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1 Abstract

Interstellar complex organic molecules (COMs) and water are important clues in the
search for the origins of life. Distributed throughout the universe in areas with ideal
life-forming conditions, like planetary collisions with comets and molecular clouds, these
molecules enable and partake in reactions that form major building blocks of life, like RNA.

The importance of these molecules makes them ideal subjects to study. However, the
vastness of space and the inability to reproduce interstellar conditions in laboratory settings
proposes significant challenges in the collection and analysis of these samples. The develop-
ment of high-resolution spectrometers mitigates many of these problems, as they collect the
desired data through the analysis of the electromagnetic spectrum, which is easily measured
from Earth. These devices operate in various parts of the spectrum, including the terahertz
region, and allow for the study of molecules’ quantum transitions and the extrapolation of
relevant information on their structure, composition, and more.

This paper presents the data collection and analysis of the rotational spectra lines of water
and glycolaldehyde using Doppler-limited spectroscopy with lock-in detection techniques.
These techniques increased the signal-to-noise ratio and amplified the collected signal. This
data was collected to enable future spectroscopy studies by providing reference information

on the rotational transitions of the molecules.
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3 Introduction

The origins of the universe and how life began on Earth are still unknown. Hints of these
beginnings can be found throughout the cosmos in the interstellar medium (ISM) and in com-
plex organic molecules (COMs), which are identified through gas-phase spectroscopy 2=,

The ISM is the blanket of gas, radiation, and dust that makes up the universe®. Here,
gasses may exist in molecular, ionized, or atomic states and sometimes contain COMs,

molecules composed of at least six atoms, one of which is carbon®*¢,

The composition
and properties of these molecules, along with the contributions of water, result in reac-
tions that form ribose and other important components of RNA and life”. Glycolaldehyde
(CH,OHCHO) is a common COM found in the ISM and the biospheres of exoplanets. It
is the smallest molecule with both an aldehyde and hydroxyl group, making it an excellent
candidate for the formation of life®,

Analysis of these molecules and various spectra in the ISM is impossible to conduct
directly due to the vastness of space and the inability to accurately reproduce the interstellar
conditions in a laboratory setting. Therefore, spectroscopy is the best way to collect and
analyze data by comparing experimental frequencies with those in online databases and

published papers®t?,

For astronomical spectroscopy, the main way to collect data is with
a telescope, like the Atacama Large Millimeter Array (ALMA), the Combined Array for
Research in Millimeter-wave Astronomy (CARMA), the Atacama Pathfinder Experiment
(APEX), the South Pole Telescope (SPT) and SOFTA™. These millimeter and submillimeter
telescopes are stationed around the world and are actively used by astronomers studying
spectra.

The goal of this project was to improve upon the spectrometer that was built during pre-

vious Major Qualifying Projects (MQPs) and contribute to the online databases by providing

references of glycolaldehyde’s spectra.



4 Background

The following sections will explain the terahertz (THz) region of the electromagnetic spec-
trum (EM), molecules essential for the development of life, like glycolaldehyde and water, and
the different types of spectroscopy along with their applications. Details on spectrometers

and how they utilize the terahertz region will also be included.

4.1 Terahertz Region of the Electromagnetic Spectrum

The terahertz region of the electromagnetic spectrum lies between the microwave and
infrared regions, as seen in Figure . The region is generally considered to range between
0.1 and 10 THz, though some consider it to go as high as 30 THZ213, Compared to other
regions of the EM spectrum, like visible and microwave, the THz region has historically
been underutilized in commercial and scientific applications. As the region’s benefits and
applications have become more well-known, however, interest in terahertz spectroscopy has
expanded greatly3.

Each region of the EM spectrum is associated with different benefits when utilizing
spectroscopy. The visible region is often associated with the electron transitions of single
atoms, like hydrogen, whose abundance on Earth and ease of access have allowed their
spectra and properties to become well understood™. Spectroscopy in the microwave and
THz regions of the EM spectrum typically focuses on the lower energy molecular rotations

of molecules, which are often associated with the formation of lifeld.,
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Figure 1: The electromagnetic spectrum.



4.1.1 Applications of the Terahertz Region

There are numerous applications of the terahertz region, but this paper focuses exclusively
on astronomical applications.

One of the major benefits of utilizing the THz region is that the wavelength, A, is short
enough that terrestrial factors, like atmospheric temperature, pollutants, and water vapor,
do not contribute to the noise of spectroscopy data**1% Stations like ALMA are located high
in the atmosphere because it allows the radio waves to be detected easier. As the telescopes
become closer to sea level, the radio waves have to penetrate through more atmosphere,
which in return makes the signal less detectable!?.

The fitted spectral lines to a molecular Hamiltonian are originally found in experimental
laboratories, like the one for this MQP, and are then applied to different astronomical bodies

W The molecular Hamiltonian is an effective model for

like planets, nebulae, and galaxies
symmetric and asymmetric top molecules and their resonance interactions. This means the
energies of molecules can be described via their rotational transitions*”. These benefits have

created a push to develop and utilize astronomical instruments that can detect wavelengths

in the THz region of the EM spectrum?®.

4.2 Molecules Needed for the Development of Life

There are certain elements and molecules that are necessary for the creation of life. Out
of the 115 known elements, 19 have been deemed essential for life as they are found in cells,
a part of all living organisms, and in RNA and DNA. RNA specifically contains carbon,
oxygen, hydrogen, nitrogen, and sulfur. Phosphorus is found in both RNA and DNA17 19
Sugar, a COM, is also needed for the creation of RNA and DNA and is generally composed

of some of the 19 essential elements?’.



4.2.1 Water

Water is essential for the formation of life due to its unique ability to behave as a universal
solvent and begin the process of forming molecules utilized in the creation of life?Y. Water
is plentiful in the ISM and has been detected within molecular clouds, exoplanets, and
within the solar system®!. These factors make water vital to figuring out how life originated
in the universe and another important molecule to detect and analyze through gas-phase
spectroscopy.

Water’s abundance in locations where life may form is particularly important. If the
molecular building blocks of life are present on an interstellar body, they need to be able to
react with each other and form COMs and other vital materials for life, like RNA and DNA.
Many of these chemical reactions can only happen if a solvent breaks down the interacting
molecules, allowing them to move and react with each other to form a new molecule!. Water
is able to dissolve more molecules than most other liquids, making it a universal solvent?2.

The locations of water in the ISM can be detected and analyzed with THz spectroscopy.
Water is particularly well suited to this kind of data collection as it is a light molecule with
a weight of only 18 amu, which results in a sparse rotational spectrum compared to other
heavier molecules#*2%, Studies have been done with water in the 200 GHz to 2400 GHz
range as well as at 183.310 GHz specifically, as this is a pure rotational transition of the

moleculez2:29,

4.2.2 Complex Organic Molecules

Every atom originated in the early universe, shortly after the big bang. Over time,
these atoms have condensed into elements, forming everything that makes up the ISM,
including stars. As these stars die, they expand and explode, filling the surrounding areas
with the elements once contained inside them. New stars are eventually fused, restarting
the cycle of life and leaving all of the dispersed elements other than hydrogen in the ISM.

These remaining elements lead to the formation of planets, moons, asteroids, and sometimes

10



complex molecules. This process is visualized in Figure 2l If these complex molecules
contain carbon, they are classified as complex organic molecules, since carbon is one of the

19 essential elements for life24.
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Figure 2: Visual representation of the death of stars and the resulting formation of
molecules?T.

4.2.3 Glycolaldehyde

Glycolaldehyde (CH,OHCHQO), depicted in Figure [21} is one of the simplest COMs and
has been detected in numerous locations throughout the ISM, including comets and near the
Sagittarius B2 molecular cloud complex®1%. As a simple sugar, glycolaldehyde can react with
propanol to form ribose, an essential component of RNA?. Its abundance and abilities mean
glycolaldehyde could help unlock the secrets of life’s origins, which makes it an important
molecule to detect and analyze through gas-phase spectroscopy.

The distribution of glycolaldehyde throughout the ISM gives rise to many exciting possi-
bilities and theories. One of the major theories for the origin of life is the panspermia theory,
which argues that life began on Earth after essential life-building molecules, like glycolalde-
hyde, were deposited on the planet by comets??. Experiments conducted at NASA’s Johnson
Space Center have determined that it is possible for glycolaldehyde to survive a comet’s im-
pact with Earth, which adds validity to both the panspermia theory and the possibility of

glycolaldehyde having a vital role in the origin of life®.
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Hydrogen = White
Oxygen = Red
Carbon = Black

Figure 3: The molecular structure of glycolaldehyde, which contains a double bond of carbon

and oxygen?.

Glycolaldehyde has also been detected near Sagittarius B2, a molecular cloud of gas and
dust™. It is predicted that the conditions of molecular clouds like this allow for the formation
of COMs, which could explain both glycolaldehyde’s origin in the ISM and how it gets onto
the comets essential to the panspermia theory?39,

None of these theories have been proven or disproven, and the origins of life in the uni-
verse are still shrouded in mystery, making the detection and study of glycolaldehyde and
other COMs vital to many scientific fields. These studies are frequently done with THz
spectroscopy and have made use of glycolaldehyde’s millimeter and submillimeter spectra
between 13.48-22.14 GHz, 72-122.5 GHz, and 128-354 GHZ%Y  Portions of the ranges,
like 13.48-22.4 GHz and 71-103 GHz, have been detected in the ISM with the Green Bank
Telescope (GBT) and the National Radio Astronomy Observatory (NRAO) while other por-
tions are predicted values from laboratory studies3!. Regardless, glycolaldehyde’s unique
absorption lines are visible at these frequencies, allowing it to be detected within the spectra

of the ISM and studied in laboratory settings.
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4.3 Spectroscopy

Spectroscopy is the study of a molecule’s absorption and emission of electromagnetic
radiation following a change in energy state. This change is caused by specific interactions
within the molecule on the quantum level and results in the molecule absorbing electro-
magnetic radiation which creates unique spectrum, as seen in Figure @] The uniqueness of
the spectrum makes it an easy and accurate way to identify a specific molecule’s presence
within an interstellar body, like a nebula or star’®. These spectra can also provide important
information about the molecule, like their rotational and vibrational spectral transitions,

elemental composition, temperature, and density222,

|

hydrogen helium hydrogen

Figure 4: The absorption spectra of hydrogen and helium. These spectra are created after a

hydrogen or helium electron is excited and changes energy states, resulting in the absorption

of certain wavelengths, which creates the black lines in this diagram33,

The different types of quantum interactions result in three types of spectroscopy. The
frequent utilization of these across many different fields of study has resulted in numer-
ous sub-categories of spectroscopy, including terahertz molecular absorption spectroscopy=.
Studying interstellar molecules is of great importance, though it can be incredibly difficult
to do as collecting samples from space and replicating interstellar conditions in a labora-
tory is almost always impossiblé®2. Spectroscopy, in general, removes these difficulties as
it utilizes electromagnetic radiation which can be studied regardless of distance. Terahertz
spectroscopy further removes difficulties with data collection and analysis as the shorter
wavelengths found in the terahertz region have higher angular resolutions than other wave-
lengths, like microwavess,

These benefits of spectroscopy in general and terahertz spectroscopy specifically have

13



made this form of spectroscopy very popular in recent years. Heterodyne instruments have
been launched into space to collect spectra up to 600 GHz and there are numerous telescope
and satellite arrays stationed on Earth, like ALMA, CARMA, APEX, SPT, and SOFIA,
which collect spectra from various ranges in the THz region of the EM spectrum®™. The

data collected from these instruments result in spectra as seen in Figure [f
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Figure 5: The spectra of three of Cy HsC N’s transitions based on data collected by ALMASS,

The specific spectrometer setup for this project involved high-resolution rotational spec-

troscopy and an absorption spectrometer that used a frequency-modulating lock-in detector.

4.3.1 Molecular Spectroscopy

Molecular spectroscopy measures the radiation absorbed or emitted by a molecule fol-
lowing a change in its vibrational or rotational energy states®*37 These changes abide by

the photon-energy relationship, which is detailed in Equation [T}

Ehigh - Elow = hv (1)

where FEj;g, represents the higher energy state, Fj,, represents the lower energy state, h

is Planck’s constant, and v is the frequency of the absorbed or emitted radiations®®. The
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resulting frequency creates characteristic spectra which provide information on the qualities

of a molecule’s structure as well as its environment, like temperature and pressure®.

The generated spectra are dependent on unique characteristics, like molecular structure,
moments of inertia, and the specific change in energy that occurred®®. The rotational energy
level structure of a molecule is visualized in Figure [6] and shows that the structure creates
equally spaced rotational frequency transitions with a spacing of v = %, where B is the

molecular constant and is detailed in Equation [2/%:

h

B—
8m2]

(2)

where h is Planck’s constant and I is the inertia, which is directly proportional to mass*".
These relationships mean the spacing and change in energy levels are inversely proportional

to the mass of a molecule, resulting in low energy transitions of heavier COMs, like glyco-

laldehyde.
J; :
AE=6 B
J; Y
AE=4 B

Jl [

AE=2B
Jll

Figure 6: Example of changes in energy levels®.

As equation (1| details, the energy is directly proportional to the emitted frequency, which
in turn is inversely related to the generated wavelength. The low energy transitions of
complex organic molecules result in larger wavelengths, like those found in the THz region

of the EM spectrum.
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The size of the wavelengths of these molecules has no effect on molecular spectroscopy, as
it can be conducted in any region of the EM spectrum, though it traditionally makes use of
spectra found in the infrared region, which often overlaps with vibrational spectroscopy, as
seen in Figure[7] Spectra in the THz region are often avoided as most molecules’ vibrational
quantum numbers fall outside the THz region, so it is easier to simply study the molecular

spectra of smaller atoms>*L,

Higher density of . 7

energy I.evels than Infrared radiation Infrared Molecular

in the microwave ib lecules > he UL lolect

range, more vibrates molecules 3 vibration
! "

strongly absorbed. o

Figure 7: This is the vibrational spectroscopy in the infrared region of the EM spectrum?2.

4.3.2 Absorption Spectroscopy

Absorption spectroscopy analyzes the absorption spectrum of a molecule. This form of
spectroscopy can be done in any region of the EM spectrum, though it frequently utilizes
the terahertz region of the electromagnetic spectrum as low-energy large-wavelength photons
have the ability to change a molecule’s rotational state to create unique absorption spectra
and peaks. The specific wavelength is unique to the molecule as it depends on characteristics
such as atomic weight, structure, chemical bond strength, and interactions between the
molecule and its environments*>4,

The wavelength that an absorption peak and spectra occur at is determined by both the

observed molecule and the Beer-Lambert law, shown in Equation [3}

I
A= logTO = lce (3)

where A is the absorbance, I is the incident intensity, I is the transmitted intensity, € is
the molar absorption coefficient, [ is the length of the light path, and ¢ is the concentration

of the molecule®*3:45  An absorbance of zero indicates that no excitation occurred while the
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magnitude of the molar absorption coefficient is directly proportional to the probability of

changing rotational energy levels®®.

4.3.3 Rotational Spectroscopy

The majority of gas-phase molecules in the ISM have been discovered through rotational
spectroscopyr. Similar to other types of spectroscopy, each molecule has its own unique
rotational signature, which led to the initial discovery of the presence of these molecules, like
glycolaldehyde, in the ISM!%32. In order to look at the rotational transitions, the vibrational

transitions also need to be known, as seen in Figure [§] Rotational spectroscopy involves

| /

\ ; . / Potential
vibrational levels curve

representing
the ground
electronic
state.

Energy

Rotational
transitions
(in microwave)

Vibrational
transition
(in infrared)

Internuclear separation

Figure 8: This is a large-scale depiction of a molecule’s vibration and rotational transitions.

Note the scale difference between the two types of transitions, allowing for observations in

their respective parts of the EM spectrum®”.

exciting a molecule with a photon resulting in an energy transition between rotational levels
in a molecule. This transition reveals information on the molecule’s geometry, which includes
its bond lengths and distribution of atomic mass, as described by moments of inertia. This
is especially prominent in asymmetric molecules, like glycolaldehyde, as seen in Figure [9]
which shows that the rotational states need less energy for transitions than the vibrational
states do*®. This is especially useful when looking at molecules at extremely low pressures

and temperatures, like those found in the ISM*Z,
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Figure 9: This shows how the rotation of the molecule affects the energy level, where J is
the rotational angular momentum®”. While this depicts a diatomic molecule, the concept
also applies to complex molecules.

4.4 Spectrometer

In general, spectral data is obtained through the use of a spectrometer, which analyzes
variations of specific physical characteristics within a predetermined range*”. The spectrom-
eter typically contains a holding cell for the sample, a dial to control how much sample is
allowed into the measuring area, and a sensor and detector on each side of the cell to take
the desired measurements. The detector is often connected to a computer or oscilloscope
to digitize the measurement, which the user then interprets®’. The produced measurements
can contain three types of spectra: continuous spectra, emission spectra, and absorption
spectra, all shown in Figure [I0] Continuous spectra contain no breaks or dips in the data,
while emission spectra exclusively contain the peaks. Absorption spectra are considered con-

tinuous spectra minus emission spectra, which is the type of spectroscopy in this project®.

Figure 10: Examples of the different spectra data from a spectrometer.
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5 Methodology

This section details the properties of the spectrometer and the data collection process.

5.1 The Set Up

The spectrometer is composed of three interconnected systems as seen in Figure [I1} The
systems include the source, the absorption cell, the vacuum system, and the sample, along

with the noise reduction and the signal conditioning amplifiers.

Amplifier

Lock-In

Spectrometer

Diffusion

Pump Signal Generator

Roughing
Pump

Wave
Generator

Figure 11: This is the block diagram of the full system.

5.1.1 The Source

The first part of the system is the output and the references. Figures|11|and [12|show that
the output of a signal generator is connected to the power supply /multiplier, which generates
electromagnetic radiation allowing the observer to collect data. The power supply /multiplier
is a six times multiplier, so the generated frequency is six times what the user inputs from

the signal generator. The spectrometer typically operates in the 140-220 GHz frequency
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region with output powers of approximately 1 mW and is driven by the signal generator in
the 23-36 GHz range.

The source is also connected to the signal and wave generators, which allows for two
forms of frequency modulation. The primary modulation is a ramp function produced by
the signal generator, which is set to the middle frequency of the sweep. For water this
frequency was 183.310 GHz and for glycolaldehyde, it was 183.416 GHz. The ramp function
is set to the amplitude of 20 MHz, which is half of the span length of 40 MHz. Each sweep
is completed at a rate of 1 Hz. The secondary modulation is the sine wave produced by the
wave generator at a frequency of 20.0 kHz with a reference amplitude of 500 mV, which is

then translated into the same frequency amplitude.

Figure 12: The output and reference part of the spectrometer. Circled from top left to
bottom right: the wave generator, the power supply/multiplier, the signal generator, and
the output.

5.1.2 The Absorption Cell

The terahertz radiation sent through the system is collimated by a plano-convex lens,
which is a certain distance away from both the cell and the output source in order to

maximize the power traveling through the cell. The cell itself is a two-meter acrylic tube

20



that is completely sealed off from the lab and is pictured in Figure In the middle of the
cell is a pressure gauge, which allows us to make sure the system is at space-like conditions
and lets us know how much sample is in the cell as an increase in pressure indicates an

increase of sample.

Figure 13: The cell of the spectrometer with the three subsections, seen in blue circles. From
left to right, are the diffusion pump, the pressure gauge, and the sample.

5.1.3 The Sample

From left to right in Figure[13|are the diffusion pump, the pressure gauge, and the sample.
The sample is located closest to the output and is attached to the bleeder, which allows the
user to control how much of the sample is allowed into the cell. Next to it is the pressure

gauge, which displays the pressure of the cell in mTorr or Torr.

5.1.4 The Vacuum System

On the opposite end of the cell from the sample is the vacuum pump seal, which is
connected to two different pumps. The larger pump is the roughing pump, which is pictured
in Figure [14 This pumps the system down from atmospheric pressure, about 760 Torr, to

approximately 20 mTorr. The diffusion pump is the smallest of the two pumps and pumps
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out the rest of the air in the cell to mimic space-like conditions by keeping the cell well below
1 mTorr, which is considered a vacuum with no sample remaining. The sample bleeder and
vacuum valves can be adjusted to allow a sample pressure of approximately 10 mTorr which
is the typical operating pressure where the line widths are still within the Doppler-limit.
Under these conditions, decreased frequency resolution due to pressure broadening, which

occurs at higher pressures, is avoided.

Figure 14: The roughing pump.

5.1.5 The Noise Reduction and Signal Conditioning Amplifiers

The final section of the spectrometer is the noise reduction and the amplifier. Here, the
terahertz power leaves the cell and passes through another plano-convex lens resulting in the
focusing of the signal onto the detector, as seen in Figure

From the detector, the signal goes through a low-noise pre-amplifier, shown in Figure [16]
This reduces the noise in the signal, allowing the signal and data to be read more clearly.
When the frequency is modulated, the low-pass and high-pass filters are set to pass the

modulation frequency, typically at 20 kHz. For a more detailed list of the settings see Table
[
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Figure 16: The pre-amplifier that minimizes the noise to produce a cleaner signal.

After this, the cleaner signal passes through the lock-in, as seen in Figure and the
exact settings are found in table [Il The lock-in uses the reference from the wave generator
and maps it onto the detected signal. The output is then digitized via the DAQ assistant.
The DAQ has two functions the first is to collect a certain number of samples in one second,
we had this set to 10,000 samples per second and collected data for 3 seconds to ensure
a full sweep was collected. The other function receives the ramp function from the signal

generator, allowing the user to better recognize the start and the end of each sweep taken.
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preamp low filter cut off 30 Hz
high filter cut off 100k Hz
low roll-off intensity 6 dB
high roll-off intensity 6 dB
gain mode low noise
gain 5 * 10?
lock-in time constant 1 ms
sensitivity 1V
input range 1V
reference wave sine wave
filter 6 dB

Table 1: This table includes the setting of the low-noise amplifier and the lock-in.

Figure 17: The lock-in amplifier. It maps the reference wave from the wave generator to the
detected signal.

5.2 Turning On the System

In this section, we assume the entire system has been turned off, including the roughing
and diffusion pumps, as well as all of the electronics. We will then go through the steps
required to turn on the entire system and collect high-resolution spectra.

The first step to setting up the system for data collection is to prepare the sample gas
handling and vacuuming system for the absorption cell. The sample gas inlet valves should
be closed off from the sample holder to the absorption cell and samples of either water

or glycolaldehyde can then be placed in the sample holder while the system is off. Doing
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this while the cell is closed and the system is off prevents the pressure inside the cell from
skyrocketing and damaging the pumps and other components. The diffusion pump can only
operate at pressures below 100 mTorr and higher pressures can cause the oil in the diffusion
pump to burn and backfill into the absorption cell.

After the sample is inserted and the absorption cell is sealed off from the outside en-
vironment, the system can be turned on. The process of turning it on must be done in
a specific order to prevent the components from becoming damaged and the system from
catastrophically failing. First, the cell is opened while the sample and sample bleeder are
closed off. The roughing pump is then turned on, allowing the system to eventually come to
a constant pressure of around 50 mTorr, which can take several minutes.

When the pressure gauge indicates the cell is at constant pressure below 100 mTorr, the
sample remains closed off and the diffusion pump is turned on. The pump takes approxi-
mately 15 minutes to warm up, and during this time the pressure may go up by several 10s
of mTorr. After the diffusion pump is warmed up, the pressure will drop to below 1 mTorr,
and the cell is now considered to be under a high vacuum.

To prepare the sample, the air in the headspace of the sample needs to be removed. For
this to happen, the bleeder valve is repeatedly opened very slightly and closed in a ‘pulsing’
manner. This allows the pressure to jump to over 100 mTorr and go back down, which
eventually allows the vapor pressure of the sample to fill the sample container’s headspace.
Despite the pressure jumping to high values over 100 mTorr, even higher pressures, like those
above 500 mTorr, should be avoided to prevent damage from occurring to the system.

At this point, one of two approaches can be taken to fill the absorption cell with the
sample gas and bring the pressure to about 10-20 mTorr. The first option is to close off the
diffusion pump and isolate the cell. The bleeder valve is then slightly pulsed open to fill the
cell to the target pressure.

If the pressure slowly rises from the cell outgassing, then the second approach must be

taken. Both the diffusion pump valve and bleeder valve must be slowly opened to create
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a slow and constant low-pressure flow of the sample at the target pressure of around 10-20
m'Torr

Once either of these steps has been completed, the spectra can be recorded near the
Doppler-limit. If the pressure in the cell drops, the line strength will start to decrease. If
the pressure increases, the line may grow a bit stronger, but eventually, only the linewidth
will increase due to pressure broadening.

Now, the THz source, detector, and signal conditioning electronics can be turned on in
a specific order. First, the power supply to the VDI frequency multiplier-chain is turned on,
followed by the SRS detector pre-amplifier, the lock-in amplifier, the wave generator, and

the Agilent signal generator, which drives the frequency multiplier chain.

5.3 Collecting Data

To collect the desired data, the sample and sample bleeder were opened, as described
above, allowing the molecule sample to flow into the cell. When the flow resulted in constant
pressure on the pressure gauge, a LabVIEW virtual instrument (VI) was run. The VI
digitized both the linear frequency ramp generated by the signal generator to sweep the
frequency and the signal from the lock-in amplifier. The VI also collected a specific number
of voltage samples at a specified rate and time interval, which was determined by the settings
on the DAQ. The VI then generated a graph of these voltages, which presented a visualization
of the molecule’s absorption spectra. This data was later exported to Igor Pro 9 for further

analysis. The code for the LabVIEW VI can be found here.

5.4 Turning Off the System

Similar to turning on the system, there is a specific order for turning everything off so the
system does not catastrophically fail. The system must also be at low pressure, as turning
off the components while there is high pressure in the cell will cause damage.

If the pressure is adequate, the sample and sample bleeder are closed off from the cell,
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though the cell itself remains open while the diffusion pump is turned off, as this allows
the diffusion pump to cool down while the roughing pump remains on. The diffusion pump
has a fan and light indicator that remain on until it is cooled down, at which point these
automatically turn off. Once the diffusion pump has cooled, the roughing pump can be
turned off. The cell pressure will slowly come back to near atmospheric levels and the cell
can be closed off.

While waiting for the diffusion pump to cool down, most of the other components can be
shut off. The wave/function generator is turned off, followed by the Agilent signal generator,
pre-amplifier, and lock-in. After running through a visual check that those components are
off, the power supply/multiplier is shut off. By this time, the diffusion pump usually shuts
off and the roughing pump can be turned off.

If the sample in use is water, the sample and sample holder may be left attached to the
system, as water retains its state and desired properties at room temperature. If the sample
is glycolaldehyde, the sample must be removed and stored properly as glycolaldehyde melts
at room temperature. However, this can only be done when the system is off and the sample
is sealed off from the cell to prevent the cell’s pressure from skyrocketing and components

from becoming damaged.
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6 Analysis

In this section, we look at how to analyze the collected data using Igor Pro 9 and its
multipeak analysis tool as well as a code that simulates this process. For both water and
glycolaldehyde, the collected data were differentiated and smoothed multiple times which
allowed us to see exactly where the peaks were. The peaks should appear at the known or

predicted values for the molecule’s rotational transitions.

6.1 Water

We collected the direct absorption of water to make sure the system was running properly.
As mentioned previously, there is a known rotational transition of water at 183.310 GHz.
Water is a small asymmetric rotor with 18 amu that results in a very spare, but strong,
spectrum in the THz region. This specific rotational transition was chosen due to it being
within the parameters of the spectrometer. The collected data, seen in Figure 18] gave us a

general location for the peak.
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Figure 18: The collected data from the sample of water at 70 mTorr. The x-axis is in GHz
since this will allow for more accuracy when analyzing the peak. The y-axis is in volts,
allowing us to see the drop in voltage at the rotational transition. The units of the axes are
the same for Figures [1§] through [23]

After the data is collected, it is differentiated and smoothed twice to clearly see the peak,

as seen in Figure[I9 This process is done twice to highlight where there is and is not signal,
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which results in a second derivative lineshape from the absorption spectrum. This allows the
peak to easily be identified and for any slowly varying baseline effects due to power variations

to be removed.

T T T T T 1
183,307 183 308 183 309 183,310 183311 183312 183.313
GHz

Figure 19: Twice differentiated and smoothed graph of the collected data from Figure [18|

As pictured in Figures and [19] it is evident that the peak is at 183310 MHz, as
predicted. We still used a multipeak setting in order to get an even more accurate value, as
seen in Figure |20 The multipeak package allowed us to see the exact location and amplitude
of the central peak for the water sample. To get the most accurate fit with this package,
we use the logpolyb fit for the baseline as well as the Gaussian fit. The logpolyb fit was
used because it most accurately represents the data and the other baseline fits do not have
enough terms to fully describe the curve.

For the specific fit, there are three options: Gaussian, Lorentzian, and Voigt. Gaussian is
the fit of a Gaussian distribution, which is usually best for pressures below 200 mTorr. The
Lorentzian fit is narrower and better suited for pressures closer to 1 Torr. The Voigt fit is
the combination of the two and is suited for pressures between 200 mTorr and 1 Torr. Since
we kept our pressure below 200 mTorr, the Gaussian fit was the most logical to use.

As seen in Figure we saw that the experimental value of water was extremely accurate
to the known value of 183310.022 MHz. This made us confident that the system was working

properly and that we could accurately measure glycolaldehyde.
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Figure 20: The logpolyb and Gaussian fit of Figure [L8 The central location of the peak is
183310.022 £+ 0.001 MHz.

6.2 Glycolaldehyde

The analysis process for glycolaldehyde was almost the same as what we did for wa-
ter. The collected data is shown in Figure 21} note that this is the first derivative because
the direct absorption data was not visible enough. The main difference between water and
glycolaldehyde is that there are two peaks that are caused by a doublet, or two rotational
transitions within close proximity to each other. This doublet’s rotational transition was
one of the stronger transitions predicted and located near the transition frequency of wa-
ter, all while being within the frequency range of our system. Therefore, this doublet was
the targeted transition of glycolaldehyde as it was predicted to be feasible by the spectral

analysistV.
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Figure 21: The smoothed collected data of the Glycolaldehyde at 18 mTorr. The x-axis is
in GHz due to a larger sweep and the y-axis is still in volts. This graph shows the collected
first derivative spectrum captured using a lock-in amplification technique.

After completing the data analysis process explained in the previous section, we are left
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with Figure 22| Similar to the process for water, this data can then be fit in order to find

Ml iy
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Figure 22: The differentiated and smooth version of the data from Figure

the exact location of the peak, as seen in Figure [23]
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Figure 23: The fitted version of Figure [I9, The location of peak 0 is 183411.2220 + 0.0006
MHz and peak 1 is at 183422.1753 + 0.0007 MHz.

6.3 Simulation

In addition to the collected data, we used Python to code a simulation of the data
collection and analysis processes. The simulation allows the user to modify the central
frequency, amplitude, pressure, modulation steps, modulation frequency, and modulation
amplitude. The ranges of the variables are based on the constraints of the spectrometer
that was used in this MQP. The simulation can also be run with either random or specific
values that the user chooses and can be found here. Due to time constraints, the amplitude
modulation was never completed. This part of the code would allow the user to manipulate

how large the amplitude of the sine wave is for each step.
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7 Discussion

Comparing the collected data to the predicted data, we can see that the predicted values
for these rotational transition peaks are within the uncertainty. From Figure we can see
that the measured values are at 183411.2220 4+ 0.0006 MHz and 183422.1753 £ 0.0007 MHz.
As previously discussed, the study by Weaver, Butler, Druin, Petkie, Dyl, De Lucia, and
Blake states that the predicted values for this doublet should be around 183411.066 MHz
and 183422.205 MHzY. Using a basic error analysis, we can see that the first transitional
state has an 8.14 * 1075 percent error and the second has 1.4 * 10~° percent error.

While the fitted lines in Figure report an uncertainty of a fraction of a kHz, it is
common to report an uncertainty of approximately 10-50 kHz to account for any frequency-
dependent variations of the system and reproducibility of identifying the peak of a spectral
linewidth on the order of approximately 1 MHz. Therefore, the measured lines are in excellent
agreement with those predicted by the previously mentioned study.

The comparison of the predicted intensities between the 183 GHz water transitions and
the glycolaldehyde doublet is not as favorable. It is expected that the glycolaldehyde doublet
would have a similar line strength with about 30% absorption in the system. However, the
direct absorption spectrum was difficult to observe as it had a low signal-to-noise ratio. We
switched from direct absorption to utilizing frequency modulation and the lock-in to capture
the first derivative spectrum shown in Figure This is likely due to water being part of
the glycolaldehyde sample, which caused a fractionation between the two gas samples.

The vapor pressure of water is 17.5 Torr and the vapor pressure of solid glycolaldehyde
is 4.97 Torr, allowing a significant level of water into the absorption cell. A drying agent
or vacuum distillation are approaches to removing water from the glycolaldehyde sample
and we could verify this assumption by monitoring the relative intensities of the water and

glycolaldehyde transitions to determine the relative concentration of each gas.
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8 Recommendations for Future Work

There are a lot of different topics this project could focus on in the future, but it would
be most beneficial for future projects to begin with some maintenance to the cell before
running measurements. There is a small leak in the cell, which does not pose a safety risk
and is small enough at 15 mTorr per minute to not negatively affect the collected data. It
is still not ideal to have the leak remain, as it does prevent small amounts of sample from
being bled into the cell and measured. The leak in the cell should be fixed and it should
also be vacuum distilled to remove traces of previously measured molecules, as mentioned
earlier.

Once these are completed and the system is optimized for future measurements, glyco-
laldehyde can be further studied. As discussed earlier, glycolaldehyde’s ranges include other
frequencies that the system can detect, and these could be studied the same way as the dou-
blet this project analyzed. Some of the settings on the system’s components could also be
modified, allowing future projects to not only study a rotational transition of glycolaldehyde
but also see how the system’s specific settings affect these measurements.

There are also other rotational transition frequencies of glycolaldehyde that can be stud-
ied if the system is modified to allow for their detection. This modification would involve
finding a new signal generator that would interact with the rest of the system to allow
for the detection of frequencies outside of the current signal generator’s range. After the
signal generator is changed and there is confirmation that the system has been modified
properly, settings on other components of the system could be changed while studying these
frequencies to again see how the system’s specific settings affect the measurements.

Future projects could also shift their focus away from glycolaldehyde and onto other
interstellar molecules that are potentially involved in the creation of life and can be measured
using the spectrometer. Over 200 total molecules have been identified in the ISM, though not
all of these are complex organic molecules or easy to measure with the current spectrometer

setup®?.
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C5H,0, also known as both propenal and acrolein, can react with glycolaldehyde to form
ribose, making it an important interstellar COM to study®®. It is ideal to work with using
the current laboratory setup as it is a liquid at room temperature and safe to work with
if the handlers abide by standard laboratory safety practices and those specific to acrolein,
which can be found extensively online®*22.

Acrolein’s electronic and vibrational spectrum occur between 993 cm ™! and 3097 cm ™! as
well as between 25851 em ™! and 30071 em ™! and these frequencies could provide a basis for
the study of the pure rotational spectrum of 8 to 180 GHz in various vibrational states®®>%28,
A future project could look into replacing the current signal generator with one whose
capabilities allow acrolein’s transitions to be observed over a broader frequency range. The
system could also be kept as is and the pure rotational spectrum could be studied without
the basis provided by the electronic and vibrational spectrums.

Dimethyl ether, C'y HgO, has been detected in both planet-forming discs and star-forming

2 Tt is one of the most abundant interstellar complex molecules and is capable of

regions
reacting with carbon monoxide and water to form acetic acid, another interstellar COM that
is used during metabolic processes and produced by some bacteria®®>3°l Dimethyl ether is
a gas at room temperature while acetic acid is a corrosive liquid®®®2., While both of these
molecules are potentially hazardous, they can be safely studied in the current laboratory
setup if standard safety practices and those specific to the molecules are followed®%3,

Dimethyl ether’s rotational transitions have been observed between 38 GHz and 2100
GHz, making it an ideal molecule to study with the current signal generator®®. Acetic acid
also has a large range, which includes 8.531 GHz to 364.432 GHz, which is also within the
current system’s parameters®®. A future project could keep the system as is and study
dimethyl ether and acetic acid.

As the system is being optimized and rotational transitions of a molecule are being

studied, the simulation code can also be advanced. Completing the simulation will allow the

user to input any desired condition and to see how the data would look with those conditions.
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