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Abstract  
Cryogenic buffer gas beams are a useful source of cold molecules to be used in cold 
chemical experiments. The goal of this experiment is to create a functional buffer 
gas beam that can be adapted to source a variety of molecules. The apparatus is 
explained. Carbon clusters are useful initial molecules to study while the beam is in 
its preliminary phases. This thesis includes a literature review on previous 
experiments involving carbon clusters in order to gather the necessary information 
to identify spectral peaks and create a comparison benchmark for the products of 
our buffer gas beam.
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Chapter 1 

Cold Chemistry 

1.1 Introduction   

Cold chemistry reduces the complexity usually present in room temperature 

experiments. Cooling chemical reactions to the kelvin regime allows the study of 

aspects of reactions that normally occur too quickly to be observed, such as the 

existence of reaction intermediates.2 One of the core struggles of cold chemistry is 

creating a cold source of the desired molecules. Creating cold molecules is more 

challenging than simply cooling atoms because, instead of solely translational 

kinetic energy, molecules have internal degrees of freedom and thus rotational and 

vibrational kinetic energy.  It is possible, but difficult, to cool the molecules directly 

by laser cooling or by assembling the molecules with already cooled atoms.3 

Incredibly low temperatures can be reached through these methods, but only for 

limited types of molecules. A more versatile approach is instead to focus on cooling 

molecules via thermalization with a cold, chemically inert medium, such as a noble 

gas, and then trap the desired molecules inside. These types of methods can only 

reach temperatures of a few kelvin compared to the microkelvin of other 

experiments, but they have the distinct advantage of being able to cool most any 

molecule through collisions with the medium. 
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1.2 Supersonic Expansion Beam  

Super sonic expansion is a method of cooling a gas by forcing it from a high-

pressure region through a nozzle into a vacuum. As the gas expands into the low-

pressure environment, it cools through constant enthalpy expansion. Seeding the 

gas with molecules of interest results in a source of cold molecules traveling at high 

velocities, typically 300-600 m/s.1 The gas continues expands until there are no 

longer any collisions in the beam, so the window of time for the gas to cool the 

molecules is limited to a few microseconds23. The high exit velocity is also difficult to 

work with. Spectroscopically probing the beam is challenging because of how briefly 

an individual molecule is in the line of sight of the spectrometer, and trapping the 

molecules while preserving their temperature is nearly impossible.4 These 

apparatuses are still quite popular because they are relatively easy to create 

because most of their operation can occur at room temperature.  

 

1.3 Buffer Gas Beam 

A cryogenic buffer gas beam source achieves a lower exit velocity at the cost 

of a more technically involved apparatus. In this more intuitive method, a buffer gas 

flows through a cell that is held by a cryocooler at a temperature very near to the 

gas’s freezing point. The gas cools inside the cell to the kelvin regime and is seeded 

with the molecule of interest through any convenient method of insertion. This 

thesis will focus on the method of laser ablation.  These molecules enter the buffer 

gas hot, typically between 300 and 10,000 K,1  but the gas to molecule ratio is kept 

such that the molecules become entrained in the gas beam and quickly thermalize 
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with the surrounding gas without significantly heating it.  This strategy allows the 

seeded molecules to interact with the buffer gas for longer, on the order of several 

milliseconds, thus they efficiently cool to the temperature of the gas1. The 

temperature is limited mostly by the capabilities of the cryocooler itself. 
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Chapter 2 

Cryogenic Buffer Gas Beam Source 

2.1 Motivations 

 The purpose of this project is to create and investigate the properties of a 

buffer gas beam with the goal of creating a source of cold vanadium oxide, VO, or 

perhaps the radical methylidyne, CH. VO, like many transition metal oxides, is a 

useful catalyst,24 and CH is a molecule abundant in the interstellar medium (ISM)16 

and significant to simple combustion reactions,18  so both molecules warrant close 

study. In its current stage, we cannot be certain of the density or composition of the 

beam’s products without observing the beam directly, and need a method to 

evaluate the quality of the apparatus.  This is achieved by freezing the beam on a 

deposition window and probing the resulting crystal with IR spectroscopy. The 

crystals spectrum reveals which molecules are trapped in the crystal, and thus 

which molecules are being produced and cooled by the CBGB.  The molecules of 

interest that are being investigated for this thesis are small carbon clusters. This 

study will help us characterize the beam, and may result in some insight into carbon 

cluster chemistry.  

 

2.1.1 Motivation for Studying Carbon Clusters 

Carbon clusters were chosen as the  initial study molecule because they are 

convenient molecules to research while the details of the apparatus are being 
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perfected. For instance, they are very easy to produce. The ablation precursor, 

graphite, is a commonplace substance that is cheap, solid at room temperature, and 

safe to work with. Creating clusters through ablation requires little energy per pulse 

of the laser to yield a large number of molecules. They are also easy to detect. It’s 

easy to induce a dipole moment in long, floppy molecules (that is, they have a 

relatively high absorption cross section or IR intensity), so the long chains of carbon 

atoms create a very strong signal in IR spectroscopy5. Additionally, their spectrum 

exists in a region that is relatively free of noise caused by CO2, H2O, or hydrocarbons 

in the air or in the system. These factors make carbon clusters a reliable, easy to 

work with source of signal. 

 

2.2 Apparatus    

 Our apparatus employs neon as the buffer gas, and laser-ablated carbon as 

the molecules of interest. Ablation is the process of irradiating a solid with a pulsed 

laser in order to remove material by evaporating or sublimating it. The ablation 

frees some distribution of carbon clusters from the graphite target, which are then 

entrained in the neon flowing through the cell, which is held at ~40K. The neon exits 

the cell and freezes to a CaF2 window held at ~5K with the carbon clusters trapped 

inside. The window is visible to the beam of an IR spectrometer, which measures the 

IR vibrational spectrum, the unique fingerprints of the molecules contained within.  
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2.3 Thermalization  

The apparatus is cooled by a Sumitomo SRDK series two-stage cryocooler, 

which has the capacity to cool the first stage to 40K and the second stage to 4K. The 

cryocooler works by using gaseous helium to cool the apparatus in much the same way a 

standard refrigerator uses tetrafluoroethane. The neon gas is initially cooled by coupling 

its piping to the first stage of the cold head. It then flows into the cell where it cools 

further by colliding with the walls. The carbon is then introduced to the beam and 

allowed to thermalize. When the carbon is ablated, the molecules leave the surface of the 

graphite on the order of 1000K, but quickly cool to the temperature of the neon through a 

few collisions with the gas atoms. The ratio of neon to carbon is kept low enough that the 

introduction of the superheated molecules does not significantly heat the neon. 

 

Fig 2.2: cartoon of a CBGB 
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2.4 Spectroscopy, Matrix Isolation, and Annealing  

In order to probe the contents of the beam, it is frozen onto a window then 

spectroscopically analyzed. The neon is aimed at a CaF2 window held at ~5K, well 

below neon’s freezing point at 24.56K. CaF2 was chosen because it has a high 

transmission in the IR region. The neon freezes, and all of the entrained carbon 

clusters become trapped inside the solid neon matrix. The window is situated such 

that it intersects the neon beam coming from the cell and the IR beam of a Niclolet 

iS50 FTIR spectrometer as illustrated below in figure 2.3.  

 

The spectrographic properties of matrix isolation will be detailed later in Section 

3.4. In short, the spectrum of a molecule tapped in rare gas matrix varies by a small 

amount from its gas-phase spectrum, so the molecules within can still be identified.2 

The crystal can be sublimated by heating the window with an attached resistor. The 

resistor can also be used to anneal the crystal, that is heat the crystal to near its 

sublimation point. This doesn’t sublimate the crystal, but instead causes the 

N
eo

n 

IR Beam 

Fig. 2.3: a cartoon of the 
deposition window 



 8 

domains to recrystallize, and during this process some of the isolated molecules 

migrate and react with one another. Evidence for these reactions can be observed in 

the changing set of peaks in the spectrum. This mechanism can be used to study the 

dynamics of carbon clusters reacting in matrix, and will later be used to study the 

reactions of co-deposited molecules, such as CH deposited together with O2. 

 

2.5 Ablation  

The ablation process is achieved by a focused Nd:YAG laser.  The laser 

outputs 2mJ, 532nm pulses at 30Hz, which is then chopped to 10Hz by blocking two 

out of three pulses. This mechanism is adjustable to chop the laser to any frequency 

30Hz

𝑛
, where n is an integer in the range 3-10. The beam is focused onto the graphite 

target by a 1” diameter lens with focal length of 20cm. The beam of the laser scans 

across the sample every 25 seconds in order to avoid depleting a particular point on 

the graphite.  

 

2.5.1 Laser Scanning Motivation  

Early experiments without a scanning mechanism showed an asymptotic 

growth of the peak heights with time as show in figure 2.5.1a, which suggested that 

we were reaching a maximum quantity of carbon tapped in the crystal. 
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This was either caused by approaching a maximum crystal thickness on the window, 

or by somehow depleting the point on the graphite disk such that it was no longer 

producing carbon clusters.  Moving the laser to a different point on the target during 

deposition and observing the resulting spectra easily tested which of these 

hypotheses was more likely true. Evident in figure 2.5.1b, moving the laser resulted 

in a significant increase in peak height past the asymptote the peak was approaching 

before the adjustment. This suggests that the graphite was indeed being depleted. 

Fig. 2.5.1a: A plot of the growth of the 𝜐6 C9 peak at 2010 cm−1 
with respect to deposition time.  
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The scanning mechanism was proposed to solve the depletion problem by 

constantly moving the laser across the graphite target, thus taking advantage of as 

much “fresh” graphite as possible.   

 

2.5.2 Mechanism  

It is rather difficult to put moving parts inside of a vacuum chamber and 

maintain the temperatures and pressure desired, so the mechanics of the scanning 

all must occur outside the chamber.  This was achieved by coupling the fine-

Fig. 2.5.1b: Another plot of the growth of the 
𝜐6 C9 peak, this time with the laser moved mid-
deposition.  
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adjustment screws of final mirror before the chamber to a pair of Arduino-

controlled stepper motors as shown in figure 2.5.2. The two motors control the 

horizontal and vertcal position of the laser beam on the target, so by cycling them 

through a preetermined sequence of adjustments, the laser scans a two-dimensional 

path across the target. 

 

2.5.3 Calculation 

 The goal of the scanning mechanism is to move the laser in a pattern across 

the graphite target with an arbitrary number of scans as illustrated in the figure 

2.5.3a. 

Fig 2.5.2: A cartoon 
of the laser setup  Cell 

  

  

 Quanta-Ray 

532nm 
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In order to do this in a predictable, one must derive the function that 

translates Cartesian coordinates on the disk to a rotation on a knob of the mirror. 

This function is determined by the trigonometry of the mirror mount, and mirror 

setup.  

 

The mirror mount is pictured above. The angle of the mirror is adjusted by 

turning the screws, which changes how much they protrude past the base. The two 

screws and the mirror define a triangle as show in figure 2.5.3c. 

Fig. 2.5.3a: A cartoon of the laser 
scanning across the graphite  

Fig. 2.5.3b: An image of a 
mirror in a fine-adjustment 
kinematic mirror mount 
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From this triangle it’s clear that 

𝜃𝑚𝑖𝑟𝑟𝑜𝑟 = tan−1[
𝑙𝑠𝑐𝑟𝑒𝑤

𝑙𝑚𝑖𝑟𝑟𝑜𝑟
]                                              Eqn(1) 

Where lscrew is the difference in lengths that the adjustment and reference screw 

protrude. The relation of the length that each screw protrudes is proportional to the 

angle the screw has been rotated through multiplied by the pitch. That is 

𝑔 𝜙𝑠𝑐𝑟𝑒𝑤 = 𝑙𝑠𝑐𝑟𝑒𝑤                                                        Eqn(2) 

where g is the pitch in mm/rad and  𝜙𝑠𝑐𝑟𝑒𝑤 is the angle of the adjustment screw 

measured from when it protrudes the same amount as the reference screw. Any 

adjustment of the 𝜃𝑚𝑖𝑟𝑟𝑜𝑟 will change the angle of the beam by twice as much. 𝜃𝑏𝑒𝑎𝑚 

is defined as the angle between the path to the center of the graphite disk and the 

path the laser is taking as shown below. 

 

 

Mirror base 

Adjustment screw 

Reference screw 

θmirror 

l s
cr

ew
 

lmirror 

Fig. 2.5.3c: The adjustment 
mechanism of the mirror mount 

Fig. 2.5.3d: The laser’s path from 
the mirror to the target, no lens 
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Upon striking the mirror the beam gets reflected through twice the angle it makes 

with the mirror’s normal vector as shown in figure 2.5.3e 

 

 

 𝜃𝑏𝑒𝑎𝑚 can be expressed in terms of 𝜃𝑚𝑖𝑟𝑟𝑜𝑟 

𝜃𝑏𝑒𝑎𝑚 = 2(𝜃𝑚𝑖𝑟𝑟𝑜𝑟 − 𝜃0−𝑚𝑖𝑟𝑟𝑜𝑟)                                       Eqn(3) 

 where 𝜃0−𝑚𝑖𝑟𝑟𝑜𝑟 is the angle of the mirror required to center the beam on the disk.  

𝑙0−𝑠𝑐𝑟𝑒𝑤 and 𝜙0−𝑠𝑐𝑟𝑒𝑤 are the associated lengths and angle of the screw respectively.  

𝜃0−𝑚𝑖𝑟𝑟𝑜𝑟 = tan−1 𝑙0−𝑠𝑐𝑟𝑒𝑤

𝑙𝑚𝑖𝑟𝑟𝑜𝑟
= tan−1 𝑔 𝜙0−𝑠𝑐𝑟𝑒𝑤

𝑙𝑚𝑖𝑟𝑟𝑜𝑟
                            Eqn(4) 

 We have yet to take into account the lens. Its purpose is to focus the beam on 

the graphite, but it will also refract the beam towards the centerline of the lens as 

shown in figure 2.5.3f. 

𝜃𝑏𝑒𝑎𝑚 

Fig. 2.5.3e: Reflection of the 
beam off the mirror 
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From this figure it’s clear that 𝑥 = 𝑠 tan 𝜃𝑏𝑒𝑎𝑚 − tan 𝜃𝑙𝑒𝑛𝑠 . Using Snell’s law, which 

assumes the small angle approximation tan 𝜃 ≈ 𝜃, the relation 𝜃𝑙𝑒𝑛𝑠 =
𝜃𝑏𝑒𝑎𝑚

𝑀
 arises, 

where M is the magnification of the lens given by 𝑀 =
𝑓

𝑠−𝑓
 ,  f  being the focal length 

of the lens. This leads to the result Eqn(5) below 

𝑥 = 𝑠 𝜃𝑏𝑒𝑎𝑚 −
𝑓

𝑀
𝜃𝑏𝑒𝑎𝑚 = (𝑠 −

𝑓

𝑀
) 𝜃𝑏𝑒𝑎𝑚 = (𝑠 −

𝑓

𝑓
𝑠 − 𝑓

) 𝜃𝑏𝑒𝑎𝑚 = 𝑓 𝜃𝑏𝑒𝑎𝑚 

assuming the small angle approximation, tan[𝜑] ≈ 𝜑. This approximation is 

accurate to 1% error provided the angle is less than 10°.  In our case that means the 

approximation is valid for 𝜃𝑏𝑒𝑎𝑚 as long as the distance from the final mirror is 

more six times the radius of the lens. The lens is 1” in diameter and the distance 

between it and the mirror is ~8” so the approximation holds. 

 We now have enough information to completely determine the position of 

the laser based off of the angle of the screws combining Eqn 1, 2, 3, 4, & 5 yields the 

equation 

𝑥 = 2𝑓(tan−1[
𝑔 𝜙𝑠𝑐𝑟𝑒𝑤

𝑙𝑚𝑖𝑟𝑟𝑜𝑟
] − tan−1

𝑔 𝜙0−𝑠𝑐𝑟𝑒𝑤

𝑙𝑚𝑖𝑟𝑟𝑜𝑟
) 

which, upon solving for 𝜙𝑠𝑐𝑟𝑒𝑤, yields 

Fig. 2.5.3f: The beam path 
through the lens 
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𝜙𝑠𝑐𝑟𝑒𝑤 =
𝑙𝑚𝑖𝑟𝑟𝑜𝑟

𝑔
tan[

𝑥

2𝑓
+ tan−1

𝑔 𝜙0−𝑠𝑐𝑟𝑒𝑤

𝑙𝑚𝑖𝑟𝑟𝑜𝑟
] 

The derivation for y is identical. Now, provided the dimensions of the mirror mount, 

the pitch of the screws, and the focal length of the lens, any desired position on the 

target can be mapped to a position of the two adjustment screws. 

 We can now return to the desired path. The goal is that each successive scan 

to be as close to the previous scan as possible without overlapping, so we need to 

know the diameter of the beam as it strikes the target. The beam passes through a 

lens with the target positioned at the focal length, but the beam does not focus down 

to an infinitesimal point, as classic ray tracing would have us believe. The laser is 

best approximated as a Gaussian beam i.e. a beam that has a Gaussian intensity 

profile, 𝐸 = 𝐸0Exp(−
𝑟2

𝑟0
2), where 𝐸0 is the max strength of the electric field on its 

axis, r is the distance from the center from the beam, and 𝑟0 is the radius where the 

amplitude is 1/e its value on axis. These beams have a hyperbolic wave front when 

focused as illustrated in figure 2.5.3g. 

 

We need to determine the diameter of the beam at the waist of the hyperbola. 

According to the optics of Gaussian beams,11 and several parameters of the laser and 

Fig. 2.5.3g: A cartoon of a focused Gaussian beam compared 
to ray tracing a collimated beam.  
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lens such as the wavelength and the distance between them, the diameter of the 

beam will be about 15 nm as it strikes to target. This small spot size allows us to 

space the scans of the beam as close together as the apparatus will allow. The beam 

scans the target 65 times in the space of 5 mm. 

  



 18 

 

Chapter 3 

Spectroscopy & Matrix Isolation 

3.1 Overview  

Spectroscopy is the study of how matter interacts with light. Atoms and 

molecules interact with light by either emitting or absorbing individual photons 

upon changing their energy. Due to the quantum nature of atoms and molecules, 

they can only exist on a finite set of discrete energies.  This fact and the conservation 

of energy requires that the energy of the photons emitted or absorbed reflect the 

differences in energy required to transition form one state to another. Observing the 

absorption or emission spectra of a known atom or molecule reveals its unique 

energetic structure. Observing the spectra of an unknown substance results in a 

plethora of spectral bands, each corresponding to a particular transition in energy 

level. These can then be compared to the transition energies of known atoms and 

molecules in order to deduce which are present in the sample. 

 

3.2 Rovibrational Spectroscopy  

Whereas atoms can only be spectroscopically detected through electronic 

transitions, molecules can be detected through transitions of rovibrational energies. 

This is because molecules are linkages of atoms with internal degrees of freedom 

and thus have additional sets of energies (rotation and vibration). Classically, 

molecules can be thought of as systems of masses and springs. Their dynamics are 
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described by coupled systems of differential equations that give rise to a set of 

normal modes as shown in figure 3.2b for a three-body system. Each of these modes 

has an associated frequency. Classically the modes can vibrate with any of a 

continuous range of energies, but in the quantum version, each normal mode has its 

own set of discrete energy values. To first approximation, the normal modes can be 

thought of as simple harmonic motion. Quantum harmonic oscillators have equally 

spaced energy levels as depicted in figure 3.2a thus each can absorb or emit photons 

with energy any multiple of ℎ𝜐, where 𝜐 is the frequency of the vibration and ℎ is 

Planck’s constant.  

 

In reality, the energies of the modes are slightly anharmonic, so the energy levels 

will not be exactly equally spaced as pictured, but the approximation holds at low 

energy. In an absorption spectrum, the most likely transition to be detected is that of 

exciting a ground state vibrational mode to its first excited state. Every vibrational 

mode has its own unique frequency, so this first excitation will result in a spectral 

Fig. 3.2a:  Quantum 
harmonic oscillator 
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band for each normal mode of a molecule. These bands constitute a characteristic 

signature for every molecule.  

 

Vibrational modes are lower energy than electronic transitions, thus are 

likely to appear in the infrared region instead of the visible. Only modes that have an 

oscillating dipole moment can be detected by infrared spectroscopy. For example, in 

the figure above, which can be thought of as the vibrational modes of a CO2 

molecule, (b) and (c) would be sensitive to IR, but (a) would not.  This is because the 

wavelength of the light is much greater than the scale of the molecule, that is about 

an μm (10-6 m) compared to an Å (10-10 m), so the molecule to first order “sees” a 

spatially uniform oscillating electric field. This field can induce a dipole moment in 

the molecule, but has no way of inducing other vibrations without higher order 

effects. 

 

 

 

Fig. 3.2b: Normal modes of a simple 
coupled three-mass system  

Symmetric stretch 𝜐1 

Asymmetric stretch 𝜐3 

Bending 𝜐2 
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3.3 Spectral Peaks and Absorbance Units  

An example of typical spectral bands is shown in figure 3.3. Each of these 

peaks is due to a different carbon cluster absorbing photons resonant with one of its 

normal modes.  

 

This is a plot of spectral absorbance per wavenumber. Wavenumber is the number 

of wavelengths that occur in a cm and is simply proportional to frequency. 

Absorbance is a bit more complicated. The spectrometer calculates the spectral flux, 

the power per unit frequency, transmitted by the sample, and compares it to the 

spectral flux incident on the sample.  This ratio is the sample’s transmittance. 

Absorbance is the negative decadic logarithm of the transmittance. 

Figure 3.3: Several spectral peaks due to 
carbon clusters 
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𝐴 = − log10

Φ𝑡

Φ𝑖
= − log10 𝑇 =

𝜏

ln 10
 

𝐴 is the absorbance, Φ𝑖 and Φ𝑡 are the incident and transmitted spectral flux 

respectively, 𝑇 is the transmittance, and 𝜏 is the optical depth. Absorbance is a 

useful unit because it is proportional to the optical depth but in decimal instead of 

using a natural logarithm. The optical depth is useful because it is proportional to 

how many absorbers are in the beam’s path according to the Beer-Lambert law 

𝜏 = 𝜎𝑛𝑙 

Where 𝑛 is the number density, 𝑙 is the path length of the beam through the sample, 

and 𝜎 is the absorption cross-section. This means that the size of a peak can give us 

an notion of how much of the corresponding molecule is present in a sample, but we 

cannot compare the relative abundance of molecules by the sizes of their peaks 

because each peak has a different absorption cross section dependent of the 

characteristics of the molecule. 

 

3.4 Matrix Isolation 

Matrix isolation is a technique used to study transient, highly reactive 

molecules. In order to prevent them from reacting with surrounding material, these 

molecules are trapped in the matrix of a solid inert substance such as a frozen noble 

gas. The molecules will become fixed at or between lattice sites in the crystal.15  The 

molecules and rare gas are deposited at about a 1:1000 ratio in a typical 

experiment,15 which ensures that the rare gas surrounds most every molecule and 

isolates them from reacting with one another. This isolation is crucial to avoid band 
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broadening caused by interactions between molecules. The matrix constrains the 

molecules from rotating or translating, but they can still vibrate with nearly the 

same frequencies they would in the gas phase.2 This means that the vibrational 

spectrum of a molecule trapped in rare gas matrix varies only by a small amount 

from its gas-phase counterpart. 

 

3.5 FTIR 

Absorption spectroscopy works by shining a source of light through a sample 

into a detector and comparing the light detected to the light emitted in order to 

extract information about the sample. In the case of diffuse atoms or molecules, the 

absorption will be due to the electronic or rovibrational transitions described in the 

previous two sections. The most logical strategy to use absorption spectroscopy to 

identify molecules is to shine a tunable monochromatic laser at a source and 

measure the amount of light that is absorbed for each wavelength. Vibrational 

modes that are resonant with the frequency of incoming photons will absorb them 

and become excited, so it is easy to identify spectral peaks by observing the 

absorbance vs. frequency measurements. The problem with this approach is that 

this sort of tunable laser is very difficult to create in the IR; most lasers are only 

equipped either to output narrow bandwidth centered on a single frequency or a 

very narrow range compared with the spacing of different vibrational transitions.  A 

less intuitive but more pragmatic solution is to use a more attainable light source, 

say a hot piece of metal acting as an IR filament, to shine a wide range of frequencies 

through the sample. Fourier Transform Infrared Spectroscopy, or FTIR is a 
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spectroscopic technique that uses a broadband IR source of light, a Michelson 

interferometer, and a fast Fourier transform algorithm to measure IR absorption 

spectra.14 The spectrometer repeatedly measures the total absorbance of the sample 

over all frequencies present in the beam. Between each measurement, it slightly 

alters the frequency composition of the probe beam using the interferometer. These 

repeated measurements yield a relation of absorbance to the parameter it uses to 

vary the frequency composition, called an interferogram. The absorbance per 

individual wavelength can be backed out of this information with an algorithm.  The 

frequency composition of the light source is not altered by physically adjusting the 

filament itself, but instead by sending the beam through an interferometer before it 

passes through the sample. A system of mirrors splits the beam, has it travel two 

distances, and recombines it as shown in figure 3.5a.  

 

If the two arms of the arms are not quite equal length the two travelling waves of 

light recombine out of phase with each other and constructively or destructively 

interfere in a known pattern. The spectrometer varies the length of one of the paths 

by moving one of the mirrors, which parameterizes the frequency composition. 

Filament 

Mirror 

Mirror 

Beam Splitter 

Detector 
Fig. 3.5a: 
The Michelson 
Interferometer 
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Consider a monochromatic beam running through the interferometer. At equal path 

lengths the beam splits then recombines with no phase shift as shown in A in figure 

3.5b. At a path length difference of half the wavelength, the peaks and troughs of the 

wave align and the wave cancels itself out upon recombination as shown in C in the 

figure. At a path difference equal to the wavelength the waves line up again to full 

constructive interference.  

 

This behavior is sinusoidal as the path length changes. The amplitude of the wave 

will be proportional to cos2[2𝜋 
𝑙

𝜆
], or equivalently cos2[2𝜋 𝑙 𝜐/𝑐] , where l is the 

displacement of the moving mirror from equal path lengths, 𝜆 is the wavelength and 

𝜐 is the frequency. This process is happening for each frequency of light present in 

the probe beam, and the detector measures the total power of all of them. Summing 

all of them up, the full interferogram function will look like ∫ 𝑓(𝜐)cos2[2𝜋 𝑙 𝜐/𝑐]𝑑𝜐, 

+ = 

+ 
= 

+ = 

A 

C 

B 

Fig.  3.5b: A is equal path lengths, B is a shift of a quarter 
wavelength, an C is a half wavelength shift 



 26 

where 𝑓(𝜐) is the Planck distribution of frequencies emitted through black body 

radiation by the filament.  This beam will pass through the sample, and particular 

frequencies will get absorbed so the new function will look like ∫ 𝑔(𝜐)cos2[2𝜋 𝑙 𝜐/

𝑐]𝑑𝜐 where 𝑔(𝜐) is 𝑓(𝜐) with the absorption spectrum subtracted out.  This is looks 

quiet a bit like the Fourier Transform of 𝑔(𝜐), so it’s understandable that an inverse 

Fourier transform of this function will recover 𝑔(𝜐), which, when compared to 𝑓(𝜐), 

yields the absorption spectrum. An example background spectrum and the 

corresponding interferogram are shown below. 

 

The bands in the background spectrum are mostly due to CO2 and H2O, and its shape 

is determined by the frequency dependent transmittance of air and the materials in 

the spectrometer. The interferogram has the feature of a large spike at zero 

displacement because all wavelengths pass through the interferometer with no 

interference at equal path lengths. As the mirror advances the amount of power the 
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Fig 3.5c: An example background spectrum 
and the corresponding interferogram  
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detector measures settles to an average value across all wavelengths. This method is 

less technically challenging to construct than a laser spectrometer. It also has the 

benefit of scanning the whole frequency range simultaneously, so any time-

dependent information about the spectrum will be captured. 

 

Chapter 4  

Carbon Clusters 

4.1 Identification 

Carbon is arguably the most important element in chemistry. Pure carbon 

clusters show up in variety of systems. In astronomy, their spectrographic signal is 

present in carbon stars, comets, and the interstellar medium.13 They are also 

produced by combustion of fossil fuels,17 so they’ve been studied rather thoroughly. 

Since carbon can form single, double and triple bonds with itself, it forms a variety 

of structures from the spherical buckminsterfullerene, to rings, to simple chains of 

atoms5. Though all of these molecules are interesting, we’ll focus on the ones 

relevant to our CBGB apparatus, namely those produced by laser ablation of 

graphite, i.e. small, predominantly linear clusters. Some of these clusters are 

pictured in figure 4.1a. 
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Many experiments involving these molecules detect them through vibrational 

spectroscopy.5 Each cluster has a unique set of vibrational spectral bands 

corresponding to its vibrational modes used to identify them. The normal modes of 

C4 and C5 are shown below for example. In order to tell which species are present in 

a spectrum, one must know where those species’ signature bands occur based on 

previous experiments or theoretical calculations. For carbon clusters, a wealth of 

research has been conducted, so the most prominent peaks of many clusters are 

known.5 There are several strategies for identifying previously unknown peaks 

detailed in the following sections. 

Fig. 4.1a: Illustration of carbon clusters taken from 
reference 5. Calculated bond lengths are shown in 
angstroms and angles in degrees. 
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4.1.1 Ab Intio Calculations 

 Ab intio calculations use approximations of quantum mechanics in order to 

predict vibrational behaviors of molecules. Density Functional Theory (DFT) is a 

computional method that drastically simplfies the many-body problem of the 

electrons in a molecule.12 The theory approximates the system as a non-interacting 

electrons in an effective potential, which reduces the many-body problem of N 

electrons requiring 3N coordinates (three spacial coordinates for each electron) 

with a 3 coordinate electron density. This electron density is found by minimizing 

an energy functional, and the properties of the system can be calculated through 

Fig 4.1b: the normal modes of the linear C4 
and C5 molecules. Taken from reference 21. 
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other functionals of the density.12 These calculations are used as a first 

approximation to be measured with much higher accuracy by physical experiments. 

 

4.1.2 Mass selection 

 Mass selection studies typiclally use a quadropole mass spectrometer to 

filter a particular species of ionized carbon cluster (anions) from a source, neutalize 

the molecules with UV radiation, and then spectroscopically analyse the result.5 The 

mass spectrometer selects particluar charge to mass ratio with high accuracy, so the 

resulting spectral peaks can be assigned to a single carbon cluster with confidence. 

 

4.1.3 Isotopomer Studies 

 An isotopomer is a molecule that has one or more of its constituient atoms 

replaced with a different isotope than normal. In rovibratioanl spectroscopy, 

isotopomers have slightly different spectra than the normal version of the molecule 

because the increased or decreased mass changes the frequency of oscillation, much 

like attaching a heavier weight on the end of a spring. Changing these frequencies 

changes the wavelength of light required to excited them, thus shifting each peak a 

small amount.19 In carbon cluster studies, this strategy involves carbon clusters 

produced from 13C-enriched sources in order to create a distribution of every 

possible 13C substitution.20 When compared to the spectrum of pure 12C molecules, 

the spectrum of the isotopomers have the effect of splitting all the peaks in a 

predictable way. By observing this splitting, it’s possible to deduce which peaks in 

the pure spectrum belong to which vibrational modes of a particular molecule.  
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4.1.4 Annealing Studies 

 These studies track the behavior of individual peaks of matrix isolated 

carbon clusters with respect to temperature in order to correlate the peaks 

together.6 Anealing the matrix allows for the clusters to migrate and react. As the 

concetration of a species increases or decreases in the reaction, all the peaks 

cooresponding to the vibrational modes of a particular molecule will grow or shrink 

proportionally. If the most prominent peak of a molecule is known, this technique 

allows researchers to find peaks cooresponding to other vibrational modes of the 

molecule.  
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4.1.5 Identification Table 

Using these strategies or combinations of multiple strategies, studies have 

over the course of decades identified several peaks of many carbon cluster in the gas 

phase and trapped in several noble gas matricies. Synthesiszing the results of these 

studies yields the following identification table: 

 

 

Table 1: All values are given in wavenumber measured in 
cm-1. A separate bibliography is given for this information 
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4.2 Comparison  

We’re interested in comparing the products of our buffer-gas beam to those 

that other experiments have produced. Our apparatus creates a large distribution of 

carbon clusters, so we need to compare to other studies that also create a 

distribution instead of focusing on one cluster. For this comparison, five studies 

were selected that investigated several carbon sources and the behavior of carbon 

clusters in matrix. They are summarized in the following sections.  

  



 34 

 

 

1  The Kinetics and Formation of Small Carbon Clusters in an Argon 

Matrix6 by Jan Szczepanski, Robert Pellow, and Martin Vala is an annealing study. 

They investigate the temperature dependence of the prominent bands of C3, C5, C6, 

and C9 trapped in argon matrix. They propose a kinetic model based on pairwise 

interactions of clusters to fit the annealing data. They use laser ablation of a rotating 

graphite rod as their source of clusters. An example of some of their spectra is 

shown in figure 4.2.1. 

 
  

Fig 4.2.1 from reference 6. Carbon clusters  trapped in Ar annealed to 
various temperatures 
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2  Rare Gas Matrix Studies of Absorption and Fluorescence of Reactive 

Intermediates Formed in Discharges through Acetylene7 is a study involving a 

novel technique of producing a carbon cluster beam. They use the discharge of 

acetylene, C2H2, to seed a supersonic expansion beam of either neon or argon gas, 

which is then frozen to a matrix isolation window. An example sprectrum for each 

buffer gas is shown in figure 4.2.2. 

 

  

Fig 4.2.2 from reference 7. Carbon clusters 
trapped in neon and argon held at 5K and  11K 
respectively 
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3           Infrared Spectroscopy of Matrix-Isolated Carbon Clusters, With 

Emphasis on 𝐂𝟖 and 𝐂𝟗,8 by the same group as the first paper studies is an 

annealing study with the goal of identifying new peaks. The apparatus employs laser 

ablated graphite tapped in Ne, Ar, or Kr deposited on a window. By observing 

annealing behavior and comparing with DFT calculations they identify new bands of 

C8 and C9. 

 

  

Fig 4.2.3 from reference 8. Carbon 
clusters in Kr matrix annealed to 
various temperatures. 
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4           Spectroscopy of Carbon Molecules. IV. C4, C5, C6 (and C9),9 by W. Weltner 

Jr, , K. R. Thompson, and R. L. DeKock is an isotopomer study. They use isotopic 

substitution in order to identify previously unknown spectral peaks and investigate 

which species form with diffusion. The experiment employs a tantalum carbide oven 

cluster source, a tantalum tube packed with carbon powder heated by passing a few 

hundred amperes through it. The oven can be loaded with can be pure 12C powder 

or some mix of 13C and 12C in order to create isotopically substituted clusters. They 

also calculated the stretching force constants of the bonds of several clusters. 

 

  

Fig 4.2.4 from reference 9. Carbon clusters trapped in Ar 
matrix. A is the original spectrum. B and C are the spectra after 
annealing at 15K and 30K respectively. 
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5           Diffusion of Mass-Selected Carbon Atoms and Molecules on Argon and 

Neon Matrices9, by Michel Grutter et al. is a different sort annealing study that 

seeks to explain the mechanism of reactions in annealing. The carbon source instead 

of being a random distribution of clusters is a mass selected beam of carbon anions 

in neon or argon that are neutralized by UV radiation as they’re being deposited in 

matrix. They deposited first C−ions and observed their behavior upon annealing. 

The resulting spectra are shown in figure 4.2.5. The first spectrum is nearly 

featureless because monatomic C is invisible to IR spectroscopy. The second is full of 

peaks, demonstating the readiness that carbon atoms aggregate into clusters 

provided the chance to migrate. In another test they repeated the same procedure 

with C2. In this case the pre and post annealing spectra are similarly blank, 

suggesting no aggregation occurred. Gutter et al. draw the conclusion that it is only 

monatomic carbon that is capable of diffusing within the matirx during annealing, 

though this result is contested in other studies. 

 

Fig 4.2.5 from reference 10.  Mass-selected carbon 
atoms in Ar matrix. The bottom trace is post annealing 
to 32K. 
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 Comparison Table 

  Taking data from these studies and identifying the peaks yielded the 

following table. The number assigned to each paper corresponds to the numbering 

of the preceding 5 sections. The three numbers following each cluster are the 

wavenumbers (cm-1) of that peak in neon, argon, and krypton respectively. The 

values listed in the table are the ratios of that peak’s absorbance value to the 

absorbance of a common peak, in this case the 𝜐3 mode of C3, in order to factor out 

differences in total cluster production. This table combined with information from 

the experimental setup of each of these experiments gives us a reference for what 

distribution of carbon clusters have been produced under what conditions. 

 

 

Table 2: A comparison of the distribution of 
carbon clusters produced in several studies. 
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4.3 Our Results  

  Our apparatus after 40 minutes of deposistion measured the following 

spectrum shown in figure 4.3. Using the information in Table 1, the peaks have been 

identified. Every IR active carbon cluster up to C12 is clearly present, and many have 

signal from multiple vibrational modes. 
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peaks identified according to Table 1.  
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From Table 2, it’s clear that this managerie of peaks is far from common. Most 

experiments detect around ten clearly identifiable peaks whereas our aparatus has 

yielded twenty. Our standard deposition time is 30 minutes and the signal to noise 

ratio is excellent, typically around 25,000-50,000 (i.e. >104), for sets of scans that 

take the spectrometer ~45 seconds at 1 cm-1 resolution. This is a remarkably large 

signal for such a brief deposition time. Some experiments with different sources of 

carbon deposit for hours in order to achieve acceptable SN ratios.5,7  

 Table 2 also suggests that our distribution of carbon clusters more closely 

resembles the post-annealing spectra of experiments rather than pre-annealing. For 

instance, the presence of C12 is a common feature only in the post annealing spectra. 

This similarity suggests that the carbon clusters in our system are aggregating. 

These reactions may be taking place in the crystal itself if it is not being properly 

cooled to 5K, or the clusters could be reacting directly after ablation while they are 

in a hot, dense cloud. 

 The CBGB has proven to be an efficient apparatus for creating a bright source 

of carbon clusters. Moving forward we will be able to perform our own annealing 

studies, and then to move on to other experiments with the CBGB and apply these 

same techniques to other molecules, such as vanadium oxide. 
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