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Chapter 1: Introduction

The discussion of science at the dawn of the 20th century is often, understandably, dom-
inated by the emergence of quantum mechanics. This can sometimes overshadow the other
undeniably incredible, revelations and advancements in different areas of research happen-
ing at that time. The same year that George Thomson and Clinton Davisson were awarded
a Nobel Prize for the discovery of the wave properties of the electron, astrophysicists at
the University of Liege in Belgium discovered something previously thought impossible:
the spectral line of anoleculein space[1-4]. An environment previously thought to be so
hostile and cold that proper chemistry could never occur was revealed as a unique envi-
ronment for exotic chemical reactions. Since then there have been more than 300 unique
molecular species observed across interstellar space with varying degrees of complexity.
Hydrogen cyanide, for example, has been detected in the interstellar medium (ISM) [5], in
the atmosphere of the moon Titan [6], and the comae of comets [7]. With the successful
launch of the James Webb Space Telescope (JWST) in 2022, our scienti ¢ understanding
of the chemistry of space is poised for another great leap forward.

One of the most dif cult aspects of attempting to study space is that it is very unlike the
environment we live in. Molecules beyond the atmosphere of Earth exist at temperatures
ranging anywhere from 10 to 100 K at number densities as high®gset@ubic centimeter
in dense molecular clouds. This sparse environment, combined with the constant bombard-
ment by radiation, results in unique chemistry that would never be observed under ambient

conditions. In order to study this kind of chemistry, we need unique instruments that are



designed for such a task.

The work detailed in this dissertation describes the design, construction, and the rst
results for one such custom instrument that probes astrophysically relevant molecules at
temperatures as low as 20 K. This instrument results from the combination of two tech-
niques: buffer-gas cooling and cavity ringdown spectroscopy.

Buffer-gas cooling is now a well-known technique, rst described by the De Lucia
group [8] as collisional cooling, that takes advantage of a system's tendency towards ther-
mal equilibrium. Using a cold cell and steady ow of thermalized helium buffer gas, a
species of interest in the vapor phase will be cooled via elastic and inelastic collisions with
the cold helium until it is at thermal equilibrium with its surroundings. The simplicity of
the technique allows it to be applied to nearly any molecule that can be forced into the
vapor phase, with previous studies working with atomic metals to complex molecules like
C70[9-14]. It can be used in isolation as a method of producing low-temperaturéq K)
molecules as well as the rst cooling step for laser-cooling experiments that probe atoms
at the mK scale[15, 16]. The versatility of this method makes it an ideal tool for the study
of astro-molecules.

In addition to being incredibly cold, experimental astrochemistry also require very low
number densities. While laboratory experiments will likely never be able to replicate the
10° molecules cm? of the densest molecular clouds, it is still necessary to carry them
out at low pressures. Techniques like buffer-gas cooling have limits and the machinery the
maintains those low temperatures has limited cooling power. In order to probe molecules of
interest with these imposed restrictions, a high-sensitivity spectroscopic technique was cho-
sen: cavity ringdown spectroscopy (CRDS). This technique was rst described in 1988[17],
a serendipitous discovery while attempting to re ne and improve methods for testing laser
mirrors. The optical cavity in question is somewhat analogous to a laser cavity, but instead

of placing a gain medium between the mirrors, an absorbing species is interrogated. The



exponential decay of light intensity escaping from cavity can be measured and, as dictated
by Beer's Law, is directly proportional to the absorption of the species in the cavity. The
original technique used high-energy, pulsed laser sources but was later adapted to use lower
power, continuous wave (cw) lasers[18], which led to even greater increases in sensitivity.
In this dissertation we explore the fundamentals of these two techniques and detail the
construction of a new and novel instrument that utilizes both simultaneously. We perform
benchmarking experiments (see Chapter 3) and present new data on astrophysically rele-
vant molecules (Chapter 4) with proposals for new observational targets in the new age of

near-infrared (NIR) astronomy.



Chapter 2: Experimental Methods and Design

The following chapter describes the fundamental techniques, synthetic methods, as well
as the design and construction of the custom cryogenic buffer-gas cell, and cavity ringdown

spectrometer.

2.1 Principles of Buffer-Gas Cooling

This section will discuss the fundamentals of the buffer-gas cooling technique used in
this work, though it will not be comprehensive. A more in-depth survey of the technique
and its applications can be found in the review article by Hutzler et. al[14].

Buffer-gas cooling was rst described by the De Lucia group in 1984[8] and is some-
times called “collisional cooling.” The cooling works by using elastic collisions between a
“hot” species of interest and a cold, inert buffer gas, which is almost always helium. The
collisions between the buffer gas and species of interest allow energy to be exchanged and
dissipated, cooling the hot species until it is in thermal equilibrium with the buffer gas.
Unlike other cooling techniques, such as laser cooling, this mechanism has no dependence
on the internal structure of the hot species and can therefore be applied to nearly any atom
or molecule, so long as it can be forced into the vapor phase[19].

In many cases, buffer-gas cooling cells are operated as a continuous ow system and the
cellis treated as operating under steady state conditions ( ow in = ow out). This is because

species of interest will eventually collide with the cold walls of the cell and freeze. This



has the effect of producing a cold molecular beam from the exit aperture of the gas cell,
although the properties and applications of molecular beams will not be discussed here.
However, the equations described in this section are the same as those used to calculate the
properties of the resulting beam.

A buffer-gas cell has a volumé&e) = Acell  Lcell, Wherel g is the length of buffer-gas
cell andA¢e is the cross-sectional area of the cell interior. The cell is held at some constant
temperature, usually 20 K or lower. Buffer gas exits the cell through a (typically) circular
aperture of some characteristic diametigperture Buffer gas is injected into the cell using
a capillary Il'line. The ow rate of buffer gas into the celffy.,, is controlled using a mass
ow controller with units of standard cubic centimeters per minute (sccm), which is equal
to 45 10 particles of an ideal gas per second. At a steady state ow, the number

density inside the cell, sometimes called the stagnation density, can be calculated.

_ 2.1
AapertureVO;b ( )

No:b =
Whereng,, is the number densityfy, is the ow rate of buffer gas into the cell in units of
molecules per second is the mean thermal velocity of the buffer gas at the temperature
of the gas cell, an@xpertureis the diameter of the exit aperture.

Species of interest can be introduced into the buffer-gas cell in a variety of ways, in-
cluding laser ablation, discharge etching, beam injection, and many others. The technique
used in this work is one of the more common methods, which is capillary Iling. This
involves owing the species of interest into the cell using a thin capillary tube, in the same
manner as the buffer gas. In this work, the species of interest is co- owed with the buffer
gas to simplify injection. This is possible when the species has signi cant vapor pressure
and lower boiling point compounds require more work to be injected in this manner. The

capillary is heated to ensure there is ho condensation and, in most cases, kept thermally



isolated from the cell so as to not increase the heat load on the cryostat. Additionally, be-
cause the concentration of molecules of interest is kept relatively low, the uid dynamics
inside the cell can be entirely dictated by the buffer gas.

Once a species is injected into the cell, it is thermalized by collisions with the buffer
gas. The number of collisions required for the species to reach thermal equilibrium can be
estimated by treating the molecules of interest and buffer gas atoms as hard spheres[14, 20].

The mean change in temperature per collision with a buffer gas atom can be calculated as

(Ts Tb)

DT =
S K

(2.2)

where the subscripts “s” and “b” denote the species of interest and buffer gas respec-

tively. k is the mass term for the collision and is written as

(Mp+ ms)?

v (2.3)

For a large number of collision®, and assuming that the change in temperature per

collision is small, Equation 2.2 can be expressed as a differential equation

dTs(N) _  (Ts(N) Tp)

aN_ - ” (2.4)
This differntial can be solved to nd the ratio between the two gases:
Ts(N) Ts(0)
1+ k 2.
T T, © (2:5)

Using the above equation, if the molecule of interest has a mass of 100 amu and a
temperature of 1000 K while the buffer gas has a mass of 10 amu and temperature of 10 K,

the hot species will be thermalized to the temperature of the buffer gas after 50 collisions.



The length that a species must travel through the buffer gas cell to be thermalized can also

be found by calculating the mean free path inside the cell [14].

1 _
< bo= JopbSh s Aapertu;gyo;b
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(2.6)

Wheresy, s is the thermally averaged, elastic collisional cross section. The mean free
path and thermalization length greatly depends on this cross section, which is not only
dependent on the species of interest but also changes with temperature. While the variabil-
ity of this cross section makes it dif cult to give exact values, the thermalization length
for most species has been found to be less that 1 cm[14]. Additionally, the cross sections
used here have only pertained to translational energy. Buffer gas cooling will also thermal-
ize internal states, especially rotation. The cross sections for rotational states differs from
those of translation and, depending on the size, more collisions may required to thermalize
individual rotational states.

Once a molecule has been thermalized, diffusion to the walls becomes a concern.
Buffer-gas cells are held at temperatures where nearly all molecules of interest have zero
vapor pressure, so if they interact with the walls, they will condense and freeze. The time

until the molecule diffuses to the wall can be found using the equation[14]

16 Acell Nojb Sh
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The diffusion time is also dependent on the collisional cross section, but is typically
found to be on the order of 1-10 ms. In the same manner, the time for the cell to be

pumped out can also be calculated:
_ 4VceII

t pump= \_/Ob (28)




The ratio between these two times is a dimmensionless parameter called extraction

ef ciency [10]
tdi 4 nopS S fo:
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Wheng.e . 1, diffusion to the walls is faster than extraction from the cell, so the

majority of the molecules will be lost to the walls. This is considered to be the diffusion
limit. Wheng.e & 1 the species of interest is entrained in the uid ow of the buffer gas,
known as “hydrodynamic entrainment,” and results in a high ux molecular beam produced
from the cell exit. Regardless of the valuegaf; however, the thermalization of the species

of interest must occur on a faster time scale than both diffusion and pumpout.

2.2 The Buffer-Gas Cell: Instrument Design

The buffer-gas cell, based on the design reported in Singh et al[21] was designed to
have 3 modular sections: the entrance, body, and exit cap. At rst, the entrance included
an annular slit as described by Singh, but this feature was eventually discarded for reasons
that will be explained later in this section. Each part of the cell is machined from oxygen-
free, high conductivity (OFHC) copper. When fully assembled, the dimensions of the cell
are 1500°° 1:500° 1:645° A technical drawing of the original design, including the
entrance cap, is shown in Figure 2.1. The most up-to-date technical drawings of the buffer-

gas cell can be found in Appendix A.



Figure 2.1: A technical drawing for the original design of the buffer-gas cell. This version has an
entrance piece that forms an annular slit and has multiple entrance apertures for dedicated buffer
gas and target species Il lines.



2.2.1 The Cryogenic Buffer-Gas Cell

2.2.1.1 The Cell Exit

Figure 2.2: Simulation results obtained using COMSOL Multiphysics[22]. (Left) a 2D cross section

of the buffer gas cell with a simulated laminar ow of 4-K He gas at a ow rate of 10 sccm from

the entrance boundary (red). The streamlines indicate the path of gas ow to the conical cell exit,
which has a pressure boundary condition of 10 © Torr. (Right) A 3D simulation simulation of

the buffer gas cell, which entrains He atoms (colored dots) in a background uid ow of 10 sccm
thermalized He. Collisions between simulated particles were modeled as hard spheres and used to
predict the extraction ef ciency from the cell.

The exit cap for the buffer-gas cell is a single solid piece of OFHC copper with a
conical-shape bored out of it. The opening angle of the cone is 486 the exit aperture
size is 0984°0(2.5 mm) in diameter. While typical buffer-gas cells have a planar exit,
meaning the end of the cell is just a hole in a at wall, the conical shape has been shown
to improve signal intensity for buffer-gas cooled molecules. Using a conical end promotes
a smoother ow through the cell, entraining more molecules in the buffer gas. An initial
simulation of the cell, performed in COMSOL and assuming a laminar ow of He, can be

seen in Figure 2.2.
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2.2.1.2 The Cell Body

The body of the buffer-gas cell is asDP° 1:50° 1:20P%iece with a 118°diam-
eter blind, cylindrical bore that forms the main chamber. The entrance aperture is a small
0:125°9(1=8%¢ diameter hole, cut into the remainingd@®%%f remaining material. There
are two holes on either side of the piece—perpendicular to the ow direction—that are
used as laser apertures. These admit the laser for cavity ringdown experiments, see Section
2.4, to probe molecules inside the cell. The apertures were made by drilling a si8glé 5
diameter hole directly through the gas cell body, with the help of Les Putnam in the IPST
machine shop. Drilling directly through both walls in one pass was done to mitigate de ec-
tions experienced by the drill bit, ensuring that the apertures were as straight as possible,
S0 as to not block the probe beam. The body also has several blind-tapped holes used to
attach the exit and entrance caps to the cell body, as well as mount the body to the rest
of the buffer gas cell. These holes were made using steel 4-40 helicoil inserts instead of

tapping the copper metal to prevent the thread stripping.

2.2.1.3 The Entrance Cap

The original design of the buffer-gas cell incorporated an entrance cap that formed
an “annular slit”. The exact advantage an annular slit offers has yet to be explained in
literature, although informally it was suggested to improve gas dynamics. Our observation
is that it results in signi cantly lower amounts of target species entering the cell. The initial
cap was another piece of copper with holes for the target species and a dedicated helium
ow. The intention was to heat sink pure helium and ow it into the annular slit through
one aperture and a mix of room temperature/heated target molecules and helium through
the other. This was phased out in favor of using Kapton Im, similar to the method used by

Chen[23], which had a hole cut through it for a single capillary and was clamped between
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two pieces of copper. Use of Kapton Im was intended to isolate and insulate the capillary
to prevent condensation of the target species but this strategy proved ineffective as well.
Eventually the entrance cap and annular slit were discarded entirely, and the capillary was
inserted directly into the buffer-gas cell body. This xed nearly all spectroscopic signal

intensity issues, resolving a dilemma that hounded the project for nearly 3 years.

2.2.1.4 Heat Shielding Assembly and Mounting

The complete buffer-gas cell assembly consists of 2 layers of heat shielding and several
adapters that ensure the probe aperture of the cell is centered within the vacuum chamber.
All part faces that need good face-to-face thermal contact are sanded to a mirror shine,
using wet sanding. This process involves wetting a piece of sandpaper with a lubricant
(WD40) and polishing the face until smooth. This is repeated, increasing the grit of the
sandpaper each time, up to a grit of 2000, until a smooth mirror shine is achieved. This
is done to increase the thermal contact between individual pieces of the assembly. Heat
transfer is further facilitated through the application of Apiezon-N thermal grease. The
cell body is secured to a “cell adapter” that connects it to the second-stage heat shield
assembly. This adapter is a rectangular piece of OFHC copper with 4 contersunk through
holes that allow the cell to be anchored to it. The adapter is then secured to the base of the
second stage heat shield in the assembly. The adapter also hasAffdidameter bores to
accommodate a pair of S0tcartridge heaters (Lakeshore, HTR-50). Each cartridge heater
is capable of outputting 50 W of power. For use in the buffer-gas cell, two of these heaters
were wired in series resulting in a total heating power of 100 W. The temperature of the
cell was monitored using a silicon diode (Lakeshore, DT-670-CU-1.4L) which is attached
to the body portion of the buffer-gas cell. More details about the temperature control can

be found in the Section 2.2.2.
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The base of the second-stage heat shieldd5°&hick piece of OFHC copper. It has 4
countersunk through holes that allow it to be mounted to the rest of the assembly. It also has
4 tapped holes, also threaded with helicoil inserts, that allow the cell adapter to be secured
to it. There are four additional through-holes, one at each corner of the base, that allow
the second-stage heat shield posts to be mounted to it. These 4 posts, also machined from
OFHC copper, are identical with three sets of 4-40 tapped holes that are used to secure the
heat shields. The actual heat shields are thin plates of OFHC copper with clearances holes
matching those on the posts. The “back” heat shield ha8®%ole that allows a capillary
to be inserted into the cell. Each of the “side” shields hass@@°hole drilled through
them that is center aligned to the probe aperture of the buffer gas cell. The “front” heat
shield has a 165%aperture that can is intended to allow a molecular beam exiting from
the gas cell to pass through the heat shields while being skimmed. At time of writing, the
buffer-gas cell is not used as a molecular-beam source. The entirety of the second stage,
including the buffer-gas cell, is secured to a piece known simply as “The Brick”. The Brick
is a sacr cial piece of OFHC copper that is secured to the second (4K) stage of the cryostat
that elevates the second stage b§00P%nto the center of the vacuum chamber. It is the
only piece of the entire assembly that has never failed in any capacity and is my favorite.

The second, outer layer of heat shielding, inexplicably referred to, by convention, as the

rst stage, consist of six machined aluminum plates and 4 posts to which they are mounted.
The rst-stage heat shielding is not in physical contact with the second stage or buffer-gas
cell. 1t is thermally anchored to the 40-K rst stage of the cryostat, with apertures on the
front, back, and side heat shields that have similar dimensions to those of the second stage.
The purpose of this is too simply absorb incoming blackbody radiation, which lessens the
heat load on the second stage of the cryostat and allows the buffer-gas cell to reach lower
temperatures.

The nal part of the buffer-gas cell assembly is the injection method. Gases are injected
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into the buffer-gas cell via a=B°%utside-diameter capillary, which passes through the en-
trance apertures in both layers of heat shielding, without touching the shields themselves,
and is secured to the cell body entrance aperture. This ensures that gases ow through
the cell and undergo cooling, but comes at the cost of cooling the capillary and potentially
condensing target species. While nearly all the molecules studied in this dissertation are
volatile with reasonably large vapor pressures, they still are expected to condense when
cooled to 20 K. To prevent this from occurring, a heating sheath was machined from a cop-
per cylinder. This sheath has a through-hole that the capillary passes through and is in ther-
mal contact with. The cylinder also has4P%ore that accommodates another Lakeshore
cartridge heater. This sheath allows the capillary to stay above 300 K which prevents target
molecules from condensing. Gas ow through the capillary is controlled using mass ow
controller (Alicat, MC-100SCCM-D-PCA13-.25VC) which has a maximum ow rate of

50 standard cubic centimeters per minute (sccm).

2.2.2 The Helium Cryostat

The primary source of cooling for this instrument is a Sumito RDK-415D2 cold head
that was modi ed by Janis Research Co. (SHI-4-15-HV). Technical drawings of the cold
head and mounting stations are shown in Figures 2.3 and 2.4 respectively. The cold head
is a two-stage cryogenic refrigerator, powered by a Sumitomo F-70L helium compressor.
The cold head functions by allowing high-pressure helium from the compressor to undergo
isothermal expansion, absorbing heat from the cold head before the helium is sent back
to the compressor where the absorbed heat is transferred to chilled water supplied by the
building.

To maximize the heat transfer between the helium cryostat and the buffer-gas cell, the

face of the cell mount that is in contact with the second stage is wet sanded to a mirror shine,
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using increasingly ne grit sandpaper (to a maximum of 2000). Heat transfer is further
optimized by using a thin layer of Apiezon-N vacuum grease. The heat load imposed by
the buffer-gas cell increases the minimum stable temperature to 5 K but, at time of writing,
the minimum stable temperature that can be reached while injecting gas into the system
is 20 K. This can be improved in the future by making changes to the capillary injection
system that reduce the heat load applied to the second stage of the cold head. To keep
the buffer-gas cell at a stable temperature, a Lakeshore Model 336 Temperature Controller,
with a thermocouple expansion card, is used. Temperature is measured using a silicon
diode (Lakeshore, DT-670-CU-1.4L) that is mounted to the top of the buffer-gas cell and
the temperature is actively tuned using two 50-W cartridge heaters (Lakeshore, HTR-50),
wired in series to achieve a total heating power of 100 W. The heaters are located at the base
of the second stage of the buffer-gas cell, as described in Section 2.2.1.4. The temperature
controller uses a feedback control algorithm, called a PID, which stands for the variable
terms proportional (P), integral (1), and derivative (D). The feedback from the temperature
is used to adjust the heater output, allowing the temperature controller to maintain the
buffer-gas cell at the desired temperature. Optimizing the PID function of the temperature
controller allows very ne control of the gas cell temperature. The capillary temperature

is also controlled using the temperature controller. The temperature is measured using a
type-K thermocouple secured to the tip of the capillary. The measurements from this are
used to control the output to the heater in the heating sheath, using a separate PID function.

The capillary is typically held at 300 K.
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Figure 2.3: Picture of the Sumitomo cryostat modi ed by Janis Research Co. The rst stage has
gold plated heat shielding with 4 equally spaced through holes to allow wiring to be heat sunk to
the second stage.
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Figure 2.4: (Top) Picture of the mounting faces of the cryostat modi ed by Janis Research Co.
(Bottom) Picture with the mounting base of the gas cell and rst stage heat shield secured to the
cryostat. A manufacturing “error” resulted in an 8ffset from the centerline between the two

stages, resulting in the misalignment in the image. This was corrected by modifying the rst stage

heat shield with new through holes to account for the offset.
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2.2.3 The Vacuum Chamber

In order for the system to cool down to the desired minimum temperature it must be en-
closed within a vacuum shroud and radiation shielding. The two main parts of the chamber
are a standard 6-way cross witA%8onFlat (CF) anges (Kurt J. Lesker Co, C6-0800S)
and a customized “instrument skirt” that has tW8@& anges and four Z5°°CF ports that
was manufactured by the Kurt J. Lesker Company (KJLC). The instrument skirt measures
8.25” in length, with the four CF ports equally spaced in the center of the skirt. A tech-
nical drawing for the instrument skirt can be found in Appendix A. Two of the four ports
on the instrument skirt are used for 6-pin, bayonet locking electrical feedthroughs (KJLC,
IFTRG067013) used for temperature control of the buffer-gas cell system. The rstis used
for the diode and heaters described in the previous section(2.2.2)), connected to a custom
cable made and soldered in the lab. The second feedthrough is for the capillary heater
system, described in Section 2.2.1.4. This also has a custom cable made using Type-K
thermocouple wire. A third CF port is dedicated to a hot cathode ionization vacuum gauge
(Instrutech, Hornet IGM401) that operates frordB® 10 2 Torrto :00 10 ° Torr. The
fourth CF port is sealed with a blank ange.

The buffer-gas cell is designed in such a way (see Section 2.2.1) so that the center of the
cell is in the same plane as the center of the six-way cross. This is advantageous for spec-
troscopy experiments, as it precludes the need for specialized UHV compatible translation
stages. The chamber has 2 perpendicular axes: the spectroscopy axis and the injection axis.
The spectroscopy axis consists of twit8 2:75°%educing anges (KJLC, RF800X275) to
which customized spectroscopy window mounts are af xed. These mounts were designed
by undergraduate student Shannon Ganley (who worked with me on this project for her
Honors thesis) and will be described in greater detail in Section 2.3.4. Additionally, full

technical drawings of the mounts can be found in Appendix B.The injection axis only has 1
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specialized ange, while the other is a blank. As the name suggests, it is through this ange
that the buffer gas, mixed with molecules of interest, is injected into the buffer-gas cell.
Metal tubing is connected to a sample cylinder, then passes through a custom:#&fe 2
CF feedthrough ange mounted on anoth@r@ducing ange. The feedthrough ange
is made from a standard blank78°°CF ange and a bored-through UltraTorr tube stub
adapter (Swagelok, SS-4-UT-A-8BT) . To create this ange;5%@iameter bore was cut
in the ange using a ProtoMAX waterjet at the University of Maryland Instructional Fabri-
cation Lab (IFL). The tube stub was then placed in the bore, held ush with the knife-edge
side, and welded to the ange. This created a vacuum-tight port through which a length of
1=4%utside-diameter stainless steel tubing could be inserted into the chamber. This tubing
is terminated inside the chamber with 243%o 1=8°%educing union (Swagelok, SS-400-
6-2). This connects directly to the buffer-gas cell capillary, letting buffer-gas mixtures be
injected into the instrument with the gas ow controlled by the mass- ow controller.

Of course, none of the preceding text describes the most important function of the vac-
uum chamber: maintaining vacuum. The nal ange on the six-way cross, called the top
ange or vacuum ange, is dedicated to the vacuum pump system. The chamber is pumped
via a Leybold 90i Turbovac turbomolecular pump, backed by a TriScroll dry scroll rough-
ing pump. The turbopump is mounted to a reducing ange and operates at a rotation speed
of 1200 Hz with a pumping speed of 90 liters per second for He gas. Due to its irregular
and (intentionally) inconvenient shape the power supply for the turbopump is secured to the
chamber using a series of zip ties. The turbopump is connected to the roughing pump via
an 2 58°Y%iameter copper pipe that spans the laboratory and passes into a dedicated pump
room, containing both the roughing pump and helium compressor. The ultimate pressure of
the chamber is on the order ofoil 10 ’ Torr using only the turbo pump, but pressures of
1:0 10 ° Torr are measured with additional cryopumping from the cold head. The cham-

ber is positioned between two laser tables that contain all the optical components of the
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instrument and is mounted on a custom scaffold with the goal of minimizing the transfer of

vibrations.
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2.2.4 Chamber Scaffolding

In order to minimize the transfer of vibrations to the laser table, the vacuum cham-
ber and cryostat were mounted on an independent, translating scaffold system. The scaf-
fold was constructed using&°rectangular aluminum T-slot extrusions (also known as
80/20's). A complete diagram of the scaffold can be found in Appendix A. The aluminum
frame is mounted to a set of 4 leveling casters. Each caster (McMaster-Carr 24125T21) is
equipped with a vibration damping polyurethane foot that can raise the height of the scaf-
folding by a maximum of 875°° Excluding the casters, the scaffolding frame measures
16%0 16°0 39%0 The chamber is mounted to the scaffolding using two custom designed
pieces of aluminum, referred to as chamber cradles. The cradles are mounted perpendicular
to one another and centered on their respective 80/20. Each cradle holds one ange of the
six-way cross that contains the buffer-gas cell. The instrument is placed into the scaffold
after being assembled, sans optical cavity, using a hydraulic engine lift provided to us by
Jerry McQueeney, the Facilities Manager for the Department of Chemistry and Biochem-
istry. Attempts were made to further improve vibration damping by lining the chamber
cradles with strips of Sorbothane (McMaster-Carr 8514K65), however it was found that
the total weight of the instrument compressed the material to the point where it was unable
to provide any detectable damping. The cryostat and instrument skirt hang down into the
scaffold creating a lower center of mass and providing more stability. At the bottom of
the scaffold is a plastic shelf, cut using a hand saw, that holds the power supply for the
instrument's electronics. The casters allow the chamber to repositioned as needed between

the two optical benches, using the adjustable feet to compensate for uneven ooring.
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Figure 2.5: Photo of the scaffold with the vacuum chamber mounted on it.
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2.3 Cavity Ringdown Spectroscopy

Cavity ringdown spectroscopy (CRDS) is a high-sensitivity, high-resolution spectro-
scopic technique that uses a specialized Fabry-Pérot (FP) interferometer, sometimes called
anetalon to measure absorption. CRDS can be used with both pulsed and continuous-wave

(CW) laser sources, but only CW-CRDS will be discussed here.

2.3.1 High Finesse Optical Cavities & How They Work

Optical cavities in this work were constructed using two concave mirrors with a re ec-

tivity, R, and radius of curvaturd®, separated by some distande The mirrors used in

Figure 2.6: Re ectance measurements for the set of CRDS mirrors used in this work as reported
with an angle of incidence (AOI) of by the manufacturer Layertec GmbH. The reported loss for
the high re ectivity coating is given to be 50ppm

this work are an identical set of dielectric laser mirrors purchased from LayerTec (Model

num. 140977, batch O323F038) with a maximum re ecti®y 99:994% and an ROC of
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1000 mm. The mirrors are centered ab452 cm 1 (1550 nm) and the re ectivity curve,
supplied by the manufacturer, over their total bandwidth is shown in Figure 2.6

To be used for CRDS, an optical cavity must be stable and have a high nesse value. The
stability parameter must be met rst, as it is dictated by the geometry of the cavity mirrors.
A cavity is stable if the Gaussian beam that has been coupled into it will be replicated after
a single round trip. What this means is that the electric and magnetic components of the
wave will be identical to when it rst entered the cavity after it has made a round trip, which
allows for constructive interference. The geometry of an optical cavity is described using

the dimensionless parametexsandg,, which correspond respectively to the two mirrors.

g 1
(2.10)

d
R1
d
1 —
92 R,
For the case of a two-mirror cavity, a “stable geometry” refers to the distance between the
two mirrors, which is the same as the cavity lengthGeometries that result in a stable

two-mirror cavity can are given by the inequality:
0 mg 1 (2.11)

An example stability diagram for two mirror cavities can be seen in Figure 2.7 These sta-
bility parameters are derived from ray transfer matrix analysis, or the ABCD law. Stable
cavities are described by theiressewhich is another unitless parameter that describes
how narrow the transmission peaks of the cavity are and can be used to calculate the effec-
tive path length. The nesse of a cavity can be approximated using:

P qu_ RZ% Zp

Finesse=
1 "RRR, 1 R

(2.12)
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Figure 2.7: Visual representation of the stability inequality. Pairs of g values that fall within the
shaded blue area are considered stable. The quadrant of the diagram that the cavity falls in is
typically dictated by the mirror geometry, with a confocal optical cavity falling at the exact center.

A cavity with anR= 99:994% andd = 50 cm has a nesse of:@5 10° and the effective

path lengthL¢ ¢, which is the total distance traveled by light coupled into the cavity as it

bounces between the mirrors can be calculated using:
2 _.
Leff= BFlnesse d (2.13)

which returns an effective path length of 33 km for a 50-cm cavity.
Light transmitted out of an FP-style optical cavity must adhere to speci c criteria. The

most basic of these is that the frequency of light must be in resonance with a cavity mode.
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A resonant frequencyly, forms a standing wave between the two mirrors and will be am-

pli ed by constructive interference. All frequencies of light that are not resonant will be
removed by destructive interference. Standing waves form in the optical cavity when the
length of the resonatdr is equal to an integer multiple of half the wavelength=2. A

full discussion of this criterion is found in Section 2.3.2. Since the frequencies of resonant
light depend on the length of the optical cavity, it is common practice to use a piezoelectric
actuator (PZT) to change the length of the optical cavity so it ful lls the resonance condi-
tion. PZTs are ceramic devices that change in shape and size when subjected to an electric
eld. Securing a ring-shaped PZT to one of the cavity mirrors and modulating the length

of the cavity using a known function (i.e. a triangle wave) allows multiple resonant modes

to be observed on an oscilloscope. The frequency spacing between these resonant modes,
Nesr is called the free spectral range (FSR) of the cavity. FSR can be calculated from the

speed of lightc, and distance between the mirrods,

C
FSR= 5 (2.14)

The FSR also depends on the refractive inegekor the contents, i.e. gas, within the cavity.

In most cases, however, it can be assumedrthatl. This approximation is valid because
the refractive index for the majority of buffer/bath gases used in CRDS experiments (e.g.
N2, He, Ar) is very close to 1. As shown in Figure 2.8, the narrowness of cavity trans-
mission peaks increases with mirror re ectivity. This narrowness, or linewidth, determines
how well an optical cavity can distinguish between transmitted features. The linewidth of
the cavity also determines how dif cult it will be to couple light into it: the smaller the

cavity linewidth, the more dif cult it becomes to couple light from a large bandwidth laser
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Figure 2.8: Optical cavity transmission with different mirror re ectivities, as a function of fre-
guency. The highest re ectivity mirrors (blue) provide the narrowest linewitkim.

into. The cavity linewidthpnrwnm, can be calculated using FSR and nesse.

FSR
Finesse

NFWHM = (2.15)

Using Egs. 2.14 and 2.15, a cavity wigR= 99:994% andd = 50 cm has af SRof 300

MHz ananWHM = 2 kHz.

2.3.2 Gaussian Beams, Mode Matching, and the ABCD's of Optics

In order to couple laser light into a high nesse cavity and achieve more than the bare
minimum, it is necessary to understand some basic properties of Gaussian beams. The
complex (as opposed to real) beam paramegter used to describe a Gaussian beam at

some point along its axis of propagatianTheq parameter is the Gaussian beam solution
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to the wave equation

N 192

K2y = ?ﬂ_’z (2.16)
which is

1 1 o

a— R |an2 (2.17)

Herel o is the laser wavelength,is an integerR is the radius of curvature for the wavefront

of the beamandw is the radius of the beam waist, or spot size, which is de ned as the point
which the beam haé intensity. The derivation of thg parameter will not be shown here,
but can be found in most optics reference books[24]. At the minimum beam wajsd,
becomes a purely imaginary valug, andR becomes¢. For some arbitrary distance

along the axis of propagation tlggoparameter is

A= qotz (2.18)

The beam waist at a distanzean also be found in the same manner.

1=
w(z) = wp 1+

| - (2.19)

NPW§
The last useful property of a Gaussian beam that will be described here is the Rayliegh
length zr which is the distance from the minimum beam waist to the point whelas
increased by a factor c?f?

7o = PO (2.20)

Equations 2.16 to 2.20 allow us to calculate the properties of a Gaussian beam traveling
through free space and within an optical cavity. This will let us mode match the incoming
laser beam to the optical cavity, ensuring optimal coupling of light into the cavity and

maximizing transmission out. While it is possible to obtain signal from a cavity without
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Figure 2.9: Diagram of a Gaussian beam along the axis of propagat&himgwingwy andzg.

mode matching, the coupling ef ciency can be very poor even if the cavity mirrors are
in perfect alignment. This is especially true for CW-CRDS and can result in little to no
observable signal being transmitted from the cavity.

Brie y, the geometry of laser light must be discussed. Light travels as a transverse
electromagnetic wave and has several spatial geometries. These geometries, denoted as
TEMum, have different intensity patterns that can be predicted using the already discussed
Gaussian beam equations, as well as Guoy phase shift and Hermite polynomials. These
equations are not relevant to the work presented here, and the reader is directed to seek
out more rigorous texts on Gaussian beam propagation. What matters here is that the
subscriptan andn denote “lobes” of intensity in the beam in the horizontal and vertical
directions respectively. In nearly all cases, the lowest order modegd EEMused and is
most desirable. It is considered the fundamental mode of any optical resonator and has the
same form as a Gaussian beam. Examples of other spatiah Edh be seenin 2.10, but

only TEMqo is truly relevant to this work. The reason for this is that higher order spatial
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Figure 2.10: Examples of different spatial geometries for fiEMalculated using the Hermite-
Gaussian functions.

modes can be resonant in an optical cavity. Higher order, degenerate (meaning having the
same energy) spatial modes negatively impact CRDS results, introducing noise via mode
beating and reducing the signal-to-noise ratio (SNR).

Proper mode matching not only increases the coupling ef ciency of light into an optical

cavity, but it also minimizes the amount and intensity of higher order, degenerate modes
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Figure 2.11: An example optical cavity with radii of curvature R separated by a distacreated
by Dr. Thinh Quoc Bui[25].
resonant within the cavity. The goal of mode matching is to shape theyd BMde of
incoming laser light so that it matches the waist, location, and curvature of the optical.
Mode matching is accomplished using two or more focusing lenses placed at points before
the rst mirror of the cavity. For this work a code was developed in Matlab by Shannon
Ganley, with the help of Dr. Thinh Quoc Bui. Inputting the focal lengths of the lenses used
for mode matching starts a linear solver that ts the resultr(g) to that of a pre-de ned
optical cavity and returns the best t with positions for each lens relative to the rst mirror
of the optical cavity. The complete mode matching code can found in Appendix C.

The rst step in mode matching is to nd the position of the minimum beam waist and
curvature of the optical cavity. For a cavity formed by two identical mirrors with radii of
curvatureR and separated by some distangaeve assume that the cavity waist is located

at some poinz= 0, which will serve as a reference point. We then dez@ndz, as the
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position of the two mirrors with respect o

=z71+d (2.21)

If a laser is properly mode-matched to a cavity, the curvature of the wavefRqntyill
match that of the cavity mirrors &t i.e R (zz) = R. The curvature of the wavefront at

some poink can be found using the following equation

n 2 2#
R(2=z 1+ ”'i’% (2.22)
which is derived the same way as Equation 2.19. It follows from this that
+
RU(z)= 2V %= R (2.23)
4]
+
RL(z)= 2 ®. R (2.24)
V)
By isolatingz; andzg from Equations 2.20, 2.23 and 2.24 we nd that:
d(R1+d)
= 2.2
27 R+ Ro+ 2d (2.25)
Ri+ Ro+ Ri+ Ro+
2= d(R1+ d)(R2+ d)(R1+ Rz+d) (2.26)

(R1+ Ry+ 2d)?
This relation allows the Rayleigh lengtiy, to be calculated for the optical cavity, which
then lets the minimum cavity waist be found using the following equation
r—
| zr

Wo = — 2.27
0 5 (2.27)
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Now that the waist and wavefront of the optical cavity are known, we can use focusing
lenses to shape the incoming beam to match. It is most common to use two lenses to mode
match because they can act as a telescope, but mode matching with one or three different

lenses is also possible. A common scheme for mode matching is shown in Figure 2.12. The

Figure 2.12: Example block diagram for mode matching an optical cavity.

best way to plan an optical setup for mode matching is to use ray transfer matrix analysis,
more commonly known as ABCD matrices. These matrices can be used to describe the
propagation of a laser and its resultiggparameter and waist through an optical system.
Each optical component has a corresponding matrix and when all the matrices that represent
the system are multiplied, it returns a 2 matrix that describes the beam. An example of
this using Figure 2.12 is shown as Equation 2.28.

2 3 2 32 32 32 32 3

O S B R B Sy SR )

C D 0 1 = 1 0 1 = 1 01

2 1

The resulting ABCD matrix is multiplied by the@parameter of the input beam as shown in
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Equation 2.29 and can be set equal todhmarameter of the optical cavity.

2 3 2 32 3

QQCavityg: k?A ngqmputg (2.29)
1 C D 1

wherek is a normalization constant. Using matrix multiplication, Equation 2.29 can be

simpli ed to
A Gpput B

put = — 2.30
C Gnput+ D ( )

Ocavity =

The main use of the ABCD matrix is that it allows thg@arameter of the input beam to be
transformed into that of the optical cavity. In plainer terms, it allows us to mathematically
calculate how to transform the TEjyimode emitted by a laser so that it matches the H&EM
mode of the optical cavity.

Using Figure 2.12 as an example, we can use Equation 2.30 to nd the value of both
ds andws which are the location and value of the cavity waist, respectively. If we weat
andws as the focal points, whene = wg then theq parameter at those points becomes

completely imaginary anB goes to¥, so we can express this as follows:

1 1 | o 1
— = — 5= | 5= — (2.31)
i R1i  npwj Npw; 1Z1
1 (N o 1
—=— 5= 5= — (2.32)
s Rz npwj npw3 1Z3
We can re-arrange Equation 2.32 to see that
O3 = iz3 (2.33)
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This can now be substituted into the ABCD law from 2.30 and rearranged as shown below

= Aizz+ B _ (Aizz+ B)( Cizz+ D) _ ACz?+ BD izy
3 Cizxn+D B C2212+ D? - 02212+ D2 C2212+ D2

(2.34)

Because thg parameter at3 must be completely imaginary and A, B, C, D, anycare all

real values, the numerator of the real portion of Equation 2.34 must be equal to zero.

ACz%+ BD= 0 (2.35)
This means that
— 4
Z3= 22+ D7 (2.36)

Re-arranging Equation 2.35 to @talone and plugging it into Equation 2.36 yields

Z; 21AC A
= = =2 2.37
®7 cz B pz DC(AD BC) D™ (2.:37)

Equation 2.37 is a result of the fact that ABCD matrices are unimodular, meaning their
determinant is always equal to 1, AD-BC=1. From Equations 2.31 and 2.32, we know that
z; = pwi*3 3 = pws’3 and by substituting these values into Eq. 28, we nally getas a
function ofw;

2_ A 2

w3 = Wi (2.38)

The location ofws, z3 for those who have forgotten, can be found by plugging values into
Equation 2.28 and solving faiz. This will not be done here since it would be overly
long and is not truly necessary for mode matching. The goal of mode matching is to make
z3 andws match that of the optical cavity using focusing lenses placed at speci ¢ points.
There are multiple solutions fof, and f, that can result in the desiraslz at d3. The

most straightforward way is to pick from lenses that are available to you in lab and adjust
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the values ofly; dy, andds until a combination that yields the correct waist size is found.
However, a much more ef cient method is to use the previously mentioned algorithm that
was developed by Shannon Ganley with the help of Dr. Thinh Bui. The mode-matching
algorithm follows the procedure that has been described here to calculate the Gaussian
beam given a set of focusing lenses. It then uses a linear solver to optimize the placement
of each lens so that the input beam will match the optical cavity as closely as possible.
Again, the full Matlab code for this algorithm can be found in Appendix C. It is also
important to note that while it is possible to calculate exact values for focal lengths and lens
placement, this procedure does not take into account many complicating factors in icted
upon us by reality. Notably, the interactions between laser light and cavity mirrors are not
considered. Furthermore, the lenses must still be placed by human hands and placement can
be limited by the optical setup so while exact values are known, implementing a working

mode-matching solution can often seem more art than science.

2.3.3 The Ringdown Part of Cavity Ringdown

Figure 2.13: lllustration of the basic principle of CRDS. The laser light injected into an optical
cavity builds up via constructive interference when it meets the resonance condition. Escaping
light is detected as an exponential decay over time. Interaction with an absorbing species changes
the time constant,, allowing a spectrum to be constructed. Figure originally created by Shannon
Ganley[26].

CW-CRDS is, broadly, a type of cavity-enhanced absorption spectroscopy with high
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resolution, high sensitivity, and capable of making extremely precise measurements. As
with all absorption spectroscopy, the goal of CRDS is to measure the absorption coef cient,

a, using the following equation, derived from the Beer-Lambert Law:

L(t)= lge & (2.39)

Wherel (1) is the time dependent intensity of ligld,is the initial intensity of light coupled

into the optical cavity, and is the path lengtlof the the absorbing mediuntt should be

noted that is different from effective path length.{;+) and the distance between the cavity
mirrors,d. Commonly,” = d because the absorbing species lIs the entire optical cavity
but this is not true here, where the absorbing species is assumed to be con ned within the
buffer gas cell. The absorption coef cierd, is the product of the number denshiyof an

absorbing species and its absorption cross sedion,

a = Ns (2.40)

In CRDS, when the light transmitted out of the optical cavity reaches some intensity thresh-
old, the input light is diverted to a beam dump using an acousto-optic modulator (AOM).
Once light is no longer being coupled in, the intensity of transmitted light decreases expo-
nentially:

I(t)= lpe = (2.41)

wheret is the characteristic time, commonly called the ringdown time. Because Equation
2.41 is derived from Beer's Law and is identical to Equation 2.39, save the exponential

term, it can be said that the exponential terms are equivalent. This means that the absorption
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coef cient from Beer's Law can be expressed as a function of ringdown time,

d 1 1 (2.42)

a()=
(t) c t to

whered is, again, the distance between the two cavity mirrois,the speed of light, and
to is the ringdown time when no absorber is present (i.e. under vacuum), sometimes called
the “empty cavity ringdown time”. This theoretical value is based solely on the distance

and re ectivity of the cavity mirrors:

_ d

If the value ofa for an absorption feature at a given frequency of light is known, it is also

possible to calculate the ringdown time using the following equation:

d

L= 5@ R+ay)

(2.44)

During a cavity ringdown experiment, ringdown events are collected and t to an expo-
nential function. Obtaining the value at a given frequency from this t allows to be
determined using Equation 2.42. It is also important to note that because CRDSallows

to be determined without needing to measure the intensities of light directly, it is mostly
immune to noise from uctuations in laser power. Furthermore, because the effective path
length,L¢++, is in the denominator of Equation 2.44 it should be obvious that as this value
increases, smaller values afcan be measured. In simple terms, the more re ective the
cavity mirrors are, the more sensitive this technique becomes. The minimum measurable
absorption coef cientamiy for an optical cavity can be determined using the standard de-
viation of the ringdown time. In most casggis assumed to be a constant value, with the

exception being microscopic variations in mirror quality or when absorption features are
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observed at the edges of the mirrors' functional bandwidth. This assumption algws

to be calculated using [27]
p é (StD:to)
cto

(2.45)

Amin =

wheresyt, is the standard deviation of the measured empty cavity ringdown time.

2.3.4 The Actual Cavity Ringdown Spectrometer(s)

Over the course of this work not one, but two different cavity ringdown spectrometers
were constructed. The rst was a static, room temperature cell, that went through several
variations while the infrastructure was built and the technique was perfected. This was built
in collaboration with Shannon Ganley, who describes the building process of each version
of the room temperature in her Honors thesis[26] with greater detail than will be discussed
in this work. Additionally, not only was the physicaly infrastructure and knowledge built
during this process but also the custom software to perform CRDS experiments was devel-
oped during this time, which will be discussed brie y in Section 2.3.5 and in greater detail
in Appendix D.

The nal version of the room-temperature cavity is shown in Figure 2.14, which depicts
the room temperature CRDS cell with mirror mounts. The cell body was designed by Dr.
Thinh Bui and was donated to us by Professor Jun Ye from JILA at the University of
Colorado, Boulder. The cell is made using mostly standard parts (@4§°UltraTorr and
CF connections) and included a, so far unused, photolysis window. The cavity mirrors were
placed in custom CF mounts, which are shown in Figure 2.15. Technical drawings for these
mounts can be found in Appendix B. Attached to the front face of one of the mounts is a set
of aluminum discs secured to a PZT ring stack (ThorLabs PK44M3B8P2) using TorrSeal,
a low vapor pressure epoxy resin designed for use in high-vacuum applications. The PZT

is driven at 150 V using a 20-Hz triangle wave from a function generator (Wavetek 10
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