
c© 2015 by Bradley Michael Gibson. All rights reserved.



HIGH-RESOLUTION INFRARED SPECTROSCOPY IN PURSUIT OF C60 AND
OTHER ASTROCHEMICAL TARGETS

BY

BRADLEY MICHAEL GIBSON

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Chemistry

in the Graduate College of the
University of Illinois at Urbana-Champaign, 2015

Urbana, Illinois

Doctoral Committee:

Professor Benjamin J. McCall, Chair
Professor Alexander Scheeline
Professor J. Gary Eden
Assistant Professor Josh Vura-Weis



Abstract

This work is primarily concerned with the development of a mid-infrared cavity ringdown spectrometer

with the intent of observing rotationally-resolved vibrational spectra of C60 and other astronomically rele-

vant molecules, including the polyoxymethylene 1,3,5-trioxane. C60 was first discovered during experiments

intended to simulate the conditions found in carbon stars, and has since been observed via emission spec-

troscopy in several planetary nebulae as well as the inerstellar medium. Due to its low ionization potential,

much of the C60 in interstellar space is expected to be ionized to C+
60, which has long been suspected as

one of the carriers of the diffuse interstellar bands; recent work supports this assignment, further increasing

interest in the astrochemistry of C60. While these observations through emission spectroscopy have had

a significant impact, emission spectroscopy is not an effective approach in cold regions of space with low

ultraviolet flux - as such, obtaining a high-resolution absorption spectrum remains an important goal.

This is an extension of previous development work and attempts to observe the spectrum of C60 - as the

principle shortfall of those previous attempts was the the inability to vibrationally cool C60 produced via

thermal vaporization, much of this following will focus on the development and validation of an alternative

vaporization method involving the expansion of supercritical fluids containing the target molecules. This

should allow vapor to be produced at much lower temperatures, allowing more C60 to reach the ground state

in spite of inefficient supersonic cooling. The first generation source has been constructed and tested, with

the results informing the design of a second-generation source that has been constructed and is currently

being evaluated.

In addition to the development of an improved source for cold C60, we have also implemented a new

external-cavity quantum cascade laser as the light source in our instrument. This new laser has significantly

improved spectral coverage when compared to the previous light source, in addition to considerably easier

and more reliable frequency tuning. However, the addition of a vibration-sensitive grating as a wavelength

selective element introduced an unacceptable jitter in the lasing frequency. To address this, we developed a

novel laser locking system based on side-of-fringe locking to a solid germanium etalon; in order to maintain

continuous wavelength tuning, the free spectral range of the etalon is tuned by stepping its angle with respect
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to the incident laser. This has allowed us to stabilize the laser to acceptable levels while maintaining the

ability to tune its lasing frequency very precisely.

Finally, we recorded, simulated, and assigned the rotationally-resolved absorption spectrum of the ν16

vibrational band of 1,3,5-trioxane. In addition to the importance of trioxane to understanding formaldehyde

chemistry in comets, trioxane was chosen as a means of testing the various improvements made to the

spectrometer. The spectrum described in this work was obtained using the new external-cavity quantum

cascade laser and locking system; efforts to evaluate the second-generation supercritical fluid expansion

source will use trioxane spectroscopy to estimate the efficiency of rotational and vibrational cooling.
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Chapter 1

Introduction

1.1 C60: Discovery and Astronomical Relevance

C60, also known as buckminsterfullerene, was first discovered in 1985 by Kroto and coworkers [1] during

experiments intended to replicate the conditions present in carbon star outflows. Briefly, a carbon plasma

was generated using a pulsed laser and rapidly cooled in a helium carrier gas. The resulting product mixture

was then photoionized and analyzed via time-of-flight mass spectrometry. Among other complex carbona-

ceous products, a series of large, even-numbered carbon clusters were observed, with the most abundant

of these corresponding to C60 and C70. It was suggested that the C60 cluster might have an icosahedral

structure, similar to designs of the architect Buckminster Fuller - this structure was later confirmed by X-ray

crystallography [2], becoming the first member of the class of molecules now referred to as fullerenes.

Because the Kroto experiments were successful in producing many carbonaceous compounds that had

already been observed in the circumstellar regions of carbon stars [1], it appeared reasonable that C60 and

other fullerenes might be present in similar astronomical environments. Furthermore, C60 is a remarkably

stable structure with regards to photoionization, and as such it seemed likely that it might also be incor-

porated into dense and diffuse clouds in the interstellar medium [3]. Searches for astronomical C60 were

initially limited by the lack of efficient terrestrial synthesis techniques and laboratory spectra, but work by

Kratchsmer and coworkers [2, 4] provided both an effective electric arc synthesis method and laboratory

spectra in the ultraviolet-visible and infrared regions.

Despite the availability of laboratory spectra, C60 evaded astronomical detection until 2010, when Cami

and coworkers [5] observed features attributed to three vibrational modes of C60 in the emission spectrum

of the planetary nebula Tc1; additional features were observed that could be attributed to C70, as shown

in Fig. 1. Tc1 was believed to be a hydrogen-poor region, supporting earlier assumptions that fullerenes

would form primarily where a lack of hydrogen made the formation of polycyclic aromatic hydrocarbons

less favorable. Shortly after the detection by Cami, however, additional detections were made by Garcia-

Hernandez and coworkers that indicated the presence of C60 in four additional planetary nebulae which were
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not considered hydrogen-poor [6]. In addition to these detections in planetary nebulae, which are believed to

be from solid-phase C60 on dust grains, emission features attributed to UV-excited C60 have been observed

in reflection nebulae, confirming the presence of C60 in the interstellar medium [7].

In addition to being of interest in describing the chemistry of carbon stars, C60 is also notable as a

potential carrier for the diffuse interstellar bands (DIBs). These bands constitute a collection of absorption

features in the interstellar medium spanning the ultraviolet, visible, and near-infrared spectral regions which

have not yet been attributed to any known molecular carriers, and remain one of the greatest unsolved

mysteries in interstellar chemistry [8]. Although neutral C60 does not correspond to any of the DIB features,

its low ionization potential suggests that most interstellar C60 should be ionized to C+
60, which could explain

some observed DIB absorptions [9]. Recent work has provided even stronger evidence for the attribution of

some DIB features to C+
60 [10].

Although the existing laboratory and astronomical work centered on C60 is extensive and includes a

number of astounding accomplishments, laboratory absorption spectroscopy of gaseous C60 remains an

unsolved challenge. Existing emission spectra allow astronomical searches in many environments, but do not

allow for detections in regions where C60 cannot be adequately excited - notably, cold environments with

low UV flux. Additionally, quantification of C60 via emission spectroscopy relies upon accurate values for

UV flux and the UV absorption cross-section of C60, making absorption spectroscopy preferable in many

cases. Because absorption spectroscopy would be such a powerful complement to existing emission work, our

group has committed significant time and resources to the acquisition of a laboratory spectrum - although

efforts are ongoing, the significant challenges posed by C60 as a spectroscopic target have thus far prevented

the acquisition of a rotationally-resolved infrared absorption spectrum.

1.2 C60: Spectroscopic Challenges and Early Laboratory Work

The principle challenge for gas-phase absorption spectroscopy of C60 is its very low volatility. The traditional

approach to producing vibrationally-cold vapor of non-volatile molecules is to simply heat the condensed

sample until it has significant vapor pressure, then use a supersonic expansion to cool the resulting gas

enough to produce a significant population in the vibrational ground state. In the case of C60, this requires

that the solid sample be heated to temperatures of approximately 950 K (see Fig. 2). Although designing an

oven and supersonic expansion to operate at such temperatures presented a number of challenges, this is the

approach initially attempted by our group. The approach used was validated with a number of intermediate

molecules, including methylene bromide and pyrene [11, 12], but ultimately proved to be unsuccessful in
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producing an infrared absorption spectrum [13].

Based on the amount of C60 vapor produced and the sensitivity of our spectrometer, as determined by

the earlier pyrene work, the strongest features of the C60 absorption spectrum should have been observed

at signal-to-noise ratios in excess of 100. That no such features were observed appears to be the result of

inefficient cooling of C60 in our supersonic expansion. Effective vibrational cooling in a supersonic expansion

depends upon the transfer of vibrational energy from the target molecule to the carrier gas through collisions,

and is most effective when an abundance of vibrational states allows the target molecule to go from its

initial excited state to the ground state in a number of small steps. In cases where few vibrational states are

available, the cooling process can become bottlenecked and produce a non-thermal distribution of vibrational

states that leaves the ground state less populated than would otherwise be expected. This is likely the case

for C60 - there are few vibrational states available below 500 K, as shown in Fig. 3, making vibrational

cooling below this temperature far more difficult. The problem is exacerbated by C60’s size - the many

available vibrational degrees of freedom lead to a partition function that grows very rapidly with increasing

temperature, as shown in Fig. 4. At a vibrational temperature of 300 K, Qvib is already over 2,000.

Because of the difficulty of cooling C60 from the temperatures required for traditional thermal vapor-

ization, it seems clear that an alternative vaporization technique with lower operating temperatures will be

necessary to obtain an infrared absorption spectrum. The bulk of this work is focused on the development

and validation of such a technique, as well as other instrumental improvements intended to address its

shortcomings.

1.3 Instrumental Improvements: Locking and Supercritical

Fluid Expansion Source

We are aware of three possible approaches to producing lower-temperature C60 vapor. The first of these

is is laser desorption followed by supersonic expansion. This technique has been successfully employed

in resonant two-photon ionization experiments involving C60 [14, 15], but the vibrational temperature of

the vapor produced was not directly measured and cannot be readily calculated using available data - the

temperature of laser-desorbed molecules vary depending upon the target molecule, substrate, and laser used.

The second option considered was a gas-phase aggregation cluster source [16]; in this technique, C60 would

be entrained in a flow of noble gas and cooled via collisions with the walls of the source, which would be

cryogenically cooled. Again, this type of source has been used successfully in resonant two-photon ionization

spectroscopy of C60; the primary disadvantage would be cost and a significant increase in experimental
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complexity.

The third option, which was ultimately chosen for the next iteration of our C60 experiment, is supercritical

fluid expansion. In this technique, C60 is dissolved in a supercritical fluid composed of CO2 and a co-solvent,

which is depressurized through a pinhole before being entrained in a secondary expansion of argon. This

type of molecular source has been demonstrated by Goates and coworkers [17]; the temperatures achieved

depend largely upon the solvent system chosen, as this determines the temperature required to pass the

critical point. For C60, it has been shown that a 7:3 mixture of CO2:toluene is effective for supercritical fluid

extractions [18, 19], which would have a critical temperature of approximately 450 K. This represents a vast

improvement over the previous high temperature oven source in terms of initial vibrational temperature,

but is also expected to produce number densities approximately two orders of magnitude lower. This will

likely require additional improvements to our spectrometer to increase its sensitivity, but nonetheless seems

to provide a feasible path towards a ro-vibrational absorption spectrum of C60.

We have successfully built a first-generation supercritical fluid source and integrated it into our existing

spectrometer for evaluation. Testing with D2O showed promising cooling performance, but a number of

performance issues with this first iteration were identified - most importantly, the heating system used was

unable to reach the necessary temperature for our desired solvent system. In response, we have designed an

improved second-generation source to address these shortcomings. This new source has been constructed

and integrated into our spectrometer, and evaluation is currently ongoing.

In addition to the integration of a new molecule source, we have made significant improvements to the

light source of our spectrometer. Earlier work used a Fabry-Pérot quantum cascade laser provided by the

Gmachl research group at Princeton. The laser performed well, but had limited tuning range and numerous

coverage gaps, as shown in Fig. 5; additionally, attempting to tune the laser to specific wavelengths within

its range could be quite challenging. Because of this, we have integrated a new external-cavity quantum

cascade laser, seen in Fig. 6, based on designs from Gerard Wysocki and using a gain chip provided by his

lab at Princeton. The tuning ranges are compared in Fig. 5; notably, the tuning range for the new external

cavity laser is completely continuous and any desired wavelength can be reliably and easily selected due to

the addition of external cavity grating angle as a wavelength selective element. Additionally, the new laser

is cooled thermoelectrically rather than cryogenically, making it considerably more convenient to maintain.

Although the new external-cavity quantum cascade laser is superior in terms of tuning range and ease

of operation, we initially had some significant difficulties with stability of the lasing frequency. While

nominally set at a single wavelength, the frequency, as measured by wavemeter, could vary by over 300

MHz over timeframes of a few seconds, as seen in Fig. 7. Such severe frequency jitter would not allow
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us the resolution needed to clearly resolve rotational lines for many of the molecules we were interested in

studying. As we considered it likely that mechanical vibrations being coupled into the external cavity grating

angle were responsible for the instability, we attempted a number of passive approaches for improving the

mechanical stability of the laser - the optical table was placed on vibration isolation legs, a pulse-damping

reservoir was added to the laser’s chilled water circulator, and the vacuum chamber was isolated from the

optical table by using a hollow silica waveguide to couple light into the optical cavity. These approaches did

improve the stability of the laser, but ultimately it proved necessary to include active frequency locking.

This was accomplished by developing a new locking technique: tilt-tuned side-of-fringe etalon locking.

Essentially, the laser is side-of-fringe locked to a solid germanium etalon, with continuous frequency tuning

accomplished by changing the angle of the etalon relative to the incoming laser beam. This approach allows

for extremely fine control of the center frequency of the laser as well as vastly reduced frequency jitter - the

implementation of this system allowed us to reduce the standard deviation of our lasing frequency from over

130 MHz to approximately 1 MHz over a one-second integration time. Although further improvements could

have been made to the frequency stability of the laser, this proved to be sufficient for the target molecules

this work is concerned with.

1.4 1,3,5-Trioxane: Astronomical Relevance and Instrument

Validation

Following the improvements to our spectrometer, we sought to validate its performance using a target of

intermediate difficulty before moving on to our work with C60. Ultimately, we chose 1,3,5-trioxane for this

work. Trioxane is convenient from a spectroscopic standpoint - it is a readily available commodity chemical

and a very strong absorber, which are important considerations if we are to use it in the evaluation of our

supercritical fluid expansion source. Although sensitivity improvements for the spectrometer are planned

before the next attempt to observe C60, these have not yet been implemented, and a strong absorber like

trioxane will be necessary to evaluate the source since it produces relatively low number densities.

In addition to its convenience for instrument validation, trioxane is astronomically important in its own

right. Trioxane is one of the simplest members of the polyoxymethylene (POM) class of molecules, which

have been proposed as the source of extended formaldehyde production in cometary comae [20, 21], making

them important molecules in studies of prebiotic chemistry. Trioxane is of particular interest since it is

a photodegradation product of larger POM molecules, potentially making it disproportionately abundant

in comae. Although trioxane and other POMs have been present in laboratory simulations of cometary
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conditions for some time [20], they have not yet been detected with certainty. Recent mass spectrometry

results from the Rosetta mission strongly suggest the presence of POM [22], data collection and analysis are

ongoing.

For the purposes of this work, we have successfully recorded, simulated and assigned the ro-vibrational

spectrum of the ν17 band of 1,3,5-trioxane. Although numerous microwave spectra [23, 24, 25, 26, 27, 28]

and the ro-vibrational spectrum of the ν16 band [29] have been observed, this work is the first rotationally-

resolved observation of the ν17 band. Going forward, our intention is to repeat these observations using the

second-generation supercritical fluid source in order to estimate the efficiency of rotational and vibrational

cooling; this will allow us to evaluate the feasibility of C60 spectroscopy using this approach prior to making

any necessary changes to improve our spectrometer’s sensitivity.
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Figure 1.1: Emission features of C60 and C70 in Tc1. The black trace shows experimental data from the
Spitzer Space Telexcope, while the red and blue traces show simulated emission spectra from C60 at 330 K
and C70 at 180 K, respectively. Dashed features are known atomic transitions, and the Spitzer module used
for each region is indicated below the simulated traces. Figure taken from Cami et al. [5].
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Figure 1.2: Vapor pressure of C60. The black trace shows the vapor pressure of C60 as a function of
temperature; for previous attempts to observe C60, temperatures approaching 700 degrees Celsius were
used. Figure taken from the doctoral thesis of Brian Brumfield [30].
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Figure 1.3: Distribution of vibrational states in C60. The black lines represent the vibrational states of
C60, plotted against their respective vibrational temperatures on the y-axis. Notably, the density of states
becomes very low below 500 K, making efficient vibrational cooling via supersonic expension extremely
difficult.
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Figure 1.4: Vibrational partition function of C60. The black trace shows the value of the vibrational partition
function of C60 as a function of temperature. Because of the many vibrational degrees of freedom of C60,
the partition function grows very rapidly with increasing temperature, making effective vibrational cooling
critically important in any attempt to observe an absorption spectrum in the laboratory. Figure taken from
Stewart et al. [13].
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Figure 1.5: Tuning range comparison for Fabry-Pérot and external-cavity quantum cascade lasers. The
red trace shows the useful tuning range of the external cavity quantum cascade laser, while the blue bars
represent accessible ranges for the Fabry-Pérot laser. Note that while the Fabry-Pérot laser had sizeable
coverage gaps, the external-cavity laser had continuous frequency coverage in this region. Figure adapted
from Gibson et al. [31].
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Figure 1.6: Photograph of the external-cavity quantum cascade laser. Shown are the laser housing from
ILX Lightwave and the external cavity grating, mounted on rotation and translation stages from Physik
Instrument. The current and temperature controllers were also provided by ILX Lightwave.
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Figure 1.7: Frequency stability of the free-running external-cavity laser. The red trace shows the frequency
of the external-cavity laser over time, as determined by wavemeter readings. Although the laser was meant
to be held at a constant wavelength during these measurements, peak-to-peak fluctuations of over 300 MHz
and a standard deviation of approximately 130 MHz are seen.
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Chapter 2

Tilt-Tuned Side-of-Fringe Laser
Locking

2.1 Introduction

Tilt-tuned etalons have been used as intra-cavity filters in lasers for decades [32] and continue to see use

in modern laser designs [33]. Frequency-locking of lasers to etalons outside of the resonator cavity is also a

well-established technique [34]. It is common to see lasers locked to etalons that are length- [34] or index-

tuned [35], but to the best of our knowledge there are no reports in the literature of locking to a tilt-tuned

etalon to stabilize a tunable laser. Although length- or index-tuning are effective approaches, tilt-tuning can

provide stability and tuning characteristics suitable for applications in molecular spectroscopy at lower cost

and experimental complexity.

Here, we present a tilt-tuned etalon locking system capable of maintaining MHz-level short-term stability

over a single-scan tuning range of 0.4 cm-1 or more for an external-cavity quantum cascade laser (EC-QCL)

centered near 1185 cm-1. The system was constructed primarily from commercially-available components at

a cost of less than $5,000 (USD), and could easily be adapted to work with tunable lasers of any wavelength

for which suitable etalons and detectors are available. It is not our intent to demonstrate extremely high

frequency stability in this work; rather, we wish to show that a tunable laser with poor frequency stability can

be made suitable for routine spectroscopy easily and at low cost using this technique. For more demanding

applications, the frequency stability of the system could easily be increased through a number of simple

modifications (balanced detectors, active temperature control, lower thermo-optic coefficient etalon, use of

a full PID servo [36], etc.).

This chapter is adapted with permission from B. M. Gibson and B. J. McCall, Optics Letters 40, 2696 (2015), Copyright
2015, Optical Society of America.
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2.2 Experimental

In our technique the locked laser is tuned by changing the free spectral range (FSR) of the etalon, which is

given by the familiar formula

FSR =
c

2nd cos(θ)
(2.1)

where c is the speed of light, n is the refractive index of the etalon, d is the etalon thickness, and θ is the

angle of light propagation within the etalon relative to the etalon surface. The FSR can thus be tuned by

altering n, d, or θ, with θ tuning providing a non-linear response (see Fig. 1). The non-linearity of angle

tuning can be convenient from an experimental perspective. The device used to tilt the etalon may be

limited in terms of tilt range or minimum step size; changing the initial value of θ allows the user to optimize

for maximum scanning range or minimum step size of wavelength tuning. The maximum allowed angle of

incidence is limited by walk-off losses and the clear aperture of the etalon.

Once a laser has been locked to a given etalon fringe, tuning the FSR results in a proportional change in

the fringe and laser frequencies. This also means that noise in the FSR will be mapped onto the laser fre-

quency. Temperature fluctuations, which alter both the etalon length and refractive index, can be prevented

by placing the etalon in a temperature-controlled oven; alternatively, simply enclosing the etalon to prevent

air flow can slow temperature tuning enough to be handled through simple fitting procedures. Changes to

the angle of incidence can be lessened through vibrational isolation and can also be mitigated somewhat by

using an etalon material with a high refractive index.

The laser we have stabilized in this work is an EC-QCL based on designs by Wysocki et al. [37]. In its

free-running state, the laser has a mode-hop-free tuning range of approximately 0.7 cm-1 and a short-term

frequency jitter of 150 MHz, measured as the maximum peak-to-peak wavelength change while recording

wavelength readings on a Bristol 621B wavemeter. This level of frequency jitter significantly impaired the

laser’s performance in high-resolution spectroscopy applications (Fig. 2).

To stabilize the EC-QCL, a side-of-fringe locking servo was built around a 2” solid germanium etalon

(Light Machinery) (Fig. 3). Light transmitted through the etalon was focused onto a PVM-10.6 MCZT

detector (Boston Electronics), with the detector signal being passed to a home-built analog locking circuit.

The difference between the detector level and a reference voltage was passed through an integral-only gain

channel and applied to the three tuning elements of the EC-QCL (injection current and piezoelectric trans-

ducers controlling external cavity length and grating angle). The use of integral gain greatly simplifies lock

maintenance during wavelength tuning; although the inclusion of proportional and differential gain would
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have improved the high-frequency response of the circuit, this proved unnecessary for our application.

To allow tilt-tuning of the etalon and the locked laser, the etalon was mounted in an Agilis AG-M100L

piezo-driven optic mount (Newport). The maximum angular tuning range and minimum step size of the

mount were 4 degrees and 0.2 arcseconds, respectively. The etalon was set to an initial angle of approximately

8 degrees; during laser scanning, the etalon angle was decreased to approximately 5 degrees in steps of 0.003

degrees . This typically leads to a frequency slew of 0.4 cm-1 in steps averaging 12 MHz, but the tuning range

can vary by ± 0.05 cm-1 depending upon slow etalon temperature drifts. Sub-MHz steps would be easily

achievable with the minimum angular step size of the mount if needed. A simple cardboard enclosure was

placed around the etalon to eliminate air currents and ensure that temperature drifts were slow relative to

the angle tuning. It should be noted that using stepped angle tuning rather than a constant slew necessitates

a slight delay (<0.1 s) between stepping the etalon and recording data while the lock stabilizes.

Lock acquisition and tuning were automated using a Beaglebone Black development board and a custom

Python script. To acquire a lock, the etalon angle is first swept over two fringes as detector voltages are

recorded by an analog-to-digital converter. The median voltage is then selected as the setpoint for the lock

and the etalon is returned to its starting position. A small offset voltage is applied to the EC-QCL tuning

elements before the integral gain channel is enabled; this procedure allows the laser to consistently lock to

the side of the nearest fringe without user intervention. The etalon angle is then stepped whenever the

scanning software sends a signal to slew the laser. Should the laser come unlocked during the scan, the lock

will typically be reacquired immediately on a nearby fringe; the scan can then be continued without user

intervention, although some additional work will be required during calibration to account for the frequency

jump.

2.3 Results and Discussion

To characterize the locking performance, frequency readings were taken with a Bristol 621B wavemeter and

voltage readings were taken at the integral gain input with a Bitscope10 USB oscilloscope. Thirty-minute

data sets at a constant etalon angle were taken for the unlocked laser, the locked laser without an enclosure

and the locked laser with an enclosure. To demonstrate locked tuning, data was also obtained for the locked,

enclosed laser as the etalon angle was stepped from 8 degrees to 5 degrees.

A comparison of wavelength stability between the locked and free-running laser shows a significant

improvement in short-term stability, but a drastic increase in long-term drift (Figs. 4, 5A). This long term

drift appears to be a result of thermal tuning of the germanium etalon. This could be addressed through
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active temperature control of the etalon or by using a material with a lower thermo-optic coefficient, such

as zinc selenide. However, enclosing the etalon to limit airflow appears to slow the thermal drift enough to

allow effective fitting of the frequency tuning profile.

Limitations to the precision of our wavelength readings prevent adequate characterization of our short-

term wavelength stability. To address this, voltage readings at the integral gain input were obtained and

converted to frequency offsets from our lock point (Fig. 5B). At short timescales we see an improvement

of more than an order of magnitude over the free-running laser, with Allan deviations on the order of 1

MHz for one-second integration times. As these measurements do not account for drifting of the lockpoint

(e.g. through temperature tuning of the etalon), they do underestimate the long-term frequency jitter of the

locked laser.

Wavelength readings were also taken during a 3 degree scan of the etalon, which generally equates to

a frequency tuning range of approximately 0.4 cm-1, over 20 minutes; in this case, the temperature drift

of the etalon decreased the tuning range slightly (Fig. 1). As can be seen in Fig. 1, the tuning profile

varies somewhat from the expected 1 / cos(θ) curve; this is partially the result of temperature drift and

partially due to slight changes in alignment as the etalon angle was scanned. The scan can still be effectively

calibrated through a simple polynomial fitting procedure.

2.4 Conclusion

In summary, we have developed a simple, low-cost frequency stabilization system for tunable lasers based

on locking to a tilt-tuned etalon. The locking system improved the stability of our laser during scanning

by more than an order of magnitude to approximately 1 MHz deviation over a one-second integration. A

typical scan can cover 0.4 cm-1 with a 12 MHz step size, but both longer scanning ranges and smaller steps

are easily achievable by altering the initial angle of the etalon. Likewise, for more demanding applications

the stability of the locked laser could easily be improved through active temperature stabilization, balanced

detection, and optimized locking electronics. The same approach can be easily adapted to other laser types

and wavelength regions.
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Figure 2.1: Simulated and experimental tilt-tuning curves. The black top trace shows frequency readings for
a typical locked laser scan over an estimated 3 degree etalon slew. The red middle trace shows the simulated
frequency shift of a given etalon fringe over the same angular tuning range. The blue bottom trace shows
residuals of a polynomial fit of the experimental data.
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Figure 2.2: Comparison of spectroscopic performance for the locked and unlocked laser. The spectra above
show a Q-branch and several R-branch lines from the ν16 band of 1,3,5-trioxane. The black top trace was
obtained with the locked laser, the red middle trace was obtained with the free-running laser and the blue
bottom trace shows a simulated spectrum produced with PGOPHER [38]. The locked spectrum clearly
shows spectral structure that cannot be resolved in the free-running spectrum. A full discussion of the
1,3,5-trioxane spectrum is available elsewhere [31].
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Figure 2.3: Experimental layout for side-of-fringe locking. The tilt-tuned etalon locking system was inte-
grated into our existing cavity ringdown spectrometer. A beamsplitter was placed before the acousto-optic
modulator to direct a portion of the beam through a 2” germanium etalon mounted in an AG-M100L piezo-
driven optic tilt mount. Light transmitted through the etalon was focused onto a PVM-10.6 detector. The
detector signal was fed into the locking electronics, which control the tuning mechanisms of the laser. Full
details of the spectrometer are available elsewhere [31].
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Figure 2.4: Frequency stability comparison for side-of-fringe locking. The black middle trace shows the
frequency stability of the free-running laser. The blue bottom trace shows the laser locked to an unenclosed
etalon; although the short-term stability is clearly improved, significant long-term drift is introduced due
to thermal drift in the etalon. The red top trace shows the laser locked to an enclosed etalon. By limiting
airflow, thermal drift in the etalon is signficantly decreased.
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Figure 2.5: Allan-Werle plots for the free-running and etalon-locked laser. The black top traces show the
free-running laser, the blue middle traces show the laser locked to an unenclosed etalon and the red bottom
traces show the laser locked to an enclosed etalon. (A) Frequency readings were obtained using a Bristol
621B wavemeter, showing a clear increase in the long-term drift for the etalon-locked traces; the precision of
the frequency readings limits comparisons at shorter timescales. (B) Error signal voltages from the locking
circuit were converted to frequency offsets to provide more accurate stability data for short timescales. As
these do not account for drift in the lock point, they are less reliable at long timescales.

22



Chapter 3

Rotationally-Resolved Spectroscopy
of 1,3,5-Trioxane

3.1 Introduction

1,3,5-trioxane is a three-unit cyclic polymer of formaldehyde, making it one of the smallest members of the

polyoxymethylene (POM) class of molecules. For many years various forms of POM have been proposed as

extended sources of formaldehyde in cometary comae, which would make them highly relevant to studies

of prebiotic chemistry [20, 21]. Although various forms of POM, including trioxane, have been observed

in laboratory simulations of cometary conditions [20], to date there have been no conclusive astronomical

detections. Since trioxane is both a relatively volatile example of POM and a photodegradation product of

larger polymers, it could serve as a useful tracer for POM in general in future work.

Trioxane is a symmetric top of the C3v point group. Its ground state microwave spectrum was observed

in 1963 by Oka et al. [23], and the rotational spectra of a number of excited states have been observed

since [24, 25, 26, 27, 28]. The ν17 ro-vibrational band was observed by Henninot et al. in 1992 [29]; prior

to the present work, this was the only portion of trioxane’s vibrational spectrum observed with rotational

resolution.

In this work, we present a rotationally-resolved absorption spectrum of the ν16 band of trioxane, centered

near 1177 cm−1, observed through cavity ringdown spectroscopy with a continuous-wave external-cavity

quantum cascade laser (EC-QCL). The availability of an atmospheric window in this region makes this band

well suited for astronomical observations, as it would allow the use of ground- or stratosphere-based tele-

scopes. A successful detection of cometary trioxane could provide a greater understanding of the formation

of formaldehyde and other important organic compounds.

This chapter is adapted with permission from B. M. Gibson, N. C. Koeppen, and B. J. McCall, Journal of Molecular
Spectroscopy 317, 47 (2015), Copyright 2015, Elsevier Inc.
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3.2 Experimental

The spectrometer used in this work (Fig. 1) is a modified version of the QCL-based cavity ringdown

spectrometer we have described previously [39, 40]. Briefly, continuous-wave laser light is coupled into a

high-finesse optical cavity around a continuous supersonic expansion containing the molecule of interest.

A germanium acousto-optic modulator (AOM) (ISOMET) is used as a fast shutter, triggered when the

light transmitted by the cavity passes a user-defined threshold to initiate a ringdown event. Using the

non-diffracted beam, relative frequency calibration is obtained using a Bristol 621B wavemeter; absolute

frequency calibration is obtained from the diffracted beam using a triple-pass direct absorption SO2 reference

cell. Rather than locking the laser to the ringdown cavity, the cavity length is dithered by >1 free spectral

range at a rate of approximately 250 Hz using a piezo-electric modulator, ensuring that the laser will be

on-resonance with the cavity twice per cycle. Back reflection isolation is achieved using a linear polarizer

and a Fresnel rhomb.

The primary difference between the current spectrometer and its past incarnations is the incorporation

of an EC-QCL in place of the Fabry-Pérot QCL (FP-QCL) used previously. Our EC-QCL uses a Littrow

configuration based on designs by Wysocki et al. [37] and utilizes a gain chip provided by the Wysocki lab.

In comparison to the FP-QCL, our new EC-QCL features significantly improved tuning range (Fig. 2) and

thermo-electric rather than cryogenic cooling at similar output power. The tuning range could also be easily

shifted by swapping gain chips without otherwise altering the laser. These features significantly increase the

breadth of spectroscopic targets available to our instrument.

However, the addition of wavelength-selective elements that are highly sensitive to mechanical vibrations

and acoustic noise caused significant issues with the stability of the lasing frequency. Immediately after

completion, the EC-QCL frequency had a peak-to-peak frequency jitter of over 450 MHz at short (∼ 1 s)

timescales. Floating the optical table on vibrational isolation legs and detaching the table from our vacuum

chamber decreased this jitter to 150 MHz, but made it difficult to maintain consistent alignment of the

ringdown cavity, which is attached to the vacuum chamber. To keep alignment consistent, the gap between

the optical table and the ringdown cavity was bridged with a hollow silica waveguide (Opto-Knowledge).

This solved the alignment issues while maintaining vibrational isolation.

To further improve the frequency stability of the EC-QCL, a tilt-tuned germanium etalon locking system

was implemented. This system, which is described in detail elsewhere [41], improved the frequency stability

to ∼ 1 MHz over a one-second integration time. The laser is adjusted by applying corrections to the injection

current, the external cavity length, and the grating angle at fixed ratios that were determined experimentally.

The lock point, and thus the laser frequency, is tuned by tilting the germanium etalon relative to the incident
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laser. In the current configuration, this allows a single-scan, mode-hop-free tuning range of ∼ 0.4 cm-1 and

an average step size of ∼ 12 MHz; either could be easily adjusted by changing the parameters of the locking

system. At present, the locking system is the limiting factor for the mode-hop-free tuning range; for the

free-running laser, the range was limited by the cavity length travel to approximately 0.7 cm-1.

To obtain relative calibration, ringdown data collection is paused once per 100 data points to collect a

wavemeter reading. Because the germanium etalon used for locking is temperature sensitive, it is possible for

significant thermal drift to occur between wavemeter readings; the spacing between these readings therefore

entails a tradeoff between accurate calibration and scanning speed. Laser power limitations prevent us from

using an experimental layout that would allow for constant wavemeter readings. The readings we do obtain

are fit to a fifth-degree polynomial to produce a frequency scale, which is in turn offset by matching the SO2

reference cell data to HITRAN08 [42]. This corrects for the Bragg shift of the AOM and any systematic

offset in the wavemeter readings.

A supersonic expansion of argon produced by a 12.7 mm × 150 µm slit at 2 atm backing pressure was

used for this work. The argon flow was split between two paths before being recombined prior to the slit; the

first path consisted of unobstructed tubing, while the second passed through a bed of solid trioxane before

encountering a needle valve. The ratio of argon flow through each arm could be controlled by adjusting the

needle valve, allowing an adjustable amount of trioxane in the expansion. Furthermore, in order to limit the

effect of high temperature gas outside of the expansion, tubes were extended between the ringdown mirrors

and the expansion nozzle. A flow of nitrogen through these tubes limited the amount of high-temperature

trioxane in the beam path.

3.3 Results and Discussion

Ro-vibrational spectra were obtained for trioxane between 1175.93 and 1179.28 cm-1 (Figs. 3,4), with an

average step size of 12 MHz. This range included several Q-branches and portions of both the P and R

branches. Fitting was performed using PGOPHER [38]; 219 transitions were assigned with an average

fitting residual of 26.02 MHz. The rotational parameters obtained are presented in Table 1. Ground state

parameters were fixed at the values obtained by Gadhi et al. [28] where available, and excited-state values

for DJ and the sextic centrifugal distortion constants have been fixed at the ground-state values. C′′ has not

yet been determined experimentally, but was fixed at an estimated value of 2950 MHz for this work [28, 43].

We note that ν0, ζ, and C′ are dependent upon the value of C′′; expressions independent of the value of C′′

have been provided instead.
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The relatively large uncertainty in the fit can be attributed to the uncertainty of our relative frequency

calibration. Approximately two minutes pass between wavemeter readings; during this time, the laser’s

frequency can drift from the expected tuning curve. We estimate that, between fitting errors and uncertainty

in the wavemeter readings, our frequency calibration is accurate to approximately ± 32.7 MHz. This could be

remedied by obtaining continuous wavelength measurements, though present laser power limitations prevent

us from doing so via wavemeter.

Additionally, we note that relative intensities are inconsistent between experimental and simulated spec-

tra. This appears to be due to undersampling of the absorption peaks in the experimental spectrum. Scans

with smaller step sizes matched simulated intensities well, but the slower scan rate exaggerated the effects of

etalon drift on the frequency calibration. As we are more concerned with frequency accuracy than intensities

in this work, the faster scans were used.

3.4 Conclusion

The increased tuning range afforded by our new EC-QCL light source has allowed us to record the ν16 band of

1,3,5-trioxane, which has not previously been observed at rotational resolution. We have been able to assign

219 transitions in this band and obtain excited-state rotational constants. In addition to demonstrating

the capabilities of our improved spectrometer, these data could be suitable for astronomical observations of

trioxane, which is a potential tracer for the prebiotically-important polyoxymethylene class of molecules.
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Figure 3.1: Experimental layout for trioxane spectroscopy. Solid red traces indicate the path of the laser in
free space; the red dot-dash trace shows the path through the hollow silica waveguide (HSW). Black dotted
traces indicate electronic conections.
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Table 3.1: Listing of spectroscopic constants for 1,3,5-trioxane. The band origin is given in cm-1. Quartic
centrifugal distortion constants and the J(J+1) dependence of the Coriolis constant (ηJ) are given in kHz;
sextic centrifugal distortion constants are given in Hz. All other constants are given in MHz. Note that C′′

is fixed at an estimated value of 2950 MHz. D′J and the excited-state sextic centrifugal distortion constants
were fixed to their ground state values.

v16 = 1 v = 0 [28, 43]

ν0 + (C′ − B′ − 2C′ζ) (cm−1) 1176.77314(11) -
B (MHz) 5262.624(51) 5273.25767(20)
C′′ − C′ (MHz) 5.93(12) -
DJ (kHz) 1.34622 1.34622(34)
DJK (kHz) -1.97(80) -2.0243(15)
HJ (Hz) 0.00118 0.00118(10)
HJK (Hz) -0.00430 -0.00430(40)
HKJ (Hz) 0.0031 0.0031(10)
C′ − B′ − C′ζ -3905.81(53) -
ηJ (kHz) 66(11) -
q+ (MHz) 2.40(20) -
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Chapter 4

Supercritical Fluid Expansion Source

4.1 Introduction

Although thermal vaporization followed by cooling through supersonic expansion provides is a convenient

method for many spectroscopic systems, it can be insufficient in cases where the required temperatures

render the sample unusable. This can be the case with thermally labile molecules or in those for which

supersonic expansion does not provide sufficient cooling from the vaporization temperature. The latter is

the case with C60; to achieve reasonable vapor pressures the sample must be heated to temperatures in

excess of 900 K, and the poor density of vibrational states at low energies prevents effective vibrational

cooling [13]. Because of this and the rapid growth of C60’s partition function with increasing vibrational

temperature, observation of the ground-state vibrational absorption spectrum through usual methods has

proven impractical.

Bearing this in mind, we have considered a number of alternative methods for obtaining vibrationally-

cold C60 vapor in sufficient quantity for absorption spectroscopy. One possible approach is laser ablation.

However, the applicability of this method for C60 cannot be readily evaluated using available data - the

amount of thermal energy imparted through laser ablation and the distribution of that energy between

vibrational, rotational and translational degrees of freedom vary from molecule to molecule and substrate

to substrate. It would be difficult or impossible to estimate the performance of such a source without first

building it, which would be both expensive and time consuming.

An alternative method involves the expansion of a supercritical fluid containing C60. A supercritical fluid

expansion source has been previously described by Goates and coworkers [17] and used for spectroscopy of

large polycyclic aromatic hydrocarbons. Essentially, the molecule of interest is dissolved in an appropriate

supercritical fluid (typically composed of CO2 and some co-solvent), which is then depressurized through

a pinhole inside of the nozzle of a secondary supersonic expansion source. The initial temperature of the

sample depends upon the temperature of the solvent system chosen as well as the temperature of the

secondary expansion nozzle - this typically must be elevated to prevent the formation of aerosols. The
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degree of cooling provided by this secondary expansion should then be similar to that of the simpler system

described previously, with the added complication of expansion velocity matching - the primary expansion

of supercritical fluid must closely match the velocity of the secondary argon expansion to ensure maximal

cooling [17].

The effectiveness of a supercritical fluid expansion source for spectroscopy of C60, or any other spectro-

scopic target, is therefore largely dependent upon the existance and properties of an appropriate supercritical

solvent system. In the case of C60, supercritical fluid extraction studies have shown that fullerenes have ap-

preciable solubility in supercritical fluids composed of CO2 and toluene [18, 19]. The minimum temperature

of the fluid is dependent upon the CO2:toluene mole fraction; for a ratio of 7:3, the critical temperature is

approximately 450 K. As previous experiments provide only an upper limit to the efficiency of C60’s vibra-

tional cooling in a supersonic expansion we cannot accurately predict the final vibrational temperature of

vapor produced through this method, but unlike the case of laser ablation we can confidently state that the

pre-expansion temperature would be lower than that for thermal vaporization.

Although we expect the vibrational temperature of vapor produced through the supercritical fluid expan-

sion to be lower, it is likely that the mass flow of C60 using a 7:3 solvent mixture will be considerably lower

than that measured for thermal vaporization [13]. The data obtained through supercritical fluid extrac-

tion measurements [18, 19] do not correspond exactly to the conditions of our supercritical fluid expansion,

but we estimate the total mass flow to be a factor of 10-20 lower than that of our thermal vaporization

source. Depending on the efficiency of supersonic cooling, it is likely this will require some modifications to

our existing spectrometer to obtain increased sensitivity. The practicality of obtaining sufficient sensitivity

can be evaluated once experimental data are available to assess the mass flow and cooling efficiency of the

supercritical fluid expansion source.

To that end, we have constructed a first-generation supercritical fluid expansion source and evaluated

its performance prior to constructing a second-generation source correcting design flaws identified in the

first. Results from the first-generation source were promising - spectroscopic observations of jet-cooled D2O

were made, and we confirmed the solubility of C60 in our selected solvent system. Evaluation of the second

generation source is currently underway, using the previously-studied 1,3,5-Trioxane molecule [31] as a better

measure of cooling efficiency; once this work has been completed, mass flow measurements will be made for

C60 to estimate the required sensitivity improvements and evaluate the practicality of C60 spectroscopy

through this approach.

33



4.2 First-Generation Source Design and Testing

A block diagram of the first-generation source is shown in Fig. 1. The design is centered around the heated

extraction chamber (Fig. 2), a high-pressure 1” steel NPT T-pipe. The T-pipe is wrapped in heating tape

and insulation, along with a thermocouple for temperature monitoring. The top fitting contains a safety relief

valve calibrated to 4000-psi - this fitting can be removed to load the sample and any co-solvent to be added

to the CO2. Once the sample has been loaded and the safety valve replaced, the extraction chamber and

pump are flooded with liquid CO2. The chamber is then brought to the desired operating temperature using

the heating tape and a custom-built temperature controller. Once the system is at the desired temperature

it can be brought to pressure using the ISCO uL-500 high-pressure syringe pump, shown in Fig. 3. Typically,

the syringe pump will need to be run until the piston runs out of travel, shut off from the extraction chamber

via the outlet valve, refilled from the liquid CO2 cylinder, then cycled again to reach the desired pressure of

200 bar.

Once the system is at the desired temperature and pressure, the valve connecting the extraction chamber

to the heated nozzle is opened. The supercritical fluid first encounters a 10 micron pinhole (Lenox Laser).

The depressurized fluid expands into the custom-made nozzle, seen in Fig. 4, where it is entrained in a

secondary expansion of argon through a 150 micron by 12 mm slit nozzle. The entire nozzle assembly is

maintained at a constant temperature using a cartridge heater and thermocouple connected to the custom

temperature controller.

The first-generation source was tested under a variety of operating conditions. The extraction chamber

was only able to reach temperatures of approximately 370 K, limiting the usable toluene fraction considerably.

No conditions were found that allowed spectroscopic observations of methylene bromide or pyrene - since

solubility data for these molecules in supercritical fluids were limited, it is unclear whether such observations

were feasible. However, jet-cooled signals were observed using a D2O sample, as seen in Fig. 5. These signals

persisted for nozzle temperatures ranging from 400 - 500 K and argon backing pressures ranging from 1 - 60

psig. Generally, the observed D2O signals exceeded the dynamic range of our spectrometer and prevented

comparisons between different expansion conditions.

Although the first-generation source showed promise, there were a number of design flaws we sought

to address in the design of the second-generation source. Most importantly, the extraction chamber could

not be heated sufficiently to allow our desired toluene fraction in the supercritical fluid. Additionally, the

use of general-purpose fittings rather than fittings specifically designed for high-pressure applications caused

a number of issues. General-purpose Swagelok fittings performed well initially, but began to leak over

time. The teflon tape used for NPT fittings appeared to work initially, but in retrospect we believe the
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fittings had to be over-tightened to the point of forming an interference fit before they would hold pressure.

Additionally, the teflon tape tended to degrade over time when exposed to supercritical CO2 and may have

contributed to the various clogs experienced while operating the source. Finally, the design of the source

allowed temperature gradients to form and thus may have allowed the formation of multiple phases. The

lack of any sort of viewing window made it difficult to monitor this.

4.3 Second-Generation Source Design and Testing

A second-generation source was later designed to address these shortcomings; a block diagram of this source

is shown in Fig. 6. Unlike the previous source, this iteration included a custom-made extraction chamber, as

seen in Fig. 7. The chamber was machined from a 2” by 2” by 5” piece of stainless steel; a 1” diameter bore

through the center of the device serves as the supercritical fluid reservoir. The ends of the bore terminate in

1” NPT-F fittings, one of which is used for a high-pressure sight glass used to monitor the fluid and ensure

that a single phase is present. The flat surfaces of the chamber also allow better thermal contact with the

two 500 W heating strips used, and as a result the chamber can easily reach temperatures in excess of 500

K. In addition, the extraction chamber was placed inside the vacuum chamber to allow better temperature

control and decrease the distance between the extraction chamber and the nozzle, both of which serve to

limit the formation of temperature gradients. Additional 1/4” NPT-F fittings were included for connections

to other parts of the source. Unlike the previous iteration, a thermocouple is inserted into the supercritical

fluid to monitor its temperature directly. Additionally, a USB webcam was included in the initial design to

monitor the sight glass, but the device failed to function properly under vacuum. The sight glass can still

be easily monitored by eye.

In addition to the redesigned extraction chamber, the pipe and tube fittings were changed to types

specifically designed for work at high pressures. Swagelok fittings were replaced by taper seal fittings (High

Pressure Equipment Company), which are rated to 15,000 PSI and can be reassembled indefinitely without

losing seal integrity. Most NPT parts were also replaced with high-pressure variants, and Loctite 5770 high-

temperature thread sealant was used in place of teflon tape. The thread sealant does gradually degrade

during operation of the source, but appears to last for weeks before needing replacement and does not seem

to cause clogging as did the teflon tape.

The same syringe pump, safety valve, and nozzle assembly were re-used for this iteration of the source.

The safety valve is located outside of the vacuum chamber to avoid stressing the vacuum pump if it should

be triggered. The nozzle assembly is now connected to a high-pressure right angle valve (High Pressure
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Equipment Company); while the valve itself is inside the vacuum chamber, the handle has been extended

to reach outside the chamber to allow the valve to be easily actuated. At present the nozzle assembly does

not have independent heating or temperature monitoring as did the previous source, but these could easily

be added back if needed. Likewise, the heating of the extraction chamber is currently controlled by variac

rather than a temperature controller for simplicity.

This second-generation source has been successfully assembled and brought to operating temperatures

and pressures, and is currently being tested for spectroscopic performance. 1,3,5-trioxane is being used as the

sample to allow evaluation of vibrational and rotational cooling performance. Once the cooling performance

of the second-generation source under various operating conditions has been established, the mass flow of

C60 will be evaluated by replacing the slit of the nozzle assembly with CF flange blank and measuring the

accumulation of C60 after a set run time. These data should allow a decision to be made regarding the

feasibility of a C60 detection prior to efforts to improve the sensitivity of the spectrometer.

4.4 Results and Discussion

Although spectroscopic observations were attempted using pyrene and methylene bromide for the first-

generation source, only D2O produced an observable signal. It is unclear whether the failure to detect

pyrene and methylene bromide resulted from poor solubility in the solvent systems chosen or from some

other issue with the operation of the first-generation source. However, the D2O observations do allow some

statements to be made regarding the performance of the source.

The D2O transition observed was the 111 ← 000 transition of the 010← 000 vibrational band. A low-

intensity, broad peak was observed when the argon backing gas was turned off, indicating high-temperature

gas was present outside of the expansion; with the argon backing gas turned on, the signal was consistent

with a more intense, narrow jet-cooled signal superimposed over the background gas signal, as shown in Fig.

5. The narrower linewidth is indicative of translational cooling, while the increased intensity is indicative

of rotational or vibrational cooling. Because the jet-cooled signal was so intense as to exceed the dynamic

range of our spectrometer, it was not possible to evaluate the effects of different operating conditions for the

supercritical fluid source. In addition to the observations of the 111 ← 000, other ro-vibrational transitions

were investigated. Most notably, we were able to observe the 110 ← 101 transition but not the 221 ← 312

transition. This is indicative of rotational cooling within the expansion. If we assume that the 221 ← 312

signal was present at the level of our noise equivalent absorption at the time, we can estimate a rotational

temperature within the expansion of 16 K; in reality the temperature is likely lower, but this provides a
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useful upper bound and is a promising indicator of the source’s performance.

The modifications made during the design of the second-generation source significantly improved the

range of operating conditions available and the reliability of the source. Most importantly, the extraction

chamber can now be heated to temperatures well in excess of those needed for a 7:3 CO2:toluene fluid

composition - we have measured fluid temperatures in excess of 500 K. This measurement was obtained well

below the maximum power of the 500 W heaters, but the heating was stopped due to the presence of smoke

in the chamber. It is believed that this smoke came from the thread sealant used; although the sealant should

be stable at 500 K, it is likely that the body of the source was significantly hotter than the supercritical

fluid at the time due to slow thermal diffusion. In addition to the superior heating performance, the high

pressure fittings used have significantly reduced the occurrence of leaks in the system. We note, however,

that the taper fittings used are more prone to cross-threading and cold-welding than the usual Swagelok

fittings. It has proven difficult to find a suitable thread sealant for the NPT fittings; the Loctite sealant

used performs well initially, but slow leaks tend to develop within a few weeks of exposing the seals to the

supercritical fluid. The longevity of these seals is not ideal, but it is sufficient to allow use of the source.

The high pressure sight glass has proven effective for monitoring the transition from liquid to supercritical

fluid.

Evaluation of the spectroscopic performance of the second-generation source is ongoing. We have been

attempting to observe the Q branches of the ν16 band of 1,3,5-trioxane in order to evaluate the rotational

and vibrational cooling performance of the source. Thus far, we have successfully observed jet-cooled R

branch lines, as seen in Fig. 8, but these observations have been inconsistent. No Q branch lines have been

observed, despite their greater expected intensity. We suspect that the lack of successful observations result

from some intermittent issue with the source, but we have not yet been able to identify the problem. The

R branch lines observed have widths similar to those observed with a more traditional supersonic expansion

with a rotational temperature of approximately 15 K, but because they are not well resolved we are unable

to perform a Boltzmann analysis. A more thorough evaluation of the cooling performance of the source will

need to be completed once well-resolved Q or R branch lines can be observed.

A measurement of C60 mass flow rate has not yet been performed. There should be no significant obstacles

to obtaining this measurement, but thus far we have focused our efforts on spectroscopic observations.
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4.5 Conclusion

Although the second-generation source is not yet performing consistently, the results obtained so far from

both sources are promising. In each case, we have been able to observe ro-vibrational transitions that

indicate rotational cooling to temperatures of 16 K or lower. These temperatures are comparable to those

achieved through traditional supersonic expansions for the D2O and 1,3,5-trioxane molecules.

Given the difficulty of cooling C60 in a supersonic expansion, the possibility of producing C60 vapor at

a lower initial temperature while maintaining similar cooling efficiency should result in significantly more

ground-state C60 available for spectroscopic interrogation. Although we have not yet quantified the solubility

of C60 in our solvent systems or its mass flow from our supercritical fluid source, its solubility in supercritical

fluids has been studied (reference) and we have been able to confirm that C60 reaches the secondary argon

expansion of our source when using a CO2 / toluene solvent system.

These results suggest that the observation of C60 via supercritical fluid expansion remains a valid ap-

proach. Given some additional refinement and improvements to instrumental sensitivity, the first observation

of C60 via infrared absorption spectroscopy may be possible, and the approach should also be valid for other

thermally sensitive samples.
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Figure 4.2: First-generation extraction chamber. The body of the chamber is a 1” NPT steel tee, wrapped
in heating tape and insulation. When in use, the brass safety relief valve was also covered with insulation.
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Figure 4.3: High-pressure syringe pump. Both the first- and second-generation sources used the same ISCO
uL500 high-pressure syringe pump. The pump is capable of reaching pressures well in excess of those used
in the source.
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Figure 4.4: Supercritical fluid expansion nozzle. Both the first- and second-generation sources used the same
custom expansion nozzle, although the cartridge heater and thermocouple used for independent temperature
control in the first-generation source are not present in the second. Not clearly visible is the interior ten
micron pinhole used to depressurize the sueprcritical fluid prior to its entrainment in the argon expansion.
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Figure 4.5: D2O observations using the first-generation supercritical fluid expansion source. In the top plot,
the black trace shows the 111 ← 000 transition of the 010← 000 of D2O while the argon backing gas is
turned off; this is indicative of room-temperature background gas in the chamber. The red trace shows the
same transition with the argon backing gas on, showing a narrower jet-cooled feature superimposed over the
broad room-temperature signal. The lower plot shows the subtraction of the room-temperature signal from
the jet-cooled signal - this shows a gaussian jet-cooled component with a full-width half-max of 27 MHz.
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Figure 4.7: Second-generation extraction chamber. It includes new 500 W heating strips to ensure the
necessary temperatures for a toluene-containing fluid can be reached. Aslo visible are the new sight glass
and a steel-jacketed thermocouple extending into the body of the chamber to allow direct monitoring of the
supercritical fluid temperature.
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Chapter 5

Mirrored-Piezo Phase Modulation in
the RF

5.1 Introduction

Although the use of a supercritical fluid expansion source re-opens the possibility of obtaining an infrared

absorption spectrum of C60, the reduced mass flow relative to the traditional thermal vaporization method

may prove problematic. Experimental measurements for the supercritical fluid source are not yet available,

but we have estimated that the amount of C60 vapor produced will be a factor of twenty lower than the

previous oven source [13]. While the lower vibrational temperature expected should more than compensate

for this difference in vapor production, improvements to the sensitivity of our instrument will likely be

necessary.

The cavity ringdown technique currently utilized is one of the most sensitive techniques available for

absorption spectroscopy; the only approach that has been shown to be more sensitive is the noise immune

cavity enhanced optical heterodyne spectroscopy (NICE-OHMS) technique developed by Ye and coworkers

[44]. Therefore, our only viable approaches are to implement an improved cavity ringdown approach or

to build a NICE-OHMS spectrometer. Improving our cavity ringdown spectrometer would require either

increasing the signal-to-noise ratio of our recorded ringdown transients or increasing the number of transients

recorded within a given time period. The latter approach is likely impractical - detectors and cavity mirrors

superior to those currently in use are not commercially available in our spectral region, and these are the

limiting factors for the signal-to-noise ratio of a single transient in our instrument. Increasing the number of

transients per second is a much more reasonable approach. At present, we simply dither the ringdown cavity

by more than one free spectral range using a piezoelectric transducer, ensuring the cavity will be on resonance

twice per cycle. In practice, the TEM00 mode of the cavity does not build up sufficient power to record a

ringdown transient with every pass. A slower sweep of the piezoelectric transducer increases the likelihood

of building up enough power, so the ideal sweep rate to maximize the number of ringdown events per second

must be optimized from day to day based upon laser power and laboratory conditions. A typical value for our

instrument is 100 ringdown events per second. A more efficient approach referred to as high repetition rate
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ringdown involves locking the laser to the ringdown cavity to ensure it is always on resonance; instruments

utilizing this approach can collect as many as 10,000 ringdown transients per second [45]. This is typically

achieved through the Pound-Drever-Hall locking technique [46], which requires the addition of sidebands to

the carrier laser frequency through frequency modulation. This approach would allow us to improve the

sensitivity of our instrument by approximately an order of magnitude to 10−10cm−1Hz−1/2. The alternative

approach of implementing NICE-OHMS detection has been done successfully with a quantum cascade laser

in a similar wavelength region [47]; although NICE-OHMS has been shown to have a sensitivity as low as

10−14cm−1Hz−1/2 in some wavelength regions, previous attempts with mid-infrared quantum cascade lasers

have only demonstrated sensitivies of 10−10cm−1Hz−1/2 [44, 47]. Because the NICE-OHMS approach would

be significantly more complicated and expensive, it seems likely that high repetition rate ringdown is the

more practical approach.

Regardless of which approach is chosen, the production of sidebands through frequency modulation will

be a key step. In most wavelength regions, this is done using an electro-optic modulator. In the thermal

infrared, however, commercial modulators are not available. Custom modulators have been built [48], but

the depth of modulation is relatively low at high modulation frequencies and the materials used are quite

expensive. Another possible approach is to use multiple acousto-optic modulators - this approach should

be effective with commercially available devices, but purchasing multiple modulators and drivers would

also be costly. The quantum cascade laser NICE-OHMS implementation [47] mentioned previously used

injection current modulation of the laser to add sidebands - again, this approach should be practical, but

would require careful design to keep the high-frequency modulation from interfering with other electronics in

the instrument. Additionally, injection current modulation of quantum cascade lasers can cause significant

amplitude modulation in addition to frequency modulation, which is undesirable for both spectroscopic

approaches under consideration [49].

Another possible method for adding sidebands is to phase modulate the laser by directly altering the

laser’s path length at high frequencies using piezoelectric transducers. The simplest method for doing so

is to place a mirror on one face of the transducer and reflect the laser from this mirror either at a small

angle or in a retroreflector configuration, as shown in Fig. 1. The position of the mirror changes over

the course of the sweep of the piezoelectric transducer, changing the distance traveled by the laser and

inducing phase modulation at the sweep frequency of the transducer. This approach has been successfully

implemented in the past at frequencies of up to 125 kHz [50]. The transducer was used was a commercially

available PZT stack; the device was operated at mechanical resonance frequencies, and because of the low

mechanical quality factor of the transducer and the weight of the mirror operation at higher resonances did
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not provide a useful displacement of the mirror. The modulation frequency achieved in this study would

likely be insufficient for Pound-Drever-Hall locking, and is orders of magnitude slower than would be needed

for NICE-OHMS.

In principle, there is no reason a piezoelectric modulator capable of operation at higher frequencies could

not be designed. Quartz resonators operating at frequencies of hundreds of MHz are commonly used as

clocks in modern electronics; these devices typically use a crystal orientation that produces a shear motion,

but the X-cut crystal orientation can be used to produce linear motion in the direction of the voltage

gradient. Using a single high-quality crystal rather than a stack of PZT transducers would increase the

mechanical quality factor, and thus the displacement for a given voltage, by several orders of magnitude.

Furthermore, by simply using a high-quality gold coating as the front electrode it is possible to reflect a

laser directly off of the surface of the transducer rather than adding a much heavier mirror and slowing the

achievable modulation frequency. We have designed a mirrored piezoelectric phase modulator based upon

these principles, and at the time of writing we are finishing the final steps of its fabrication in preparation

for characterizing its performance. Should the device perform up to our expectations, it would provide an

inexpensive and wavelength-independent technique for phase modulation of any type of laser and enable

significant improvements to our ringdown spectrometer.

5.2 Modulator Design

The basic design of the modulator is shown in Fig. 2. The device is built around a 1 mm by 1 mm by 0.5

mm X-cut quartz crystal, with the piezoelectric axis perpendicular to the large facets (i.e., through the gold

electrode). The top facet of the crystal was coated with a 10 nm adhesion layer of chromium followed by a

100 nm layer of gold to act as the top electrode and the mirrored surface. The bottom facet of the crystal is

attached to a 1 inch by 0.5 inch copper mounting slide using indium solder; in addition to providing support,

the copper slide acts as the back electrode. Two additional copper pads are attached to the backing slide

with thin double-sided tape - these are connected to the gold top electrode of the crystal with gold wiring

and act as electrical contacts for the top electrode.

Quartz was selected primarily due to its extremely large mechanical quality factor, Q. The displacement

for an X-cut quartz piezoelectric transducer operated off resonance is given by the simple formula

Displacement = d33V (5.1)

where d33 is the piezoelectric charge constant along the relevant axis in units of C/N and V is the voltage
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applied along that axis. When operated on resonance, the displacement is given by

Displacement =
Qd33V

(nπ)2
(5.2)

where n is the resonance number (first resonance, second harmonic, etc). For an X-cut quartz crystal,

Q is typically on the order of 200,000 while d33 is ×10−12C/N. The resonance frequency of a piezoelectric

transducer is given by

Displacement =
NT

l
(5.3)

where NT is the thickness mode frequency constant and l is the thickness of the device. X-cut quartz has

a frequency constant of 2,865 m/s; for a device with a thickness of 0.5 mm, this yields a resonance frequency

of 5.73 MHz. This is, of course, only an estimate of the resonance frequency of the finished device - the

addition of electrodes and mounting hardware will have a significant effect on the resonance frequency that

cannot be easily calculated. As such, this number is used for calculations moving forward but the actual

resonance frequency will need to be determined empirically for the finished device.

The other considerations in selecting the piezoelectric material were fracture strength and power dissi-

pation. For quartz, fracture strength is approximately 145 MPa [51]; because there is significant variation

in this value from sample to sample, a typical safe design stress is approximately 20 MPa. Displacements,

stresses and strains were calculated for our device and are given in Table 1, assuming a peak-to-peak modu-

lation voltage of 50 V. This voltage would allow safe operation at the ninth harmonic, which would provide

a modulation index of slightly below 0.1 at a modulation frequency on the order of 60 MHz, assuming an

8.5 micron carrier wavelength for the laser. Obviously, the voltage could be adjusted to allow safe operation

at other harmonics. Assuming a 50 V peak-to-peak voltage, however, we can estimate that our device will

dissipate approximately 4 mW of power - this should be quite safe to operate. The remaining concern is the

integrity of the indium solder while the device is in operation - while indium is known to bond reasonably

well to quartz, this joint seems to be the most likely mode of failure for these devices.

At the time of writing, fabrication of these devices is nearly complete - only the gold wiring connecting

the gold electrode to the copper contact pads needs to be completed. The quartz modulators are shown in

Fig. 3.

In addition to the modulators themselves, we have designed a custom mounting adapter to allow the

modulators to be placed in standard kinematic mirror mounts. Electrical contact with the copper mounting

slide and the copper pads is made using standard machine screws, to which ring terminals can easily be
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attached. Given the relatively low voltage being used at this stage, no additional safeguards have been

added to avoid accidental contact with the electrodes - if higher modulation voltages are used in the future,

an alternate design may be necessary.

5.3 Device Characterization

Since the use of piezo-actuated mirrors for phase modulation has already been demonstrated at lower fre-

quencies [50], we are primarily concerned with identifying the resonance frequency of our devices and showing

that they can be operated at frequencies and voltages appropriate for Pound-Drever-Hall locking and po-

tentially NICE-OHMS. Pound-Drever-Hall locking can be performed with modulation frequencies of a few

MHz, whereas NICE-OHMS requires modulation at frequencies corresponding to the free spectral range

of the optical cavity being used - for cavity lengths on the order of one meter, this requires modulation

frequencies of over 100 MHz.

Resonance frequencies can be determined by observing the impedance of a circuit containing the piezoelec-

tric transducer as a function of frequency. Points of minimum impedance correspond to electrical resonance

frequencies, while points of maximum impedance correspond to electrical antiresonance frequencies. The

maximum displacement of the transducer for a given voltage will be found between these two frequencies.

In general additional resonances should be found at harmonics of the first resonance, but more than one

resonance mode may be present; these may produce more complicated motions than the thickness mode

resonance, but in principle may be useful if they produce a large enough modulation index at some desirable

frequency.

Following the completion of device fabrication, these resonance frequencies will be determined by oper-

ating the devices at low voltages and monitoring the current with a Hall effect sensor. Once the resonance

frequencies have been identified, we will attempt to operate the devices at voltages and frequencies appro-

priate to produce modulation indices of 0.1 at resonances near 10 and 100 MHz to determine whether or not

they will encounter mechanical failures. We anticipate that the devices should function well at 10 MHz, but

their performance at 100 MHz is uncertain.

5.4 Conclusion

Phase modulation via a mirrored piezoelectric transducer seems like a promising approach for the addition

of sidebands to our laser. This technique is particularly useful in the thermal infrared since electro-optic

modulators are not readily available, but it should be useful in other wavelength regions as well if sufficient
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modulation bandwidth can be achieved - since the technique has already been demonstrated at low mod-

ulation frequencies, only the modulation bandwidth remains to be proven. The materials used are readily

available and inexpensive, making it a cheaper alternative even if commercial modulators are available.
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Figure 5.1: Retroreflector configuration for mirrored-piezo phase modulation. In this configuration, a mirror
displacement of X will lead to a path length change for the laser of 2X; if the mirror displacement is rapidly
modulated, this will lead to phase modulation of the retroreflected beam.
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Table 5.1: Listing of mechanical characteristics for the quartz piezo at increasing resonances. The total
displacement, strain and stress values are given for the 1× 1× 0.5 x-cut quartz modulator at increasing
resonance frequencies, assuming a drive voltage of 50 V p-p. The fracture strength for quartz is approximately
145 MPa, indicating that the device would likely fail at this voltage for lower resonances but perform well
at higher resonances.

Resonance Displacement (µm) Strain (%) Stress (MPa)

1 9.321 1.864 1864.310
3 1.036 0.207 207.146
5 0.373 0.0746 74.574
7 0.190 0.0380 38.047
9 0.115 0.0230 23.016
11 0.0770 0.0154 15.408
13 0.0552 0.0110 11.031
15 0.0414 0.00829 8.286
17 0.0323 0.00645 6.45
19 0.0258 0.00516 5.164
21 0.0211 0.00423 4.227
23 0.0176 0.00352 3.524
25 0.0149 0.00298 2.983
27 0.0128 0.00256 2.557
29 0.0111 0.00222 2.217
31 0.00970 0.00194 1.940

55



Figure 5.3: Prototype quartz modulators. The small gold surface in the middle of each modulator is the top
electrode of the quartz piezoelectric modulator. Note that, at the time of writing, the gold wiring between
the gold electrode and the copper pads is absent.
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Appendix A

Spectral Simulations of C60 and Other
Potential Targets
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I. The Rigid-Rotor Approximation

The rotational energy of molecules can be approximated by treating them as rigid bodies.  In the

simplest case, consider the rotation of a diatomic molecule consisting of two atoms of mass m1 and m2 

displaced from the center of mass by r1 and r2, aligned along the x-axis.  Rotation about the x-axis 

carries no kinetic energy; rotations about the y- and z-axes are equivalent.  If the particle is rotating at a 

frequency of νrot, then the velocities of the atoms are v1 = 2π r1 νrot and v2 = 2πr2νrot, giving a total kinetic

energy of

K=
1
2

m1 v1
2
+

1
2

m2 v2
2
=

1
2
(m1r 1

2
+m2 r 2

2
)ω

2
=

1
2

I ω
2
=

L2

2I
,

where L is the angular momentum and I is the moment of inertia.  More generally,

E=
Lx

2

2I x

+
Ly

2

2I y

+
Lz

2

2I z

=
L A

2

2IA

+
LB

2

2IB

+
LC

2

2IC

,

where by convention the moments of inertia are defined such that

I A≤ I B≤I C .

The kinetic energy operator can also be written as

K̂=Ĥ=
−ℏ

2

(2μ)
∇

2 ,

where, for a constant r, ∇2 is

∇
2
=

1

r 2

1
sinθ

(sinθ ∂
∂θ

)+
1

r2

1

sin2
θ

∂
2

∂ φ
2

.

The Hamiltonian can then be rewritten as

Ĥ=−ℏ
2

2I
[

1
sinθ

∂
∂ θ

(sinθ ∂
∂θ

)+
1

sin2
θ
( ∂

2

∂ φ
2
)] ,

and
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L̂2
=−ℏ

2
[

1
sinθ

∂
∂θ

(sinθ ∂
∂θ

)+
1

sin2
θ
( ∂

2

∂ φ
2
)] .

For the wave function Y(θ,ϕ), 

Ĥ Y (θ ,φ)=E Y (θ ,φ)=
−ℏ

2

2I
[

1
sinθ

∂
∂ θ

(sinθ ∂
∂θ

)+
1

sin2
θ
( ∂

2

∂φ
2
)]Y (θ ,φ) ,

which leads to

sinθ ∂
∂θ

(sinθ
∂Y (θ ,φ)

∂ θ
)+

∂
2Y

(θ ,φ)

∂ φ
2 +(

2IE
ℏ

2 sin2
θ)Y (θ ,φ)=0 .

The solutions to this equation are the spherical harmonics, which impose the condition that

E=
ℏ

2

2I
J (J +1)=B J (J +1)

for integer values of J [1], where B is the rotational constant.

The relations between IA,  IB and IC can be used to classify molecules, and lead to different 

approaches to finding their energy levels.  Molecules with two identical moments of inertia are 

classified as symmetric tops.  If IB = IC, the molecule is a prolate top; if IA = IB, the molecule is an 

oblate top.  Bearing in mind that

L2
=Lx

2
+ Ly

2
+Lz

2 ,

the energy expressions become

E=
LA

2

2I A

+
( LB

2
+ LC

2
)

2I B

=
L2

2IB

+(
1

2I A

−
1

2IB

) LA
2 (prolate)

and

 E=
LC

2

2IC

+
(LA

2
+LB

2
)

2IA

=
L2

2I A

+(
1

2IC

−
1

2I A

) LC
2 (oblate).

The energy level expression is similar to that derived for a diatomic molecule, but with an additional 

quantum number KA or KC to address the LA
2 and LC

2 terms as well as additional rotational constants A 
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or C.  The modified expressions are

E=B J (J +1)+(A−B)K A
2 (prolate)

and

E=B J (J +1)+(C−B) K C
2 (oblate).

Molecules for which IA = IB = IC are classified as spherical tops.  In the rigid-rotor 

approximation, the energy expression is simply

E=
LA

2

2I B

+
LB

2

2I B

+
LC

2

2IB

=
L2

2IB

,

leading to

E=B J (J +1) .

II. Additional Considerations

A. Centrifugal Distortion

In reality, rotating molecules are not totally rigid.  During rotation, centrifugal forces alter the 

internuclear separations, and thus the moments of inertia, of the molecule.  For spherical tops, this can 

be described most simply by the altered energy level equation

E=BJ (J +1)−D(J (J +1))2 ,

although higher order terms can be used for a more accurate treatment, as in the equation

E=BJ (J +1)−D(J (J +1))2
+ H (J (J +1))

3
+ L(J (J +1))4

+M (J (J +1))5
+⋅⋅⋅ .

For symmetric tops, the modified energy level equations are

E=BJ (J +1)−D J ( J ( J +1))
2
+(A−B) K 2

−DK K 4
−D JK J (J +1) K 2 (prolate)

and

      E=BJ (J +1)−D J ( J ( J +1))
2
+(C−B) K 2

−DK K 4
−D JK J ( J +1) K2 (oblate) [2].
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B. Coriolis Coupling

An additional complication arises when dealing with ro-vibrational transitions.  In a rotating 

molecule, it is possible for vibrations to produce angular momentum, thus coupling rotations and 

vibrations.  The effect on the rotational energy levels of spherical tops is described by the equations

 E=BJ (J +1)+2Bζ ( J +1) ,

E=BJ (J +1)−2Bζ

and

 E=BJ (J +1)−2Bζ (J +1) .

For symmetric tops, the equations are

E=BJ (J +1)+( A−B) K 2∓2A ζ K (prolate)

and

     E=BJ (J +1)+(C−B) K2
∓2A ζ K (oblate) [2].

These corrections can be combined with the centrifugal distortion corrections presented above to give 

the equations

E=BJ (J +1)+2Bζ ( J +1)−D( J (J +1))2 ,

E=BJ (J +1)−2Bζ−D(J (J +1))2

and

E=BJ (J +1)−2Bζ (J +1)−D(J (J +1))
2

for spherical top molecules as well as the equations

E=BJ (J +1)+( A−B) K 2
∓2A ζ K−D J (J ( J +1))

2
−DK K 4

−DJK J (J +1)K 2 (prolate)

and

E=BJ (J +1)+(C−B) K2
∓2A ζ K−D J( J ( J +1))

2
−DK K 4

−D JK J ( J +1)K 2 (oblate)
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for symmetric tops.

C. Asymmetric Tops

Many molecules of potential interest fall under the classification of asymmetric tops, which are 

somewhat more difficult to address.  Unlike symmetric molecules, there may be no obvious choice of 

axes when dealing with asymmetric tops – nonetheless, for any given molecule there exists some set of 

axes (referred to as the principal axes) such that ω and L are parallel and the inertia matrix is diagonal 

[2].  This also provides the principal moments of inertia, which correspond to rotational constants in the

usual way.  Asymmetric top energy levels must be determined numerically.

III. Simulated Spectra

A. 12C60

12C60 is a spherical top of Ih symmetry consisting of 60 spin-0 bosons.  In considering the F1u 

band centered at 1184 cm-1, the most distinctive features of the spectrum are the missing low-J 

rotational levels forbidden due to symmetry considerations (Figure 1).  Because 12C60 consists entirely 

of spin-0 bosons, any permutation of carbon atoms must be symmetric – since in the ground state Ψel, 

Ψvib and Ψns are all of Ag symmetry, Ψrot is also restricted to Ag symmetry.  The degeneracy of each 

rotational level can be determined by decomposing rotational states into the irreducible components of 

Ih, with the number of Ag components forming a repeating pattern dependent on J [3].
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A number of constants relevant to the ro-vibrational spectrum of C60 are currently unknown.  In 

particular, the excited state rotational constant, the Coriolis constant and the integrated absorption 

strength of the band have not been experimentally determined.  It is reasonable to expect a ΔB of 0.1% 

[4] and a Coriolis constant of ζ = -0.319 [5] – the effects of varying these constants can be seen in 

Figures 2 and 3, respectively.  In general, the change in rotational line spacing with increasing J varies 

inversely with ΔB, leading to the formation of a strong Q branch head when ΔB is small and an R 

branch head when  ΔB is large.  As the Coriolis constant increases, the line spacing for the P and R 

branches decreases while the Q line spacings are unchanged.  Two values have been proposed for the 

integrated band strength – 27 km/mol from a theoretical DFT study [6] and 10.4 km/mol from an 

Figure A.1: Simulated stick spectrum for C60 showing the various missing rotational levels, assuming  ΔB = 0 for 
clarity.  There are no missing levels beyond J = 30, although the rotational degeneracy follows a similar pattern 
throughout the spectrum.
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Figure A.2: Simulated spectra of C60 showing the effects of decreasing  ΔB.  From top to bottom, the values of  ΔB are
1%, 0.5%, 0.25% and 0.1%.  Very high values produce a strong R branch head, while lower values produce a strong 
Q branch head.  The most intense single transitions are found at J = 90.  Other parameters are Δν = 0.0004 cm-1, Trot = 
20K, Tvib = 0K.
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Figure A.3: Simulated spectra showing the effects of the value of the Coriolis constant.  From top to bottom, the 
values are -0.319, -0.16, 0 and 0.319.  As the value increases, the spacing between P and R transitions decreases; the 
Q branch position shifts, but the line spacings are unchanged.  This is because each branch of the spectrum of C60 
comes from a different portion of the degenerate level split by Corriolis coupling – the spacings of the level 
responsible for the Q branch do not depend upon ζ.  Other parameters are Δν = 0.0004 cm-1, Trot = 20K, Tvib = 0K.
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experimental KBr matrix study [7].  The latter value was chosen for these simulations to allow a more 

consistent comparison with 12C70, which was also studied.

B. 12C70

12C70 is the second most common fullerene, and its spectrum is also of interest.  12C70 is a 

symmetric top of D5h symmetry, and also consists entirely of spin-0 bosons.  As with C60, this restricts 

the allowed rotational levels in the ground vibrational state – in this case to levels with A1 symmetry.  

This leads to a few missing transitions at J = 1 and 2, but the effects of nuclear spin statistics are less 

pronounced than in C60; again, the degeneracy of each level can be determined by decomposing the 

rotational states into irreducible representations of D5h.

Although the band strength of the A2'' band at 1143 cm-1 of 9.1 km/mol [7] is comparable to that 

of the C60 band considered above, the strongest transition of C70 is weaker than the strongest C60 

transition by a factor of ~60 (Figure 4).  This is because the integrated band intensity of C70 is divided 

amongst significantly more distinct transitions.  This comparison does assume that the two molecules 

are at identical vibrational temperatures (0 K for these simulations); C70 may cool more efficiently due 

to a slightly greater density of vibrational states at low temperatures [8].
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Figure A.4: Simulated stick spectrum of C70.  The few missing R transitions are visible, although the missing P 
transitions are obscured by the Q branch.  This simulation assumes a ΔB of 0.1%, but does not account for Coriolis 
coupling.  Other parameters are Trot = 20K and Tvib = 0K.
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C. Perylene

It may also be useful to consider the spectrum of the polycyclic aromatic hydrocarbon perylene.

Perylene is an asymmetric top of D2h symmetry.  Unlike the fullerenes discussed above, perylene 

contains hydrogen atoms of spin ½.  While spin statistics do affect the strengths of individual 

transitions in the usual way, there are no completely forbidden transitions as in the above molecules.  

The B3g band at 1151 cm-1 has a band strength of 1.04 km/mol [9]; assuming a column density 

comparable to those used for the fullerene simulations, the strongest individual transition is 

approximately 600 times weaker than that of C60 (Figure 5).  In practice, the column densities of C60 

and C70 are limited by their solubilities; the achievable column density for perylene would be orders of 

magnitude greater, and it should also be considerably easier to cool vibrationally.  Because of this, it is 

reasonable to expect that perylene would actually be easier to observe than either fullerene.
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Figure A.5: Simulated stick spectrum of perylene.  The spectrum has no missing levels, but the effects of spin 
statistics can be readily seen.  The spectrum is considerably more complex than those of the fullerenes.  This 
simulation assumes a ΔB of 0.1%, but does not account for Coriolis coupling.  Other parameters are Trot = 20K and 
Tvib = 0K.
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High-resolution gas-phase infrared spectroscopy of buckminsterfullerene (C
60
) was attempted near 8.5 𝜇musing cavity ring-down

spectroscopy. Solid C
60
was heated in a high-temperature (∼950K) oven and cooled using an argon supersonic expansion generated

from a 12.7mm × 150 𝜇m slit.The expected S/N ratio is ∼140 for vibrationally cold C
60
, but no absorption signal has been observed,

presumably due to a lack of vibrational cooling of C
60
in the expansion. Measurements of D

2
O at 875K are presented as a test of

instrument alignment at high temperature and show that efficient rotational cooling of D
2
O occurs in the hot oven (𝑇rot = 20K in

the expansion), though vibrational cooling does not occur. The attempted C
60
spectroscopy is compared to previous work which

showed efficient vibrational cooling of polycyclic aromatic hydrocarbons (PAHs). Possible alternative experiments for observing a
cold, gas-phase spectrum of C

60
are also considered.

1. Introduction

Ever since its discovery in 1985 [1], buckminsterfullerene
(C
60
) has been the subject of an enormous body of research

(the publication of its discovery has been cited more than
8100 times at the time of writing according to Web of Sci-
ence). One particular area of interest is the astrochemistry of
C
60
. C
60

was long believed to be present in the interstellar
medium (ISM) and has recently been detected via emission
spectroscopy in themid-infrared (mid-IR) [2–7].ThoughC

60

has been detected in the ISM, the mechanism by which it is
formed is still under debate [8]. Obtaining an astronomical
absorption spectrum of C

60
would yield additional informa-

tion about the abundance and temperature of C
60
in the ISM,

which could provide useful information in determining the
formation mechanism. Unfortunately, astronomical searches
for absorption from cold gas-phase C

60
are hampered by the

lack of a high-resolution gas-phase laboratory spectrum of
any of the four infrared active vibrational bands of C

60
.

A rotationally resolved spectrum of C
60
would also be of

great fundamental interest. The acquisition of such a spec-
trum would be a significant milestone in the field of mol-
ecular spectroscopy, as C

60
would be the largest and most

symmetric molecule to be observed with rotational reso-
lution. In addition, due to boson exchange symmetry res-
trictions on the overall symmetry of themolecularwave func-
tion there are many rotational levels in the ground and vibra-
tionally excited state that are rigorously forbidden to exist
[9, 10]. Such missing levels will manifest as “gaps” in the nor-
mal progression of rovibrational lines.

Despite great interest in a high-resolution spectrum of
C
60
, a rotationally resolved, gas-phase absorption spectrum

of C
60
has not yet been observed. There are several obstacles

which must be overcome to record such a spectrum. First, it
is difficult to generate a gas-phase sample of C

60
. C
60
has neg-

ligible vapor pressure at room temperature and must be
heated to temperatures in excess of 875K to reach a vapor
pressure on the order of 10–100mTorr [15]. Second, C

60
has

174 vibrational modes, which leads to a large vibrational part-
ition function at even modest temperatures (see Figure 1).
Cooling the vibrational degrees of freedomwill be critical for
observing a fundamental vibrational band. Finally, it is neces-
sary to have a sensitive, high-resolution spectrometer in the
mid-IR to observe the relatively small amount of gas-phase
sample.
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Figure 1: Plot of C
60
vibrational partition function (on a logarithmic

scale) versus temperature. The vibrational frequencies used in the
calculation were obtained from [16].

We have developed an experiment which attempts to
address these obstacles. We have built a high-temperature
oven source which has been used to generate C

60
vapor. To

attempt to relax the vibrational degrees of freedom, the hot
C
60
vapor has been cooled using a supersonic expansion.The

supersonic jet is then probed using continuous wave cavity
ring-down spectroscopy (cw-CRDS) [18].We have attempted
to observe the 8.5 𝜇mband due to the availability of quantum
cascade laser (QCL) sources at this wavelength and also
because this band coincides with an atmospheric window,
permitting ground-based astronomical observations. The
cavity ring-down spectrometer has already been tested by
carrying out high-resolution spectroscopy of methylene bro-
mide [19] and pyrene [13]. Despite multiple spectral searches
under a variety of expansion source conditions, no absorption
signals from C

60
have yet been detected.

Previous work has shown effective vibrational cooling of
large molecules, such as polycyclic aromatic hydrocarbons
(PAHs), in supersonic expansions [13, 14, 20]. In contrast to
this previous work, our lack of signal indicates that the vibra-
tional degrees of freedom are not effectively cooled in C

60
.

We will discuss the details of our experiment and also briefly
discuss measurements of D

2
O made in the heated oven,

which show good rotational cooling, but no vibrational cool-
ing. We will also compare our current experiment to the pre-
vious work showing good vibrational cooling of other large
molecules. Finally, we will present possible alternative exper-
iments which may allow observation of a high-resolution
absorption spectrum of C

60
.

2. Materials and Methods

2.1. QCL-Based Cavity Ring-Down Spectrometer. Our high-
resolution mid-IR spectrometer has been described in detail
previously [18, 19], so here we present only a brief overview of
the instrument. Mid-IR light near 8.5𝜇m is generated using a
QCL supplied by collaborators in the Gmachl group at

Princeton. The frequency of the emitted light can be tuned
from ∼1180 to 1200 cm−1 by changing the temperature of the
laser and the current applied to the QCL. Light from the QCL
is sent through an optical isolator to an optical cavity where
we perform cw-CRDS to record the infrared absorption
spectrum of our sample. To calibrate our spectra we utilize an
absorption cell filled with SO

2
to provide absolute frequency

calibration and a mid-IR wavemeter for relative frequency
calibration.

2.2. Vaporization Source and Expansion Seeding. We have
constructed a high-temperature oven which we used to pro-
duce gas-phase C

60
. The oven is described in detail in our

previouswork on pyrene [13].Theoven ismade from stainless
steel with attached strip heaters to provide heating and is
capable of operating under vacuum at temperatures up to
975K for many hours. To produce gas-phase C

60
for spec-

troscopy, solid C
60

(MER Corporation, 99 + % purity) was
loaded into the oven, which was then placed in a vacuum
chamber and surrounded by an aluminum heat shield. The
oven was heated by applying current to the strip heaters using
variable transformers, which gave us coarse control over the
temperature of the oven. The oven temperature was moni-
tored using a thermocouple inserted into the interior of the
oven. Once we had achieved the desired temperature (∼
950K) a stream of Ar gas was passed through the oven and
generated a continuous supersonic expansion of the Ar/C

60

mixture through a 12.7mm × 150𝜇m slit; the expansion was
then probed with our spectrometer. Effective vaporization of
C
60
in the oven was verified by measuring the mass of C

60
in

the oven following a set of scans, and also by deposition of C
60

on the walls of our vacuum chamber.The alignment between
the supersonic expansion from the vaporization source and
the optical cavity was verified in separate experiments
through spectroscopy of D

2
O. In these experiments, trace

D
2
O (Cambridge Isotope Laboratories, 99.9% D) was seeded

into the Ar flow and was passed through the vaporization
source as it was being operated at temperatures similar to
those used when vaporizing solid C

60
.

2.3. Signal-to-Noise Estimation for C
60
. Knowledge of where

to scan in frequency space to detect the first signal from the
8.5 𝜇m vibrational band of C

60
is critical. Restricting the

search window allowed us to focus on varying experimental
parameters instead of trying to cover a large spectral region.
The only gas-phase measurements come from observations
of infrared emission at ∼1000K [21, 22]. The estimated band
center position was 1169.1 cm−1 [21], but this estimate is likely
red-shifted due to the contribution from hot bands, whose
emission frequencies are shifted due to vibrational anhar-
monicity. Low-temperature (15 K)measurements of C

60
films

assign the center position to 1183.7 cm−1 [23], while Armatrix
spectroscopy yields 1184.8 cm−1 [24]. Measurements in para-
H
2
(p-H
2
), considered the least perturbing matrix host, place

the center position of the vibrational band at 1184.7 cm−1 [10].
Because the frequency shift between Ar and p-H

2
matrix

hosts for a spectral feature is generally comparable to the fre-
quency shift between gas-phase and p-H

2
, we feel confident
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Figure 2: Plot of calculated 𝑆/𝑁 versus frequency. The 𝑆/𝑁 was
calculated at 𝑇rot = 20K, 𝑇vib = 0K, 𝐵 = 0.0028 cm−1, 𝐵 =
0.002795 cm−1, 𝜁 = −0.0319, oven temperature of 955K, and a mass
loss of 2.0 g/hr, corresponding to a probed number density of 12C

60

in the expansion of 1.7 × 1012 cm−3. The assumed noise level was
1.0 ppm and the linewidth for the transitions was set to 0.0004 cm−1.
The largest value of 𝑆/𝑁 for a single rovibrational transition is ∼130.
These parameters are similar to our experimental parameters for
attempt 1 listed in Table 1. The value for 𝜁 comes from [17].

that the peak of the 8.5𝜇m absorption band should be near
the p-H

2
matrix value of 1184.7 cm−1.

We have simulated the 8.5𝜇m C
60

vibrational band at
high resolution, following the approach of Sogoshi et al. [10].
As noted by Sogoshi et al., the appearance of the spectrumwill
be dependent on the change of the rotational constant from
the ground to the excited vibrational state as well as the
Coriolis coupling constant 𝜁. If the change in rotational con-
stant is small, there will be a prominent Q-branch. If the
change is large (on the order of 1%), there could be a pro-
minent R-branch head. Because we do not know if either of
these cases will happen in the actual experimental spectrum,
we base our signal-to-noise (𝑆/𝑁) estimates on observing a
single rovibrational transition. To estimate our expected sig-
nal, we use a theoretical value for the band strength of the
8.5 𝜇m band [25] of 25 km/mol. Our estimates assume a
vibrational temperature of 0 K. We will discuss the impor-
tance of vibrational excitation in Section 3.3.

Estimating the expected 𝑆/𝑁 for C
60
absorption using our

experimental apparatus parallels calculations that we carried
out to estimate vibrational cooling of pyrene in a previous
publication [13].We beginwith the following formula for esti-
mating the 𝑆/𝑁 for a single rovibrational transition:

𝑆

𝑁
=
𝑛
𝑧
𝑓𝑆

𝐿 jet

Δ]̃ (𝜎NEA)
. (1)

In this equation, 𝑛
𝑧
is the number density of 12C

60
in units of

cm−3 at a distance 𝑧 from the slit, 𝑓 is the ratio of the line
intensity for a single transition (factoring in Boltzmann
statistics) divided by the sumof all the line intensities, 𝑆 is the
calculated band strength in cm/molecule, 𝐿 jet is the length of
the expansion in cm, Δ]̃ is the linewidth of the transition in
cm−1, and 𝜎NEA represents the noise equivalent fractional

absorption of the spectrometer. By evaluating each of these
parameters for our instrument and this band of C

60
, we can

calculate an expected 𝑆/𝑁 for our experiment.
To estimate the number density, we use the rate of mass

loss from the oven per unit time, combined with the velocity
of molecules in the expansion. We account for the fact that
not all of the molecules in the expansion will overlap with the
TEM
00
mode of the cavity and be probed by our spectrometer

and that only 51.5% of the sample is 12C
60
. In our previous

work with pyrene, we have measured that only ∼20% of the
molecules in the expansion overlap with the TEM

00
mode of

the ring-down cavity [13]. Because there is little expansion
along the axis of the slit, we assume that 𝐿 jet equals the length
of the slit (12.7mm) and can find the number density of
molecules probed by our spectrometer:

𝑛probed =
0.20 × 0.515 × �̇�C60
2𝜔
0
× 𝐿 slit × Vmax

, (2)

where �̇�C60 is the rate of molecules lost from the oven per
second, 𝜔

0
is the beam waist of the TEM

00
mode, 𝐿 slit is the

length of the slit, and Vmax is the flow velocity of molecules
in the expansion (for further details on the derivation of this
expression, we refer readers to the supporting information
for [13]). We estimate �̇�C60 by measuring the amount of C

60

before and after heating the sample and recording the length
of time for which the expansion was on. 𝜔

0
can be calculated

from the radius of curvature of our ring-down mirrors, the
length of the cavity, and the wavelength of light in the cavity
[26]. For our setup, 𝜔

0
is equal to 1.1mm. Vmax for the expan-

sion can be found from the temperature and mass of carrier
gas atoms in the expansion [27].

We can now use (1) to calculate our expected 𝑆/𝑁 for
the slit expansion, using a 0.0004 cm−1 (12MHz) linewidth,
which we have observed in slit expansions of methylene bro-
mide and pyrene [13, 19]. Figure 2 displays the estimated 𝑆/𝑁
for the entire vibrational band for the measured mass loss at
955K (2 g/hr) with the slit 6mm from the cavity axis. The
largest estimated 𝑆/𝑁 for a single rovibrational transition is
∼130 (for the 𝑃(60), 𝑄(60), and 𝑅(60) lines).

3. Results and Discussion

3.1. Search for the C
60
Spectrum. Our attempts to observe C

60

are summarized in Table 1.We also attempted 6 spectroscopic
searches for C

60
using a smaller oven with both a slit and pin-

hole expansion, which are discussed in detail in [28], but the
work presented here represents our best attempts with a high
calculated 𝑆/𝑁 and complete frequency coverage ofwhere the
band is expected to be. We decided to use a slit expansion
because of the narrower linewidth of transitions and the
greater vibrational cooling due to the larger number of col-
lisions that occur in a slit expansion. Our attempts were per-
formed at three different backing pressures and all three
attempts covered the entire frequency region between 1184
and 1186 cm−1 where we expect to observe the C

60
vibrational

band. In all attempts a 𝑆/𝑁 > 70 was anticipated; however,
we saw no evidence of absorption due to C

60
in any of these
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Figure 3: Representative absorption spectrum of the Ar/C
60
expan-

sion from 1184 to 1186 cm−1. This plot is from attempt 3 listed in
Table 1. Baseline drifts have been corrected by use of polynomial
fitting and subtraction. Periodic fringing was removed by Fourier
transforming the spectrum, eliminating the most intense frequency
components, and then inverse Fourier transforming the result to
retrieve the spectrum. Similar data processing was used for all
attempts where periodic fringing was observed. The spikes near
1185.6 cm−1 are due to noise and were not reproducible. The line
at 1184.1 cm−1 is due to absorption by water vapor in the vacuum
chamber. The standard deviation of the spectrum is 0.6 ppm.

Table 1: Summary of attempted absorption spectroscopy of C60.The
measured mass loss rate for each attempt was used to calculate 𝑆/𝑁.
The mass loss rates were 2.0 g/hr for attempts 1 and 2 and 0.7 g/hr
for attempt 3. For all attempts, the supersonic expansion was probed
6mm downstream from the exit of the slit.

Attempt 𝑇
0
(K) 𝑃

0
(torr) NEA (ppm)a Estimated 𝑆/𝑁b

1 955 150 1.0 130
2 955 500 0.9 140
3 965 1900 0.6 74
aNEA: noise equivalent absorption.
bThese values represent the largest 𝑆/𝑁 value for a single rovibrational
transition at 𝑇rot = 20K and 𝑇vib = 0K following the analysis presented in
Section 2.3.

searches. An example of our spectra is presented in Figure 3,
which comes from attempt 3 in Table 1.

As can be seen in Table 1, the mass loss rate for our
attempts decreased from attempts 1 and 2 to attempt 3, even
though all three attempts were performed at approximately
the same oven temperature. The same sample was used for
attempt 3 after it had been used for attempts 1 and 2, and the
reduced mass loss rate for attempt 3 is indicative of sample
decomposition. We also observed that after attempt 3, our
sample was no longer soluble in toluene and had become con-
ductive, even though pure C

60
is an insulator. Further chara-

cterization by CHN analysis revealed that the recovered sam-
ple was ∼89% carbon by weight, with the elemental compo-
sition of the remaining mass as yet unknown. This implies
that the actual mass of C

60
lost over the course of attempts 1,

2, and 3was higher than reported, butwithout elemental anal-
ysis between attempts we cannot say when this C

60
mass loss

occurred. Because of the decomposition of our sample, the
reported 𝑆/𝑁 ratios in Table 1 represent average values for the
expected 𝑆/𝑁 over the course of a scan, as the mass loss rate
was decreasing as we were scanning our spectrometer.

The observed reduction in the mass loss of C
60
from the

source is consistent with prior reports in the literature. In a
previous study on the thermal decomposition of C

60
, Sundar

et al. observed that C
60
held at 975K for an extended period of

time (24 h) decomposed to amorphous carbon [29]. Other
publications have also observed a similar reduction in vapor
pressure over time whenmeasuring the vapor pressure of C

60

at elevated temperatures [15, 30, 31].This effect has been attri-
buted to residual solvent impurities of benzene, toluene, or
hexane resulting from the HPLC separation of the raw full-
erene sample produced by the carbon arc method [32]. Heat-
ing the impure sample above 750K then results in a chemical
transformation of C

60
to a different substance, such as amor-

phous carbon, with a reduced vapor pressure.

3.2. High Temperature Measurements of D
2
O. Because of the

high temperatures involved in producing gas-phase C
60
, we

were concerned that the alignment of our optical cavity with
our oven might be affected by thermal expansion or other
heating effects. To eliminate this possibility, we observed
absorption spectra of D

2
O in expansions from our oven at

similar temperatures as our C
60

searches. There are many
lines of the bending mode as well as a hot band within the
spectral coverage of our spectrometer, which also allowed us
tomonitor the rotational and vibrational temperature of D

2
O

molecules in the high temperature supersonic expansion.
We introduced a small amount of D

2
O into an Ar slit

expansion and observed low-lying states which were popu-
lated in the expansion. We observed the 1

11
← 0
00
transition

of the (010) ← (000) band of D
2
O at 1199.79 cm−1 with the

oven at 875K to determine if alignment effects could be res-
ponsible for failure to observe C

60
. We were easily able to

observe the line in the expansion, and displacing the oven
vertically only caused a slight change in the intensity of the
line, consistent with the molecular distribution we measured
with pyrene. This indicates that the extreme temperatures of
our oven are not affecting the alignment of our ring-down
cavity and preventing the observation of a C

60
absorption

signal.
Measuring several transitions of D

2
O in the expansion

from the hot oven permitted calculation of both the rotational
and vibrational temperatures for D

2
O. Table 2 presents a list

of the transitions that we measured in the (010)← (000) and
(020)← (010) vibrational bands of D

2
O. Each line was mea-

sured 5 times and the average intensity for each line was used
for all temperature calculations. Figure 4 shows a Boltzmann
plot for both the fundamental andhot band transitions, show-
ing that the rotational temperature of the D

2
O molecules is

∼20K in both the ground and excited vibrational states. From
this we see that even though the expansion originated in an
oven at 875K, the rotational degrees of freedom are cooled
efficiently. On the other hand, the strength of the hot band
lines is consistent with a vibrational temperature >1000K.
The hot vibrational temperature for D

2
O is not surprising,
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Table 2: List of observed D2O transitions. Rotational levels are
denoted in the usual way (𝐽

𝐾𝑎 ,𝐾𝑐
). The listed frequencies are from

[11, 12].

Vibrational band Transition Frequency (cm−1)

(010) ← (000)

1
11
← 0
00

1199.793
2
02
← 1
11

1194.038
2
11
← 2
02

1193.255
3
12
← 3
03

1198.536

(020) ← (010)

1
11
← 0
00

1181.311
3
13
← 2
02

1199.154
2
20
← 2
11

1192.497
2
21
← 2
12

1199.690
4
04
← 3
13

1198.379

considering that the lowest energy vibration in the molecule
lies at ∼1178 cm−1. Even at an oven temperature of 875K, this
is almost twice the value of 𝑘

𝐵
𝑇 (608 cm−1 at 875K), and

vibrationalmodeswith energies significantly higher than 𝑘
𝐵
𝑇

do not effectively relax to the ground vibrational state in a
supersonic expansion [33].

3.3. Vibrational Partition Function and Importance of Vibra-
tional Cooling. From the material presented in Section 2.3
describing the method of calculating the experimental 𝑆/𝑁,
we can see that if the C

60
molecules are cooled vibrationally in

the supersonic expansion, we would anticipate observing an
absorption signal even if there is not a strong R-branch head
or Q-branch. Therefore, the most likely explanation for our
lack of observed signal is that we are not achieving sufficient
vibrational cooling of C

60
. For us to observe absorption from

the C
60

molecules, they must be in the ground vibrational
state. The fraction of molecules in the ground vibrational
state (assuming a Boltzmann distribution) is given by the
expression

𝑓
0
=
𝑒
−𝐸0/(𝑘𝐵𝑇vib)

𝑄vib
, (3)

where 𝐸
0
is the energy of the ground vibrational state, 𝑇vib is

the vibrational temperature, and 𝑄vib is the vibrational parti-
tion function. If we express the vibrational energies relative
to 𝐸
0
= 0, (3) simply becomes the inverse of the partition

function. Because C
60

has 174 vibrational degrees of free-
dom, its vibrational partition function increases rapidly with
increasing temperature (see Figure 1), meaning that very few
molecules occupy the ground vibrational state at high temp-
eratures. Even at a vibrational temperature as low as 190K,
only 1 in 10 C

60
molecules will be in the ground vibrational

state, leading to an order of magnitude decrease for an absor-
ption signal. If we assume that the lack of vibrational cooling
is the primary cause preventing us from observing C

60
, we

can calculate a lower limit for 𝑇vib in the expansion using our
expected 𝑆/𝑁 and (3). Our expected signal is proportional to
𝑓
0
, so if our expected 𝑆/𝑁 is 140 (as in attempt 2 in Table 1),𝑓

0
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Figure 4: Boltzmann plot of D
2
O rotational levels observed in the

supersonic jet at 875K. The error bars indicate 3𝜎 deviations from
the average for each data point. The calculated rotational tempera-
tures from the linear fits are 19± 2 K for the ground vibrational state
(green squares) and 20± 6 K for the ]

2
= 1 vibrational state (blue

circles). The uncertainties in the temperatures are 1𝜎 values.

must be decreased by at least a factor of 140 for us not to
observe the signal. This means that 𝑄vib must be at least 140,
which would correspond to 𝑇vib ≃ 250K. It should be noted
that this lower limit of 250K assumes a Boltzmann distribu-
tion for the vibrational levels, which is likely not the case in a
supersonic expansion.

Previous studies have shown that large molecules (specif-
ically PAHs) can be effectively cooled in supersonic expan-
sions [14]. Our own recent measurements of pyrene using the
experimental setup described in this paper indicated that
pyrene was cooled to 𝑇vib = 23–111 K [13]. It is useful to com-
pare these previous studies with our current attempted spec-
troscopy to ascertain why we were unable to observe C

60

absorption in our expansion.
Vibrational cooling of large molecules seeded in a super-

sonic expansion of a monatomic carrier gas proceeds by
transferring vibrational energy from the large molecule to
translational energy in the expansion by collisions with the
carrier gas (V-T transfer). Because of this, the number of col-
lisions that a molecule experiences in the supersonic expan-
sion will have a significant effect on the amount of vibrational
cooling that is possible in the expansion. We have estimated
the number of two-body hard sphere collisions which occur
in our attempted C

60
spectroscopy and previous work on

PAHs by our group [13] and Amirav et al. [14]. The estimated
number of collisions for our work and the work of Amirav et
al. [14] is found in Table 3. The details of our calculations are
outlined in the following paragraphs.

The first step in estimating the number of collisions in a
supersonic expansion is to describe the temperature, density,
and velocity of molecules in the expansion. These properties
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Table 3: Estimated number of two body hard sphere collisions
experienced by large molecules seeded in an argon supersonic
expansion.The first three entries in the table are from the attempted
C60 spectroscopy reported in this work. The pyrene entry is from
our previous work observing pyrene in the same experimental setup
which we used to attempt C60 spectroscopy [13]. The remaining
entries are from laser induced fluorescence spectroscopy of the listed
PAHs performed by Amirav et al. [14]. The listed pressures for the
PAHs were sufficient to produce vibrationally coldmolecules (𝑇vib ≲
100K). The C60 and pyrene expansions used a 12.7mm × 150𝜇m
slit. For the work of Amirav et al. [14] all expansions used a 150𝜇m
diameter pinhole. Further details on how the number of collisions
was calculated can be found in the article text.

Molecule 𝑇
0
(K) 𝑃

0
(torr) Nozzle type Number of

collisions
C60 (att. 1) 955 150 Slit 320
C60 (att. 2) 955 500 Slit 1100
C60 (att. 3) 965 1900 Slit 4000
Pyrene 430 150 Slit 560
Anthracene 410 270 Pinhole 600
Tetracene 485 175 Pinhole 360
Pentacene 550 250 Pinhole 500
Ovalene 630 300 Pinhole 620

Table 4: Hard sphere radii used to compute the mean free path of
molecules in the supersonic expansion.

Species Radius (Å)
Ar 1.88
C60 5.0
Pyrene 4.0
Anthracene 3.8
Tetracene 4.2
Pentacene 4.6
Ovalene 5.1

are given by the following equations for the centerline of the
expansion, which are reproduced from [34]

𝑇 (𝑧) = 𝑇0(1 +
𝛾 − 1

2
𝑀
2
)

−1

,

𝑛 (𝑧) = 𝑛0(1 +
𝛾 − 1

2
𝑀
2
)

−1/(𝛾−1)

,

V (𝑧) = 𝑀√
𝛾𝑘
𝐵
𝑇
0

𝑚
(1 +

𝛾 − 1

2
𝑀
2
)

−1/2

.

(4)

In these equations, 𝑧 represents the distance from the nozzle
along the centerline of the expansion, 𝑇

0
and 𝑛
0
are the temp-

erature and number density of the gas prior to the expansion,
𝛾 is the heat capacity ratio (which is 5/3 for the argon expan-
sions we consider here),𝑀 is theMach number of the expan-
sion, and𝑚 is the mass of the gas. Because the large molecule
is only a minor constituent of the gas being expanded, we
assume that the properties of the expansion can be approx-
imated as that of a pure argon expansion. To use these

equations, we also need to know the value of𝑀 as a function
of 𝑧; equations to do so for both slit and pinhole expansion
sources are provided in [34].

The next step in calculating the number of collisions is to
calculate the mean free path of the large molecules in the
expansion. To do so, we use a hard sphere model, which gives
the usual equation:

𝜆 (𝑧) =
1

√2𝜋(𝑟large + 𝑟Ar)
2

𝑛 (𝑧)

, (5)

where 𝜆(𝑧) is the mean free path as a function of distance
from the expansion nozzle and 𝑟large and 𝑟Ar are the hard
sphere radii for the large molecule and argon atoms, respec-
tively. Because C

60
is roughly a sphere, we can simply use the

van der Waals radius of C
60
for 𝑟large in this equation, but the

PAHs studied by us and Amirav et al. are far from spherical.
To get a rough approximation of a hard sphere radius for these
species, we used values for the minimum andmaximum pro-
jected cross-sections of the molecules as given in the chem-
icalize.org database from ChemAxon [35]. To obtain a hard
sphere radius, we averaged theminimum andmaximumpro-
jected cross-sections for the PAHs and then calculated an
effective radius based on the average cross section of themol-
ecule. While this is certainly not exact, it should give a rough
estimate of the relative size of the PAHs for computing the
mean free path and seems to give reasonable results.The hard
sphere radii whichwe used to compute themean free path are
listed in Table 4.

We can then calculate the average frequency of two-body
collisions of the large molecule with Ar atoms in the expan-
sion by dividing the average speed of the molecules by the
mean free path.We assume that the translational temperature
of the large molecules is thermalized with the translational
temperature of the Ar atoms and calculate the average speed
according to

𝑠 (𝑧) = √
8𝑘
𝐵
𝑇 (𝑧)

𝜋𝜇
, (6)

where 𝜇 is the reduced mass of the Ar and large molecule.
Using the above equations, we can calculate the collision
frequency at any point 𝑧 along the centerline of the expansion.
We calculated the collision frequency in steps of 1.5𝜇m from
𝑧= 0 to 6mmalong the expansion for all of themolecules and
conditions listed in Table 3.We then calculated the number of
collisions at each point by calculating the velocity of the ex-
pansion to determine how long the molecules were within
each 1.5𝜇msection and thenmultiplying that time by the col-
lision frequency.We then added together the number of colli-
sions calculated for each of these 1.5 𝜇msections from 𝑧= 0 to
6mm to give the total number collisions listed in Table 3. We
use a maximum of 6mm because that is where the expansion
was probed in our work and in the work of Amirav et al.
[14].

FromTable 3, we can see that the PAHs were vibrationally
cooled after undergoing an average of 360–620 collisionswith
Ar. In our attempted C

60
spectroscopy, the C

60
molecules

underwent an average of 320, 1100, and 4000 collisions with
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Table 5: Vibrational partition function, average vibrational energy (above zero-point energy) in cm−1, frequency of the lowest energy
vibrational mode, and energy to collision ratio for the molecules listed in Table 2 at the temperatures listed in that table. The calculated
values for our D2O measurements from Section 3.2 are also included for comparison.

Molecule 𝑄vib 𝐸vib (cm
−1) ]min (cm

−1) 𝐸vib /collisions
C60 (att. 1) 1.3 × 10

28 56000 267 174
C60 (att. 2) 1.3 × 10

28 56000 267 50
C60 (att. 3) 3.0 × 10

28 57000 267 14
Pyrene 4.0 × 10

3 4000 99 7
Anthracene 1.5 × 10

3 3200 91 5
Tetracene 1.0 × 10

6 6400 56 18
Pentacene 2.5 × 10

9 10000 38 21
Ovalene 8.6 × 10

13 18000 61 29
D2O 1.20 260 1178 0.8

Ar for attempts 1, 2, and 3 in Table 1, respectively. For attempts
1 and 2, the number of collisions is similar to the number of
collisions for the PAH molecules, while the much higher
backing pressure for attempt 3 increased the number of colli-
sions by an order of magnitude compared to attempt 1. While
the C
60
molecules underwent a similar number of collisions

as the PAHs, or significantly more for attempt 3, we have seen
that this was insufficient to produce vibrationally cold C

60
,

which would have been observable with our spectrometer. To
try to understand why thismight be the case, we can compare
the vibrational properties of these molecules.

Theoretical harmonic vibrational frequencies for all of the
PAHs listed in Table 3 can be found in the PAH IR Spectral
Database [36], which come from the original data of Langhoff
[37]. We have used these vibrational frequencies to cal-
culate the vibrational partition functions of the PAHs andC

60

at high temperature before being cooled by supersonic expan-
sion. Using the vibrational partition function, we can also
calculate the amount of vibrational energy in an average mol-
ecule at high temperature. These values are presented in
Table 5 for all of themolecules we have been considering.The
first thing to notice is the incredibly large partition functions
for these molecules at elevated temperatures, especially for
C
60

and ovalene. According to (3), this means that on aver-
age only 1 in 1028 molecules of C

60
is in the ground vibra-

tional state before the expansion. Table 5 also shows that these
molecules have a large amount of vibrational energy (over
50000 cm−1 for C

60
) that must be transferred into the super-

sonic expansion to cool them vibrationally. For the PAHs, we
have seen that it is possible to transfer this energy in the hun-
dreds of collisions that occur in the expansion.We can divide
the vibrational energies in Table 5 by the collision numbers in
Table 3 to calculate an energy to collision ratio to get an idea of
how much energy would need to be removed in an average
collision to cool the molecule. This ratio is listed in the last
column of Table 5. For the vibrationally cold PAHmolecules,
an average collision carried away 5–30 cm−1 of energy. For
our attempted C

60
spectroscopy, the energy to collision ratio

is significantly higher than this for attempt 1, slightly higher
for attempt 2, and right in the range of the PAHs for attempt
3.

Looking at these values, it is somewhat surprising that C
60

was not efficiently cooled using a supersonic expansion for

attempts 2 and 3. Considering the previous work with PAHs,
it appears that there should be enough collisions to carry away
the vibrational energy for these attempts. One possible reason
why C

60
was not efficiently cooled is that the lowest energy

vibrational mode for C
60
is at 267 cm−1, which is significantly

higher than the lowest modes for the PAHs (see Table 5). To
completely cool the molecule to the ground vibrational state,
energy must be transferred from the lowest vibrational mode
into translational energy. The efficiency of V-T transfer de-
creases as the energy gap increases, making it more difficult
for modes with higher energy to be completely cooled. As
an extreme example of this, we can consider the D

2
O spec-

troscopy presented in Section 3.2. We have calculated the
vibrational properties for D

2
O following the same procedure

as for C
60
and the PAHs, using vibrational frequencies from

[38].The results are listed inTable 5 and show that the amount
of vibrational energy for a smallmolecule at high temperature
is much lower than the large molecules we have been con-
sidering. At a temperature of 875K and a backing pressure of
∼300 torr, the average number of hard sphere collisions for
a D
2
O molecule in the expansion is 310 (using a hard sphere

radius of 1.6 Å), which gives an energy to collision ratio of 0.8.
Even though this ratio is significantly lower than for all of the
PAHs, we observed substantial population in the (010) state,
indicating no cooling of this vibrational mode. This lack of
cooling is a direct consequence of the fact that the lowest
energy mode lies so high in energy.

Another possibility is that the extremely large size ofC
60
is

causing a significant velocity slip effect to occur because of the
large difference inmass between theC

60
molecules and theAr

carrier gas [14]. While this does not seem to be a problem for
the previous work on ovalene, C

60
is about 2 times heavier

than ovalene.This problemwould be easily remedied by using
a heavier carrier gas such as Kr or Xe, which would more
closely match the mass of C

60
. We did not try a heavier gas

because of the increased cost of these gases compared to Ar,
especially when used continuously, as in our experiment. For
future attempts to observe C

60
, it may be worth the extra

expense to try the heavier rare gases to reduce the velocity slip
effect.

Finally, it is worth noting that other molecules have been
observed to have anomalously low cooling efficiency in super-
sonic expansions. In particular, Sulkes observed that benzene
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displays a lack of collision-induced vibrational relaxation in
He and Ar expansions, despite the fact that substituted ben-
zene derivatives showed excellent cooling under similar con-
ditions [39]. Sulkes attributed this to a lack of efficient cooling
via orbiting resonances; it is conceivable that a similar effect is
occurring with C

60
.

3.4. Alternative Methods for Producing Gas-Phase C
60
. It

would be preferable to produce C
60

vapor at a much lower
temperature than is possible in our oven. Doing so would sig-
nificantly decrease the vibrational partition function and
vibrational energy of the molecules prior to the supersonic
expansion. For example, if C

60
vapor could be produced at

a temperature similar to our pyrene work (430K), then the
vibrational partition function would be only 5 ×107 and an
average molecule would only have 11000 cm−1 of vibrational
energy, which would be quite similar to the PAHs that were
observed by Amirav et al. This should make it much easier to
cool the C

60
molecules to the ground vibrational state.

We are aware of three possiblemethods for producingC
60

vapor at lower temperatures: supercritical fluid expansion,
laser desorption, and collisional cooling in the gas-phase.
In the supercritical fluid expansion method the C

60
sample

would be dissolved in a supercritical fluid. It has been demon-
strated that C

60
can be dissolved in supercritical toluene, or

to a lesser extent in supercritical carbon dioxide containing
toluene as a co-solvent [40, 41]. Assuming a 1 : 1 volume
ratio of CO

2
to toluene, the critical temperature is ∼450K.

Decreasing the toluene content will lower the critical tem-
perature, though this would be at the expense of solubility. It
will be necessary to optimize the toluene content for our part-
icular needs. We would likely employ an argon sheath-flow
continuous expansion source, as in [42].

A laser desorption/supersonic expansion source has been
successfully employed for resonant two-photon ionization
measurements ofC

60
[43, 44], but the vibrational temperature

of the vapor produced was not directly observed. Likewise,
while it has been shown that laser desorption can volatilize
large molecules with pre-expansion vibrational temperatures
below what one would expect for thermal vaporization [45,
46], the temperatures achievable are molecule- and surface-
dependent and as yet unknown for C

60
. As such, the viability

of a laser desorption source is difficult to assess without fur-
ther experiments.

The final method to discuss for producing cold gas-phase
C
60

relies upon the modified use of a gas-phase aggregation
cluster source [47] to collisionally cool isolated C

60
mole-

cules. In an aggregation source the hot vapor from the heated
sample is entrained in a flow of noble gas that is cooled by
collisions with the walls inside the source that are kept at 77K
using liquid nitrogen cooling [48, 49]. A collimated mole-
cular beam of cold sample clusters is produced by passing the
flow out of the source through a nozzle. While normally such
sources are used to efficiently produce large clusters of mole-
cules or atoms, it has been shown that cold isolated C

60
mole-

cules can be produced by keeping the gas-phase number den-
sity of C

60
low through reduction of the temperature of the

sample oven [47]. By operating the aggregation source in this

way it was possible to collect two-photon resonant ionization
spectra of C

60
with an estimated vibrational temperature

<80K [47].
Although we expect all of the proposed methods to be

superior to our current oven in terms of vibrational temp-
erature, we also expect them to produce significantly lower
number densities of gas-phase C

60
. Based on reports of super-

critical fluid extractions of C
60
[40, 41], we anticipate that the

number density produced by a supercritical fluid expansion
would be two orders of magnitude lower than that of our cur-
rent oven. Studies where laser desorption [43, 44] or col-
lisional cooling [47] was used do not report gas-phase C

60

number densities; however, the C
60

number densities gen-
erated using these methods will be considerably lower than
the number density produced using a supercritical fluid.
Assuming that C

60
can be efficiently cooled in a supercritical

fluid expansion, we will need to implement high repetition
rate CRDS [50] to account for the low C

60
number density.

Depending on the repetition rate achieved, doing so would
improve 𝑆/𝑁 by a factor of 10–20. If C

60
does not cool com-

pletely or the number density is lower than anticipated, noise-
immune cavity-enhanced optical heterodynemolecular spec-
troscopy (NICE-OHMS) detection could be implemented
instead, improving our signal-to-noise ratio by as much as
three orders of magnitude [51]. This route would also signifi-
cantly increase the technical complexity of our spectrometer.

4. Conclusions

Obtaining a high-resolution gas-phase spectrum of C
60
rep-

resents a significant challenge formolecular spectroscopy.We
have attempted to obtain such a spectrum using a highly sen-
sitive cw-CRDS spectrometer but were unable to detect any
absorption signal from C

60
. We have shown that an absorp-

tion signal should be expected with our current experimental
setup if we are able to vibrationally cool C

60
. Our lack of signal

is most likely due to the fact that we must heat our sample
to>950K to obtain sufficient vapor pressure for spectroscopy,
which leads to an incredibly large vibrational partition func-
tion because of the large size of C

60
. We have compared these

results with previous work that has shown efficient vibra-
tional cooling of large polycyclic aromatic hydrocarbons. To
overcome this problem it will be necessary to produce gas-
phase C

60
at much lower temperatures so that the vibrational

degrees of freedomcan be cooled.While theremay exist alter-
native methods that are capable of generating a cold gas-
phase sample, these methods will result in low number dens-
ities of C

60
. The low C

60
number density will require the use

of more sensitive and complex absorption spectroscopy tech-
niques than cw-CRDS to enable collection of a rotationally
resolved spectrum.
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[6] D. A. Garćıa-Hernndez, S. Iglesias-Groth, J. A. Acosta-Pulido
et al., “The formation of fullerenes: clues from newC

60
, C
70
, and

(Possible) planar C
24
detections in Magellanic cloud planetary

nebulae,”TheAstrophysical Journal Letters, vol. 737, no. 2, article
L30, 2011.

[7] O. Berné and A. G. G. M. Tielens, “Formation of buckminster-
fullerene (C

60
) in interstellar space,” Proceedings of the National

Academy of Sciences of the United States of America, vol. 109, no.
2, pp. 401–406, 2012.

[8] J. Bernard-Salas, J. Cami, E. Peeters, A. P. Jones, E. R. Micelotta,
andM. A. T. Groenewegen, “On the excitation and formation of
circumstellar fullerenes,”The Astrophysical Journal, vol. 757, no.
1, p. 41, 2012.

[9] R. Saito, G. Dresselhaus, and M. S. Dresselhaus, “Hindered rot-
ation of solid 12C

60
and 13C

60
,” Physical Review B, vol. 50, no. 8,

pp. 5680–5688, 1994.
[10] N. Sogoshi, Y. Kato, T. Wakabayashi et al., “High-resolution in-

frared absorption spectroscopy of C
60
molecules and clusters in

parahydrogen solids,” Journal of Physical Chemistry A, vol. 104,
no. 16, pp. 3733–3742, 2000.

[11] C. Camy-Peyret, J.-M. Flaud, A.Mahmoudi, G. Guelachvili, and
J. W. C. Johns, “Line positions and intensities in the ]

2
band of

D
2
O improvied pumped D

2
O laser frequencies,” International

Journal of Infrared and Millimeter Waves, vol. 6, no. 3, pp. 199–
233, 1985.

[12] R. A. Toth, “HDO and D
2
O low pressure, long path spectra in

the 600–3100 cm−1 region II. D
2
O line positions and strengths,”

Journal of Molecular Spectroscopy, vol. 195, no. 1, pp. 98–122,
1999.

[13] B. E. Brumfield, J. T. Stewart, and B. J. McCall, “Extending the
limits of rotationally resolved absorption spectroscopy: pyrene,”
Journal of Physical Chemistry Letters, vol. 3, pp. 1985–1988, 2012.

[14] A. Amirav, U. Even, and J. Jortner, “Cooling of large and heavy
molecules in seeded supersonic beams,” Chemical Physics, vol.
51, pp. 31–42, 1980.

[15] V. Piacente, G. Gigli, P. Scardala, A. Giustini, and D. Ferro,
“Vapor pressure of C

60
buckminsterfullerene,” The Journal of

Physical Chemistry, vol. 99, no. 38, pp. 14052–14057, 1995.
[16] J.Menendez and J. B. Page, Light Scattering in Solids VIII: Fuller-

enes, Semiconductor Surfaces, Coherent Phonons, Springer,
Berlin, Germany, 2000.

[17] D. E.Weeks andW. G. Harter, “Rotation-vibration scalar coupl-
ing 𝜒 coefficients and spectroscopic band shapes of buckmin-
sterfullerene,” Chemical Physics Letters, vol. 176, no. 2, pp. 209–
216, 1991.

[18] B. E. Brumfield, J. T. Stewart, S. L. Widicus Weaver et al., “A
quantum cascade laser cw cavity ringdown spectrometer cou-
pled to a supersonic expansion source,” Review of Scientific
Instruments, vol. 81, no. 6, Article ID 063102, 2010.

[19] B. E. Brumfield, J. T. Stewart, and B. J. McCall, “High-resolution
spectroscopy of the ]

8
band of methylene bromide using a

quantum cascade laser,” Journal of Molecular Spectroscopy, vol.
266, no. 1, pp. 57–62, 2011.

[20] A. Amirav, U. Even, and J. Jortner, “Absorption spectroscopy of
ultracold large molecules in planar supersonic expansions,”
Chemical Physics Letters, vol. 83, no. 1, pp. 1–4, 1981.

[21] C. I. Frum, R. Engleman Jr., H. G.Hedderich, P. F. Bernath, L. D.
Lamb, and D. R. Huffman, “The infrared emission spectrum of
gas-phase C

60
(buckmisterfullerene),” Chemical Physics Letters,

vol. 176, no. 6, pp. 504–508, 1991.
[22] L. Nemes, R. S. Ram, P. F. Bernath et al., “Gas-phase infrared

emission spectra of C
60
and C

70
. Temperature-dependent stud-

ies,” Chemical Physics Letters, vol. 218, no. 4, pp. 295–303, 1994.
[23] B. Chase, N.Herron, and E.Holler, “Vibrational spectroscopy of

C
60

and C
70

temperature-dependent studies,” The Journal of
Physical Chemistry, vol. 96, no. 11, pp. 4262–4266, 1992.

[24] R. E. Haufler, J. Conceicao, L. P. F. Chibante et al., “Efficient pro-
duction of C

60
(buckminsterfullerene), C

60
H
36
, and the solvated

buckide ion,”The Journal of Physical Chemistry, vol. 94, no. 24,
pp. 8634–8636, 1990.

[25] D.A.Dixon, B. E. Chase, G. Fitzgerald, andN.Matsuzawa, “Pre-
diction of the fundamental vibrational frequencies for C

60
by

local density functional theory,” The Journal of Physical Chem-
istry, vol. 99, no. 13, pp. 4486–4489, 1995.

[26] K. Busch and M. Busch, Eds., Cavity-Ringdown Spectroscopy:
An Ultratrace Absorption Measurement Technique, American
Chemical Society, Washington, DC, USA, 1999.

[27] O. F. Hagena, “Nucleation and growth of clusters in expanding
nozzle flows,” Surface Science, vol. 106, no. 1–3, pp. 101–116, 1981.

[28] B. E. Brumfield, Development of a quantum cascade laser based
spectrometer for high-resolution spectroscopy of gas phase C

60

[Ph.D. thesis], University of Illinois at Urbana-Champaign, 2011.
[29] C. S. Sundar, A. Bharathi, Y. Hariharan, J. Janaki, V. Sankara Sas-

try, and T. S. Radhakrishnan, “Thermal decomposition of C
60
,”

Solid State Communications, vol. 84, no. 8, pp. 823–826, 1992.
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[50] R. Z.Mart́ınez, M.Metsälä, O. Vaittinen, T. Lantta, and L. Halo-
nen, “Laser-locked, high-repetition-rate cavity ringdown spec-
trometer,” Journal of the Optical Society of America B, vol. 23, no.
4, pp. 727–740, 2006.

[51] M. S. Taubman, T. L. Myers, B. D. Cannon, and R. M.Williams,
“Stabilization, injection and control of quantum cascade lasers,
and their application to chemical sensing in the infrared,” Spec-
trochimica Acta A, vol. 60, no. 14, pp. 3457–3468, 2004.

81



References

[1] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley, Nature 318, 162 (1985)

[2] W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huffman, Nature 347, 354 (1990)

[3] P. Wurz and K. R. Lykke, J. Phys. Chem. 96 10129 (1992)

[4] W. Kratschmer, K. Fostiropoulos, and D. R. Huffman, Chem. Phys. Lett. 170, 167 (1990)

[5] J. Cami, J. Bernard-Salas, E. Peeters, and S. E. Malek, Science 329, 1180 (2010)
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