on the input windows
of the cavity. We approach this problem by careful numerical simulations of heat transfer through
stainless steel in air. To model this system we use a finite difference technique. We analyze the
section of the cavity from the Ny reservoir to the NW50 flange and model the cavity as an evacuated
stainless steel tube with one end held at 77 K. One section of the tube is insulated (corresponding to
the aerogel insulation) and the other is heated by convection from the room temperature air around

the cylinder. We calculate the convection coefficient to be 8mV2VK using the Nusselt number given

by the following expression (6.2), appropriate for horizontal cylindrical systems [59].

2

0.387Ral/®
Nu= |06+ ¢ (6.2)

1+ ()]

In this expression Pr is the Prandtl number, which depends on the thermal properties of the

steel and air, and Ra is the Rayleigh number, which characterizes the degree to which the air
at the metal surface is laminar or turbulent. Given this convection coefficient, the results of our

simulations are shown in figure 6.5.
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Figure 6.5 Temperature distribution on cylinder held at liquid nitrogen temperature at one end
with 2 cm of insulation.
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Given the calculated temperature distribution we decided that the tube had to extend at least
16 cm from the Ny reservoir wall. Although this distance is shown to be below the dew point in
figure 6.5 there will be additional heat transferred to the tube through the aluminum clamps that
secure the cavity to the optical table. There is also ample space to add heating elements to the tube,
should the condensation be worse than expected. In practice we see frost extend to the aluminum
clamp and not beyond; there is no need for any heating elements and the NW50 flange face is at
room temperature, allowing us to use viton o-rings.

While the cavity design prevents problems due to condensation, mirror misalignment due to
thermal contraction of the steel when adding liquid N, significantly complicates coupling to the
optical cavity. Mirror misalignment of even 10 mrad can severely disrupt the cavity coupling so
it is necessary to have some form of control over the pitch of the cavity mirrors after the cavity
cools to its steady state. We gain this control using custom aluminum KF clamps. The clamps
are machined to fit to an NW50 flange and have 6 concentric 1/4-20 screw holes (see figure 6.3).
By tightening or loosening the screws on these clamps we control the pitch of the endpiece and,
therefore, the cavity mirror. To ensure that we can consistently orient the mirrors in the same way
we reflect a 1064 nm laser beam from the back surface of each mirror and propagate the beam over
6 m to a target. Each time we cool the cavity from room temperature we adjust the pitch of the
cavity mirrors with the custom clamps such that the beams hit the target. This method allows us
to get ~ 1 mrad precision when moving the mirrors and allows us to very consistently repeat the

coupling to the cavity day after day.
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Chapter 7

Multiple-Order Rotational Raman generation at 77 K

After cooling the deuterium, we notice a significant improvement in stimulated Stokes gen-
eration. In our room temperature rotational Raman generation experiments we were only able
to generate one Stokes beam from pressures of .1 atm up to 1 atm. After cooling the cavity we
are able to generate up to 5 Stokes beams on the | = 0, J = 0) — |v = 0, J = 2) transition and a
strong (~ 1 mW) anti-Stokes beam as well. In addition to generating exclusively |[v = 0, J = 0) —
|v =0, J = 2) Stokes beams, we are able to generate a mixture of [ = 0,J =0) — |[v =0, J = 2)
and [v =0,J =1) — |v =0, J = 3) Stokes and anti-Stokes beams as well, giving us up to ~ 12

generated beams from our single pump at 1064 nm.

7.1 Experimental Setup

The experimental setup is virtually the same as that in our vibrational Raman generation ex-
periments; we use a linearly polarized 1064 nm pump beam that reaches CW powers of 20 W. The
key difference is the new, liquid N»-cooled cavity. The cavity length is extended to 75 cm, from 27
cm in our previous vibrational experiments, and the 2 = 50 cm cavity mirrors are replaced with

R = 100 cm cavity mirrors.

7.2 Results

One of the main motivations for cooling the cavity is to increase the coherence between the
ground and first vibrational states of deuterium. We are especially interested in this transition due to

its large transition frequency of 90 THz. We are able to produce vibrational Stokes and anti-Stokes
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beams, see figure 7.1, but thus far we have been unable to generate powers comparable to our
room temperature vibrational Raman experiments because much of the power goes simultaneously
into the rotational Raman transitions, which is also visible in figure 7.1. The highest vibrational
anti-Stokes power we were able to generate in our initial experiments was ~ 40 pW at 0.3 atm
measured at room temperature. At room temperature we did not observe this strong tendency
toward simultaneous lasing between rotational and vibrational states. This allowed all the excess

pump power to be transferred to the vibrational Stokes beam.
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Figure 7.1 Generated spectrum with .3 atm of D, (measured at room temperature) and 10 W of
input 1064 nm pump power. The vibrational Stokes beam is clearly visible at 1560 nm, but much
of the input power is diverted into 4 rotational Raman Stokes beams from 1080 nm to 1140 nm.

While the overall vibrational anti-Stokes power is not particularly higher than in our room
temperature experiments, at this point, we do see some initial signs of vibrational coherence in the
gas. When generating a vibrational sideband in addition to multiple rotational sidebands, as shown
in figure 7.1, close observation reveals multiple beams clustered near 807 nm, the vibrational
anti-Stokes wavelength (figure 7.2). These beams can be explained by the vibrational coherence,
established by the original pump beam at 1064 nm and the vibrational sideband at 1560 nm. The
vibrational coherence established by the pump and vibrational Stokes is imparts 90 THz sidebands

on all the rotational Stokes components. The sidebands near 1560 nm are not visible because the
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Figure 7.2 Vibrational sidebands generated on rotational Stokes beams. The peak at 807 is the
original anti-Stokes beam generated from the coherence and the pump beam. The other two peaks
are sidebands on J = 1 — 3 Stokes beams. It is important to note that they are modulated via
coherence that is established between the pump beam at 1064 nm and the vibrational Stokes beam
at 1560 nm.

cavity mirrors are highly reflective at those wavelengths, while there is low mirror reflectivity near
807 nm; because these sidebands are generated through a four-wave-mixing process, the sidebands
near 1560 nm are not emitted into a cavity mode and therefore the cavity mirrors serve only to
attenuate these beams. In figure 7.2 it is the J = 1 — 3 Stokes beams which are modulated by the
vibrational coherence.

Despite our initial lack of success driving the vibrational transition in deuterium at 77 K we
have made progress in multiple-order rotational Raman generation. At a pressure of .04 atm (mea-
sured at room temperature), more than two orders of magnitude lower than previous cavity-based
stimulated Raman scattering experiments, we were able to generate five Stokes beams and two
anti-Stokes beams with a combined output power of over 50 mW. For comparison, at a signifi-
cantly higher pressure, ~ 9.8 atm, Imasaka and colleagues were able to produce two Stokes beams
at room temperature [21]. Cooling the cavity dramatically enhances the stimulated Raman scatter-
ing process. Figure 7.3 shows the generation at input powers of .31 W and 20 W. This figure shows

generation on the |[v =0, J = 0) — |v =0, J = 2) transition with a transition frequency of 179
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cm ™! (5.4 THz). We see lasing at a lower threshold than our previous room temperature rotational

Raman experiments.
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Figure 7.3 Generated beams at a D, pressure of .04 atm (at room temperature). The left scan
shows generation with .31 W input power and the right shows generation with 20 W input power.
The pump in both cases is located at 1064 nm. These scans are normalized such that the peak
power is located at 0 dBm.

Because the generated Stokes beams are emitted into cavity modes we predict that the Stokes
beams are generated through a cascade stimulated Raman scattering process, as observed by
Imasaka [21]. This means that the second Stokes beam (at ~ 1107 nm) is not generated through a
pure four-wave-mixing process; it is instead a result of the first Stokes beam (at ~ 1080 nm) acting
as a new pump beam and generating another Stokes from the rotational state population difference
and cavity optical feedback. We believe this to be the case because of the high mirror reflectivities
at these wavelengths; a Stokes beam generated from rotational coherence would be independent
of the cavity resonance and suffer severe attenuation from cavity mirrors. Because the first four
higher order Stokes beams fall within the reflectivity of the mirrors and have power comparable to
or greater than the pump we believe each to be resonant with the cavity and therefore generated
through a cascade effect. The fifth generated Stokes beam falls outside the reflectivity of the mir-
rors and, because of the lack of optical feedback, has a power ~ 20 dB lower than the previous

Stokes component.
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Figure 7.4 Sideband output power as a function of 1064 nm input power at a D, pressure of .04
atm. The error bars are omitted to avoid cluttering the figure, we estimate the error to be £ 15 %
primarily due to systematic difficulties in day to day replication of the cavity mirror alignment.

The generated anti-Stokes beams are generated purely from the mixing of the pump and the
molecular coherence. There is no rotational state population difference to put gain on the anti-
Stokes beam so it will not exhibit the same laser-like behavior of the Stokes wavelengths. The
mirrors are reflective at the anti-Stokes wavelength, so the transmitted power, which is 60 W at
20 W input and a pressure of .04 atm, is only a fraction of the total generated anti-Stokes power
inside the cavity.

Figure 7.4 shows the output power of the sidebands at .04 atm, measured at room temperature.
The error bars are omitted from this plot to avoid cluttering it. In our experiments we suffer
primarily from systematic error due to day to day misalignment of the cavity mirrors. Even very
small changes to the pitch of the cavity mirrors can have a large effect on the power generated in
the Stokes and anti-Stokes beams and on the spatial profile of the generated beams as well. Small
changes to the laser piezo and cavity piezo positions also play a role in the amount of generated
sideband power. While in one experimental run the values are consistent, it is more difficult to
repeat the results exactly after heating and cooling the cavity again. In light of these systematic

difficulties we estimate the error to be roughly £ 15 %.
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By increasing the pressure from .04 atm to .3 atm we see significantly improved anti-Stokes
generation. For input powers of 20 W we generate nearly 1 mW of anti-Stokes power on the J =
0 — 2 transition. The overall total output power is lower than in the lower pressure experiment;

we attribute this lower power to degraded cavity coupling due to nonlinear effects from the gas.
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Figure 7.5 Generated beams at a D, pressure of .3 atm. The left scan shows generation with .83
W input power and the right shows generation with 20 W input power. The pump in both cases is
located at 1064 nm. These scans are normalized such that the peak power is located at 0 dBm.
The primed peaks come from the |v = 0,J = 1) — |v = 0, J = 3) process.

At a D, pressure of .3 atm, we notice that the |v =0,J =1) — |v =0,.J = 3) transition
begins to compete with the |[v = 0,J = 0) — |v = 0, J = 2) process. The primed peaks in figure
7.5 show this competition. The peak labeled 5’1 is the first Stokes beam generated from the pump
onthe [v=0,J =1) — |v=0,J = 3) transition. This Stokes beam then acts as a pump for
subsequent |v = 0, J = 0) — |v = 0,.J = 2) Stokes beams and anti-Stokes beams; note that after
the generation of the first / = 1 — 3 Stokes, the subsequent primed Stokes beams have the same
spacing as those generated from the J = 0 — J = 2 Stokes. Increasing the pressure from .3 atm
has not yielded success as of yet. While we are able to couple light to the cavity, the lock suffers
from noise which we believe to be a result of non-linear interactions with the higher gas density in
the optical cavity.

Because of the high sensitivity to mirror alignment and position we do have the opportunity to

see a wide variety of interesting spatial modes and spectral components of the output. Although
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difficult to quantify, we have seen interesting phenomena which may be the subject of future in-
vestigation. One such phenomenon is the tendency for the higher order Stokes beams to emit
into higher order spatial modes of the cavity causing higher order Stokes beams to have intricate
and exotic spatial profiles. Stimulated Raman scattering is maximized when the pump and Stokes
beams are both Gaussian because of the overlap of the intensity peaks inside the cavity. To ensure
we are coupling the Stokes radiation to the TEM, mode of the cavity we scan the cavity piezo
over several transmitted peaks with the high speed feedback activated. This flashes several cavity
resonances. We observe the spatial profile of the Stokes beams with an infra-red viewer and make
small adjustments to the screws on the custom clamps of the cavity (see section 6.2), changing the
orientation of the cavity mirrors. When the Stokes beams are clearly Gaussian and we observe the
generation of several Stokes beams we stop adjusting the mirror and re-optimize the coupling to

the cavity.
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Figure 7.6 Example of rich spectral properties of the output.

Figure 7.6 shows the variety of frequencies that can be generated using this cavity based method
(this was taken at .08 atm pressure measured at room temperature and 10 W input). This spectral
profile shows several J = 0 — 2 Stokes beams and J = 1 — 3 Stokes beams interleaved between
them. Several anti-Stokes beams are visible and careful observation of figure 7.6 shows a peak at
1072 nm, which corresponds to the | = 0, J = 0) — |v = 0, J = 1), which is a forbidden Raman

transition for a homonuclear molecule and will certainly be the subject of future study.
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Chapter 8

Conclusions

In this thesis we describe the first steps in developing a continuous-wave molecular modulator.
The basis of our modulation scheme is to drive a Raman transition in D, gas with two intense
continuous-wave optical fields that are resonant with the cavity. In each experiment we lock a
single pump laser, with upper powers between 20 W and 30 W, to a cavity with a finesse of ~
20,000. The Stokes field (the second field required to drive the Raman transition) is generated
from noise within the cavity after the pump is locked. The molecular coherence established by
these beams drives a four-wave-mixing process that produces anti-Stokes radiation.

We have investigated both rotational and vibrational Raman modulation at room temperature
and at 77 K. In the case of rotational Raman generation at room temperature, we have generated
over 300 mW of Stokes power at low D5 pressures (~ 0.1 atm). To our knowledge this is the most
Stokes power ever generated in a cavity-based stimulated Raman scattering experiment.

In another room temperature experiment we drive a vibrational Raman transition in Dy gas,
again at pressures less than one atmosphere, and generate coherent sidebands on a 1064 nm pump
beam at 807 nm and 1560 nm. Having full control over the relative phase of these spectral compo-
nents, we achieve 90 THz modulation on the pump beam and can infer the capability to produce
temporal waveforms with 1.5 cycle features.

We have, for the first time, carried out cavity-based stimulated Raman scattering experiments
at liquid nitrogen temperatures. By designing a cryogenic chamber to house the optical cavity, we
are able to significantly improve the efficiency of the nonlinear process under investigation. This

improvement is clear as we are able to generate 5 Stokes and 2 anti-Stokes beams (the most ever
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for a cavity-based scheme) on a rotational transition in .04 atm of D5, almost 3 orders of magnitude
lower pressure than any other cavity-based experiments.

This thesis also discussed many of the technical details involved in the experiments. One of the
main hurdles for an optical cavity-based stimulated Raman scheme is developing a robust locking
system to maintain resonance with the cavity for several minutes despite nonlinear effects from the
medium, heating of the mirrors, and mechanical vibrations on the optical table. The branches of the
feedback have been described in detail and important bandwidth-related considerations discussed
as well. Overcoming technical obstacles related to quickly cooling the cavity to liquid nitrogen
temperatures have also been explored and many of the considerations that go into the design of a

cryogenic cavity have been discussed.
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Figure 8.1 Arbitrary input beam is modulated at 90 THz. The pump beam (orange) generates a
Stokes beam (red) from noise which then builds up in the cavity. The pump and Stokes beams
produce a large molecular coherence, which in turn imparts sidebands on the blue input beam.

Moving forward, there are a number of things to investigate. Ultimately the goal of this project
is to produce a continuous wave molecular modulator. Such a modulator can be used to impart
90 THz sidebands on an arbitrary optical field passing through the cavity. The modulator would
modulate any wavelength from 10 ym to 100 nm with similar efficiency. Figure 8.1 shows the
basic idea for such a modulator. The pump laser (orange) is locked to the optical cavity and a pow-

erful Stokes field builds up from noise (red). These two intense fields produce a large molecular
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coherence. A carrier beam at an arbitrary frequency within the frequency window given above will
be modulated by the coherence of the molecules.

Applying such a modulator to the output of a Ti:Sapphire laser is depicted in figure 8.2. The
90 THz modulator will significantly broaden the Ti:Sapphire spectrum in a coherent manner. This
spectral broadening will allow for the production of much shorter pulses and is the ultimate goal

of this molecular modulator project.
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Figure 8.2 A Ti:Sapphire spectrum would be broadened by a 90 THz molecular modulator. The
modulator would have the effect of shifting the a portion of the spectrum + 90 THz from the
unbroadened profile.

In order to create such an efficient modulator we must improve the molecular coherence we are
able to achieve. The first step to generating a higher coherence is cooling the deuterium gas, which
is currently being investigated. We are interested in increasing the coherence between vibrational
states due to the 90 THz modulation frequency associated with it. Our preliminary tests have shown
that much of the pump power is diverted into rotational Raman generation rather than vibrational.
By experimenting with different D, pressures and possibly introducing a buffer gas to allow fine
tuning of the two-photon detuning we hope to be able to generate a higher coherence than in our
room temperature vibrational experiments.

One other route to achieving higher vibrational coherence is to introduce an additional laser
at the Stokes wavelength. Simultaneously locking a 30 W 1555 nm beam and a 30 W 1060 nm
beam (both of which we have experimental experience with) to the high finesse cavity filled with
very low pressure D, could be helpful in driving the molecules appropriately. By lowering the Do
pressure to the point that the Raman lasing threshold is very high (higher intra-cavity pump power

at the expense of generated Stokes power) and locking an additional beam at the Stokes frequency
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to make up for the lack of generated Stokes power, we could have both a very high intensity pump
and Stokes beam driving the molecules. This higher intensity would generate a larger coherence,
but at the expense of gas density. Finding the optimum balance between generated coherence and
molecular density will be the subject of future research.

In addition to efforts to increase the vibrational coherence, there are a number of other inter-
esting effects to investigate. For example, developing a framework to explain mode competition in
multiple-order Raman generation and its susceptibility to mirror misalignment could be an instruc-
tive and useful endeavor. One such investigation may include the exploration of the exotic spatial
structure of the higher order Stokes beams.

Investigating rotational anti-Stokes generation by systematically changing the pump laser fre-
quency or, possibly, introducing a buffer gas for dispersion-based tuning would also help charac-
terize the rotational coherence of the molecules; because the rotational anti-Stokes line falls within
the high-reflectivity region of the cavity, changing the frequency of the anti-Stokes beam or the
dispersion of the medium could allow us tune the anti-Stokes beam across resonances with the
cavity and much more effectively characterize the rotational coherence of the molecules and the
role played by the optical cavity in anti-Stokes generation.

The frequency range spanned by the multiple rotational Raman sidebands shown in figure 7.3
has the capacity to produce pulses with a 20 fs duration. Because these sidebands are generated
through a cascade process, the frequencies are not equally spaced, as they would be had they been
generated purely through four-wave-mixing; their frequencies can vary by as much as a free spec-
tral range which, in this case, is 200 MHz. To synthesize a pulse from these spectral components
each beam would require some form of frequency tuning element in its path. While this complica-
tion is a severe drawback to this type of pulse generation it is a possible avenue through which to
extend the work presented in this thesis.

While the focus of future research will be on increasing the vibrational coherence of the
molecules and improving the efficiency of the four-wave-mixing process with the end goal of

producing ultrashort optical pulses, the capacity to lock high power continuous-wave lasers to a
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cryogenic gas-filled optical cavity provides a foundation for a wide range of interesting investiga-

tions and applications in its own right.
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Appendix A: Effective Hamiltonian and Propagation Equations

A.1 Effective Hamiltonian

The Hamiltonian that describes the Raman system is a 2 x 2 matrix. To derive this effective
Hamiltonian (H.sr) we begin with the full Hamiltonian of the system. |a) corresponds to the
ground state, |b) corresponds to an excited metastable state, and |i) are an arbitrary number of
upper states from which the lasers are very far detuned.

Only dipole transitions are allowed in this derivation. In the system we consider, transitions

between a and b are dipole forbidden, but transitions from either state up to an ¢ state are allowed.

]:.I = Ho + ]:Imteracticm (Al)

where

Hy = hw,la) {al + hwy [b) (0] + > hay [d) (| (A.2)

~ A

Hinteraction = - (t) P

— —E() (Z (1t L) (il + s 18) (] + 125 1) dal + 3, 1) <br>) (A3)

%

This is the Hamiltonian we will use in the Schrodinger equation:

d .
i) = (Ho+ Hont) [0) (A4)

Where 1)) is the state of the atom/molecule which can be expressed in terms of energy eigenstates:

(1)) = calt)e™" |a) + cp(t)e™™" |b) + Z cit)e " i) (A.5)

Plugging |¢(t)) into the Schrodinger equation, we get differential equations for the time evolution
of ca, ¢, and ¢;. Below are expressions for the right and left hand sides (RHS and LHS) of the

Schrodinger equation.
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RHS:
Hy(t) = (hwaca(t)ei‘”at—E<t>Zcz-<t>eWum> |a)
+ (ﬁwbcb(t)e—wbt — E(t) Z Ci(t)e_iwit,ubz) 1b)
+ Y (hwici(t)e ™t — B(t) (phica(De” ™ + ppes(t)e ")) i)
LHS:

Zh% W)(t)) — R (dcdait) e_iwat . iwaca(t)e—iwat> |(l>

n ih <dC§§t) e_iwbt . iwbcb(t)e_iwbt) |b>

i Z h (dcz —zwl iwici(t)e—iwit) |Z>

With the left and right hand sides evaluated we can match coefficients of eigenkets to form the

differential equations for c,, c,and c¢;. In this derivation we assume a Raman linewidth of zero.
In chapter 2 a decay term is added to the system phenomenologically to account for a non-zero

linewidth.

|la):

deg () i (o —or
@ —E(t)- g€ Wam @t A.
g () : % Citlai€ (A.6)
|b):
dCb<t) ) o
— E(H)= et (@p—wi)t A.
T (t)hg Cilpi€ (A7)
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dcit [ * _i(w;—w * (Wi —w
di(Z ) = E(t)h (C(llu’az i)t + Cbl’bbie( ’ b)t) (A8)

Now we can define the driving electric field F(t). To begin with we express the electric field

in terms of it’s frequency components. The electric field will be a sum of beams with frequency

components spaced by the frequency of the Raman transition.

1 )
B(t) = (Z B eiwat=ha?) 4 c.c.> (A.9)
q

This gives us

dc 7 . A
a L at(wgt—kgz) Ji(we—wi)t
T o g g Eqciptqie e
qg i

i —t(wgt—kqz) Jt(we—w;
+ ﬁZZE;ci,um-e (wat—kq2) gilwa—wi)t (A.10)
q 7
dey i(wqt—kqz) gilwp—wi)t
T hZZEczum gl
- ﬁZZE;ciubie*““qt*’fqz)e“wb*“i)t (A.11)
q [
and
dCZ'

— E . * z (wqt— qu) i(wi—wa)t
a — 2n Z Cattai
* z wqt—kqz) z(wl wp)t
+ 2h Z E qColbp; €7 b

* * —zwt kqz) ji(wi—wa )t
+ QHZE Callne 1M

+ % > Biopupe it )il (A.12)
q
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At this point we can use the slowly varying envelope approximation. This approximation is valid
because the ¢;(t) are varying so much faster than c,(¢) and ¢,(t). In this approximation we take

cap(t) to be a constant and directly integrate the differential equation for ¢;(t).

/t dCi (t,) dt/
o At

c; (t) - ez(wifwaerq)tfquz

ei(wi —wptwq)t—ikqz

1 E;Caluaz ei(wi—wa—wq)t-i-iqu
2h (Wi — wq) — Wy
1 EZcppig;

ei(wifwawq)tJriqu (A13)

2n - (wi — wp) — wy

Now that we have an expression for ¢;(¢), we can plug this into the differential equations for ¢, ()
and ¢, (). The number of terms in the ensuing expressions is quite large, but most can be ignored
with some important assumptions. We will assume that second harmonic generation is negligible

and we will only consider terms that vary in time as follows:

Aw = (wp — wg) — (Wg — wy—1) (A.14)

Terms varying faster than that are negligible. In light of these approximations, recognizing that

Aw is small compared to w,, Wy—1, W,, wp, and defining &, = k, — k,_1,

de,

i |Eq|” |pail® |Eq | |pail®
TR =D D D IVR L ooy el Sl o EEAL

Wi —Wa ) —Wq Wi —Wwa )+wg
* *
Eqqulluai/l’bi Cbe—iAwt—ikmz
(w; _*Wb) + Wy
qEq_lﬂfaiMbi —iAwt—ikmz:|
Cpe
S p—
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dc \E 2 2
q\ \sz [Eq|” 164
dt 4ﬁ2 Z Z (wi—wp)—wq Cp + (wi—wp)+wq o
E E A
q— 1M ibi
+ al caezAwt-Hkmz
(wi Wa) — Wy

E Eq 1 il ¢ iAWtk z
a
(Wi — wp) + wy

At this point, to simplify the expressions, we will introduce a,, dy, and b,:

1 | i | tail”
g = 2h2 Z ((wz — Wy) — Wy + (Wi — wa) + Wy
Z ’#bz + \Mbi!Q
da = 2n2 wi —wp) —wy (Wi — wp) + wy
1 Mai/vbb' ,U/ai:uz'
h — — 7 7
7 2p2 ; ((w, — Wa) — Wy i (wi — wp) + wy

Now the differential equations describing the evolution of ¢,(t) and ¢,(¢) take the following

form.

dCa(t) 7 2 x iAWt ikm
dzz ) = 5 <Zq ana |Eq| + Zq ququEq_le At ) (A 15)
da(t) 2 §Ca k5 By o At ik |
a2 (Zq dgcy | Eq|” + Zq byCaligEq-re B )

To eliminate the oscillating time dependence in the above expression we make a simple transfor-

mation:

cp = EbeiAthrikmz

Applying this transformation to the differential equations above we get the following

dé,(t) ; 3 . L
d% ) —2 (Zq Gq ‘EQ|2 Ca) +3 (Zq quqEqﬂcb)

dey(t ; ~ . - ) o
o =3 (Zq dqy |Eq|2 Cb) +3 (Zq by By E, 1ca> — 1AW,

From these coupled differential equations we can see that the equations of motion in matrix form

is as follows.
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i Ca _ 3 Zq aq ‘Eq‘2 Zq beEog By Ca (A.16)
W e| 2|8 BEE . Y, d B — 200 |&
Since
dy(t
i@ _ Hy(t) (A.17)
dt
we can see that the effective Hamiltonian of the system is
h ag | B, by E B
Heff:—§ Zq q| ql Zq q ‘; q—1 (A18)
Yo UiEr By Y, dy | BT — 2Aw

Once again, the assumptions in deriving this H.;; are a large single photon detuning, interactions

between the medium and the light field are strictly dipolar, and the Raman linewidth is zero.

A.2 Propagation Equations

The propagation of an optical beam through a medium is described by a driven paraxial equa-
tion. In free space this would be a homogenous differential equation, but the medium adds an
inhomogeneity in the form of the polarizability of the medium:

0E,

V3E, - 2ik—— = —pow? P, (A.19)

In order to describe the propagation of beams through a Raman medium we must find the polar-
izability of the medium for each frequency component. In the previous section we found the time
dependence of the atomic/molecular wave function. With this information we have an expression

for the polarization of the medium in the time domain:

P(t) = ()| P |y(t)) (A.20)

The general form of the wave function is given by A.5 where the time-dependent behavior of the

coefficients ¢; is given by A.13 and the polarization operator Pis
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P =3 (taila) 01+ g ) Gl + 13,18l + i 1) () (A21)

Combining the expression for ¢; with the polarization operator, A.21, we have

P = 35 2 S el
+ thZ mm — |ca|* e et Fka
SR ‘“‘” o olt e
+ %zz = _‘i’z; el
+ hzz ™ _:“Zijbz wqCbcze—’i(Wq—Wa+wb)t+iqu

p“az:ubz * i(wg—wa+wp ) t—ikqz
+ CpCque e a
QhZZ R

*
Lo Z Z E* Maiﬂbz‘ cica o~ i(wqtwa—wy)t+ikgz
(Wi — wq) — Wy

+ c.c. (A.22)

Given the definition of a4, dy, and by and using A.14 to express the exponential terms in terms of
the two photon detuning, we can see, after moving some indices, that this time dependent term can

be expressed as followed:

P(t) = hz [|ca|2 aq (E,e™ ™% 4 c.c))
q

5 o

+ eo|” dy (Ege™" = 4 c.c.)
—iAwt—ikmz iwgt—ik

+ ccibyga (Equ PAWLTUIME g1qt qz—i—c.c)

4 Caczb;]_ (Eqi1eiAwt+ikaeiwqt7ik‘qz 4 C.C):| (A23)
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With this expression for the polarization of the medium as a function of time we can now look
at the coupling between frequency components of the driving electric field. Expressing P(¢) as

follows

P(t) = Z (P~ 4 c.c)) (A.24)
q

we can see that, for a system with an atomic or molecular density, N,

P, = 2hN (|cal” aEy + |a|* dy B,
+ CbCqu+lEq+le—iAwt—ik:mZ

t CaCpbg By tikm?) (A.25)

To eliminate the exponential terms in this the expression we make the following transformation

Ca = Cq

= ébeiAwt-i-ikmz (A26)

and express the polarization in terms of density matrix elements.

Pij = CZ'C;f (A27)

Referring back to A.19, we now have a differential equation describing light propagation

through a Raman medium.

. OF,
ViEq—sz:a—Zq = —pyw?P,

= _QHN,LLOW2 (aqpaaEq + dqpbqu + bq+1prEq+1 + bqpaqufl)(A-zg)
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Appendix B: Matrix Elements

To calculate the a4, d,, and b, terms we must find the matrix elements coupling the Raman

states of the molecules, |a) and |b), to the upper states |i). For deuterium we use the rovibrational
states in the Lyman and Werner bands, B'X} — X'S* and C'II, — X3} respectively as the
upper states.

We use the energy level parameters for D, found in Herzberg [54] to construct the energy level
structure of the molecules. Allison and Dalgarno [60] give the oscillator strengths for transitions
to the first 52 vibrational states in the Lyman band and the first 18 vibrational states in the Werner

band. With these oscillator strengths in hand we can find the reduced matrix elements for the

transitions with the following equation (in atomic units)

3 124874
(X (R)| DUR) [t (R)) = \/ TElf ree ®.1)

where D(R) is the dipole moment between the states, v”” and /' correspond to the lower and upper
vibrational states respectively, G = 1 for Lyman transitions and G = 2 for Werner transitions, and
fu 1s the oscillator strength tabulated in Allison and Dalgarno.

The angular portion of the matrix element depends on the polarization of the radiation and can
be expressed in terms of Wigner-3j symbols [58]. Equation B.2 is simply multiplied by the reduced

matrix element to give the final matrix element.

T~ J1J
At m = (=17 7™ \/max(J, J') (B.2)

-m' q¢ m
In equation B.2 ¢ = 0 for linearly polarized light and ¢ = =£1 for right or left circularly
polarized light. The bottom row of the matrix in B.2 must add to zero and, of course, the transition

must obey dipole selection rules:
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AJ =0,+1 (B.3)
J=0-»J=0 (B.4)
m =m+q (B.5)

To find the reduced matrix elements for rotational transitions in D, we must include Honl-
London factors in our reduced matrix element expression. The reduced matrix elements can be

expressed as follows (in SI units) [61]

3
|<I/”7 JH‘ D ’7/,, J/>|2 = WGOHA?HJ/J/AV/V" (B6)
™

In equation B.6, Hj j are the Honl-London factors for the transition (which depend on the
initial and final electronic and molecular angular momenta), A,/ are the band emission transition
probabilities which are tabulated in Allison and Dalgarno [60], and )\; is the wavelength of the
transition.

The Honl-London factors are different for the P, Q, and R branches of the electronic transition
(J—J—-1,J— J,and J — J + 1, respectively). We find that the Honl-London factors for the
P,Q, and R branches are J"” — 1, 2J” + 1, and J” + 2, respectively for the Lyman band and J”, 0,
and J” + 1 for the Werner band [61].

After finding the matrix elements it is simply a matter of summing over all the possible tran-
sitions to the Lyman and Werner bands to find the a,, d,, and b, coefficients that contribute to the
susceptibility for the field £, as shown below. When investigating multiple frequency sidebands

we must find a’s, d’s, and b’s for each of those frequencies as well.

. 1 |:uai|2 |ﬂai|2
e = 2h2 Z ((wz — Wy) — Wy + (Wi — wa) + Wy

7

1 il | il
d =
7 9p2 Z <(wZ — wp) — Wy + (Wi — wp) + wy

7

1 Mai/vb)g' ,U/ai:ug'
h — — i 3
I QHQZ((wi—wa)—wq—i_(wi—wb)—i-wq

i




