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Sophisticated optical methods provide some of the most promising tools for
complete control of a molecule’s energy and orientation, which enables a more
complete understanding of chemical reactivity and structure. This dissertation
investigates the collision dynamics of molecular super rotors with oriented angular
momentum prepared in an optical centrifuge.  Molecules with anisotropic
polarizabilities are trapped in the electric field of linearly polarized light and then
angularly accelerated from 0 to 35 THz over the duration of the optical pulse. This
process drives molecules to extreme rotational states and the ensemble of molecules
has a unidirectional sense of rotation determined by the propagation of the optical field.
High resolution transient IR absorption spectroscopy of the super rotor molecules
reveals the dynamics of collisional energy transfer.

These studies show that high energy CO; and CO rotors release large amounts

of translational energy through impulsive collisions. Time-evolution of the



translational energy distribution of the CO, J=0-100 state shows that depletion from
low J states involves molecules with sub-thermal velocities. Polarization-dependent
Doppler profiles of CO rotors show anisotropic kinetic energy release and reveal a
majority population of molecular rotors in the initial plane of rotation. Experimental
modifications improved signal to noise levels by a factor of 10, enabling new transient
studies in the low-pressure, single-collision regime. Polarization-dependent studies
show that CO> rotors in the J=54-100 states retain their initial angular momentum
orientation, and that this effect increases as a function of rotational angular momentum.
These studies show that rotating molecules behave like classical gyroscopes.
Polarization-dependent measurements of CO; rotors in the presence of He and Ar
buffer gases show that CO; super rotors are more strongly relaxed by He collisions,
demonstrating the importance of rotational adiabaticity in the relaxation process.
Quantum scattering calculations of the He-CO; and Ar-CO; collision systems were
performed to interpret the qualitative features of the experimental results. This work
provides a detailed mechanistic understanding of the unique collisional dynamics of

super rotor molecules.
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and 76 states with parallel and perpendicular probing. b) Ratio of
maximum signal collected with parallel probing to the maximum
signal collected with perpendicular probing for the J = 100 and 76
states as a function of pressure.

Exponential fits to the decay in the absorption signal collected with
parallel probing for the J = 76 (a) and 100 (b) states. ¢) Exponential
lifetime of parallel probe absorption signal for the J = 76 and 100 states
as a function of pressure.

Polarization-dependent Doppler-broadened line profiles for the J =
100 (a), 92 (b), 84 (c), and 76 (d) states collected with the multipass
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Exponential lifetime of the ratio of the parallel to perpendicular
populations for the J = 76, 84, 92, and 100 states.
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Polarization-dependent line center IR absorption measurements of
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xiil



Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

early time fits for He and Ar buffer gases. In all panels a He
measurement is indicated by a square and Ar measurement by a “x”.

Polarization-dependent line center IR absorption measurements of
CO2 J =100 collected with three partial pressures of Ar (a-c) and He
(d-f). Parallel IR probing is shown in red and perpendicular IR
probing is shown in blue.

The polarization-dependent transient measurements of CO, J = 100
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fits are shown in black in each plot. The appearance rates as
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Doppler-broadened line profiles for the CO> J = 76 state (a and b) and
the J = 100 state (c and d) collected with 10 Torr of Ar (left) and 10
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Time evolution of the relative population in the CO> J = 76 (a) and J
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parameter for Ar-CO, and He-CO,. The point where the collision
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Chapter 1: Introduction

In molecular physics, the Born-Oppenheimer approximation assumes that the
electronic, vibrational, and rotational components of a molecule’s energy can be treated
separately. Within this approximation, the electronic energy is determined with the nuclei
stationary and the vibrational and rotational motion of the molecule is described with
canonical quantum models: the harmonic oscillator and the rigid rotor. For molecules at
300 K, the gaps between vibrational energy levels are often much larger than the gaps
between rotational levels and the separate treatment of the vibrational and rotational motion
provides a reasonably exact description of the molecular motion. However, this approach
may not be valid for molecules in extreme rotational states. As rotational energy increases,
the gap between adjacent rotational levels increases based on rigid rotor states. As
vibrational energy increases, the gap between adjacent vibrational levels decreases due to
anharmonicity. In the high-energy regime where energy gaps between rotational and
vibrational states can be comparable, the traditional separable treatment of rotational and
vibrational motion may break down. Studying molecules that do not fall within a region
where their behavior is well-described by the canonical quantum models provides the
opportunity to learn about molecular structure and energy transfer mechanisms at a
fundamental level. New information about a molecule’s energy and energy transfer
mechanisms have important consequences for the study of reactive and non-reactive

collisions that occur far from 300 K environments.



One goal in chemical physics is to selectively control chemical reactions and
molecular collisions. Preparing all initial conditions of a molecular collision, including the
internal energy and orientation of both collision partners, could lead to reaction efficiencies
that approach unity!!l. Significant enhancements in chemical reaction rates have been
obtained if molecules have added energy in motions that overlap with the reactive

coordinate!?™],

With the development of new laser-based techniques, molecular control
has blossomed into a sophisticated and rapidly advancing field!®®l. The complete control
over all the degrees of freedom in a molecule has significant applications to the study of
chemical reactivity!®), molecular structure!'”), nonlinear optics!!'!l, nanoscale design!!?, and

photoelectron spectroscopy!!?l.

While a number of approaches have been developed to
control electronic, vibrational, and translational degrees of freedom, control of rotational
motion remains challenging. Such challenges include strict optical selection rules and the
fact that molecules exhibit a wide range of isotropic rotational motion determined by the
thermal distribution and molecular symmetry. Structural and collisional information is
often smeared out by the isotropic nature of molecular rotation under most conditions. As
such, it is desirable to not only have control over the rotational energy, but also over the
orientation of angular momentum.

Over the past 20 years, a suite of creative optical techniques has been developed
that prepare molecules with well-defined rotational energies and orientations!'*'*). One of
the most powerful techniques, the optical centrifuge, drives molecules into “super rotor”

states with large amounts of oriented angular momenta. The work described in this thesis

uses an optical centrifuge in conjunction with a high resolution transient IR absorption



spectrometer to investigate the collision dynamics and spectroscopic properties of highly

oriented molecular super rotors.

1.1 Controlling Angular Momentum Magnitude and Orientation

Optical methods provide some of the most promising prospects for controlling a

(191 The optical methods described here involve either

molecule’s orientation and rotation
resonant or non-resonant molecular transitions. The methods can be classified as either
adiabatic or nonadiabatic. An adiabatic rotational control method involves light that
interacts with the molecule on the order of or longer than the rotational period of the
molecule (typically a few to tens of picoseconds). A non-adiabatic technique rapidly
changes the state of the molecule through an interaction much faster than the rotational
period of the molecule. Below, adiabatic and non-adiabatic methods are described for
manipulating a molecule’s angular momentum magnitude and orientation.

Li et al. proposed a resonant scheme for rotationally exciting molecules into

151 In this theoretical

extreme quasi-bound rotational states they termed “super rotors
work, sequential chirped pulses of light excited Li» molecules into states with a rotational
quantum number, J, near 115 via sequential rovibronic transitions. In principal, this
method is capable of producing molecules with oriented angular momentum. However,
this technique was never demonstrated, probably, in part, because the scheme requires a
very specific energy level structure and transition lifetimes such that enough population is
excited into the high energy states.

In another resonant optical technique, stimulated Raman pumping with circularly

polarized light successfully oriented the angular momentum of molecules such as
3



171, However, due to strict selection rules, the rotational states

nitrogen®® and acetylene!
excited were not above thermally populated states (for nitrogen J = 6 and for acetylene J =
19). An important result from these studies was that the molecules were found to maintain

(17,200 1p

their initial angular momentum orientation despite inelastic and elastic collisions
addition, the orientation decay was about four times slower than the depopulation of the
excited statel?!l. The projection of the angular momentum onto the z-axis is quantized in
numbers, M}, that range in value from —J to +J. This prior work showed that M populations
decay more slowly than J state populations. This finding is consistent with the previously
hypothesized prediction that M is nearly conserved during collisions!??); however, since
the orientation does eventually decay through collisions, this idea cannot be strictly true.

A non-resonant technique has achieved angular momentum orientation with a pair
of orthogonally polarized femtosecond pulses of light separated by a time delay. This non-
adiabatic scheme excited translationally cooled benzene molecules to a broad range of J
states (J = 1 — 4) on an ultrafast timescale!'%l. A significant result from this work is the
degree to which angular momentum orientation ( |M;|/J = 0.6) is created in a
nonadiabatic regime. In addition, the non-resonant nature of this optical scheme permits
this approach to be applied to any polarizable molecule!!®!.

This cross-polarized technique has been used by two other groups to create angular

momentum orientation in diatomic molecules such as D> and N,!'# 23

1. Lavorel, Faucher,
and coworkers have slightly modified the cross-polarized method such that the fs pulses

with orthogonal polarization are partially overlapped in time to generate an electric field

polarization that continuously rotates over the duration of the two pulses!'®. They



nonadiabatically rotated N> molecules with a unidirectional sense of rotation. Both groups
observed clear evidence of angular momentum orientation via the rotational Doppler effect,
but the probe technique used did not resolve specific rotational states. Other recent optical
methods for creating super rotor molecules include variations on a sequence or train of

[24, 25]

intense pulses of light to stimulate sequential rotational excitation . The development

of new methods to manipulate molecular rotation is an ongoing focus in current research.

14 and demonstrate(?%! the

Ivanov, Corkum and coworkers were the first to propose
“optical centrifuge for molecules.” This non-resonant method adiabatically excites
molecules to super rotor states with oriented angular momentum. In an optical centrifuge
a pair of oppositely chirped pulses of light, each with opposite circular polarization, are
overlapped in time and space to generate an electric field which angularly accelerates in
time. Polarizable molecules align with this field and the optical centrifuge generates an
ensemble of coherently spinning rotors. With this pioneering work, the group could non-
resonantly spin molecules to extreme, previously inaccessible, rotational states. They
showed with mass spectrometry that Cl rotors were spun beyond the energy of
dissociation, corresponding to a rotational state of J ~4201%%1. Corkum and coworkers
described the action of the optical centrifuge in a purely classical sense. However, a full
quantum mechanical analysis of the optical centrifuge excitation, which describes the
excitation by a series of sequential Raman transitions, was completed by Vitanov and
Girard in 2004. They showed that centrifugation is most effective when all of the sample

population starts completely in the J = 0 state, although extreme rotation occurs regardless

the distribution of states!?’!. Interestingly, linearly polarized, oppositely chirped pulses can



also lead to extreme rotational excitation, but the induced Raman transitions in the linearly
polarized case are 4 times weaker!>”). More recent theoretical work has developed a model
to predict the fraction of molecules trapped and excited by the optical centrifuge®®. Since
its development, the optical centrifuge method has garnered increased interest from both

29-32

experimental'?®-? and theoretical'?® 33371 groups as a way to study the collision dynamics

and optical properties of highly oriented super rotor molecules.

1.2 Super Rotor and Optical Centrifuge Studies

The rotational energy transfer and collision dynamics of rotating molecules has

proven to be a complex and challenging subject to study!* *I

. Many studies have saught
to describe rotational relaxation with a matrix of state-to-state rate constants. Evidence
suggests that there is a propensity for small changes in J caused by collisions and that state
changes that return the system to thermal equilibrium are favored*’!. As such, it is common
to describe the rate constants with an exponential gap law or power gap law based on

22,41-48] - However, no real consensus has been reached as far

changes in J state or energy!
as whether the energy gap or angular momentum gap description is best. Studies that
investigated collisions with inert buffer gases led to the conclusion that collisions with less

[41.99] ' Experiments were

massive particles are more effective at removing rotational quanta
primarily constrained to inelastic collisions in the low J regime, in which adjacent
rotational states are separated by tens of wavenumbers—an order of magnitude less than
thermal energy.

In one of the first super rotor studies, BrCN molecules were photo-dissociated and

resulted in some CN fragments in the highly-excited J = 80 state!®"). The highly rotationally
6



excited CN molecules exhibited a collisional meta-stability that persisted for thousands of

(591 The collision dynamics of super rotor molecules, in which

collisions with Ar and Kr
energy gaps are on the order of the thermal energy, has not been extensively studied,
however, theoretical predictions and the observation of several unique properties in early
experiments offer some insights into rotational energy transfer dynamics of super rotors.
The optical centrifuge provides an opportunity to study the collision dynamics of super
rotor molecules.

The Mullin lab at the University of Maryland has built a high power optical
centrifuge combined with a high resolution transient IR absorption spectrometer. An
ensemble of super rotors is prepared and time dependent changes in translational energy
and population of specific rotational states are measured following the optical centrifuge
pulse. Early experiments detected high-J rovibrational transitions of N>oO molecules that

(51 In addition, the study of the collision dynamics of CO2

had not been seen previously
J = 60-80 rotors in the optical centrifuge showed that large amounts of translational energy
( Tuans 1100 K ) result from collisions of the rotating molecules!®”). Polarization-
dependent measurements on CO> J=76 probed the oriented nature of the rotors and showed
that J=76 rotors maintain the initial angular momentum orientation through many J-
changing collisions*”). This experiment was the first to analyze super rotors in terms of
classical gyroscopes as a way to describe the inhibited randomization of the angular
momentum orientation®”). This high-resolution experimental technique allows the study

of time dependent, state-specific, energy evolution of molecular super rotors generated in

an optical centrifuge.



Recently, Milner and coworkers have built an optical centrifuge and have used
coherent Raman spectroscopy to study super rotor molecules®!l. Their technique probes a
broad range of rotational states with ps time resolution. They quantified the loss of
coherence in N2 and O» super rotors and showed that higher angular momentum states are

52, 53]

more stable against collisions! . Other experiments used a resonance enhance multi-

photon ionization (REMPI) technique to test higher-order rotational constants of O> super

[54 [55, 56]

rotors®®*. Experiments have looked at the super rotors in an external magnetic field ,

the non-linear SO, molecule in the optical centrifuge®”!, and the production of sound waves
from super rotor molecules®!.

Super rotor dynamics are in an energy regime far from equilibrium, and numerical
studies of super rotor molecules are necessary to help understand some of the complex
collisional behavior. Forrey has completed numerical calculations in which super rotor
diatomic molecules are translationally cooled near 0 K to generate an ensemble of energetic

3591 Detailed calculations of J

super rotors that are stable against energy-loss collisions!
= 80 oxygen molecules show that collisions with helium can remove rotational energy three
orders of magnitude faster than the rate at which energy can be removed from hydrogen
rotors®”. In addition, scattering calculations of cold collisions of He with CO2 J = 200
super rotors show that the elastic cross sections are five times larger than inelastic cross
sections—i.e., COz super rotors are stable against collisions!®!l. These calculations suggest
that super rotor behavior is not universal. Other studies show that quasi-resonant rotation-

to-vibration transfer may play an important role in super rotor relaxation*®!, demonstrating

the complexity of super rotor dynamics.



Recent molecular dynamics simulations of N> and CO; super rotors corroborate the

37,621 These studies show that

large translational energy gains seen by the Mullin group!
super rotor dynamics can be described by two regimes. At early times, super rotors are in
a gyroscopic stage in which spinning molecules release little energy and maintain their

[37

initial angular momentum orientation®*”). This stage is followed by an explosive release of

37]

translational energy as the rotational distribution relaxes®”). The simulations also predict

anisotropic diffusion away from the excited region'®?! and the production of macroscopic

[351 These predictions pose interesting questions about the behavior of

gas vortices
molecular super rotors. Such questions can guide experiments to elucidate the super rotor

properties and dynamics.

1.3 Outline

The main objective of this thesis is to study the collision dynamics of highly
oriented molecular super rotors generated in an optical centrifuge. This introduction has
provided the context in which this work resides and provides some of the ongoing
challenges and potentially interesting avenues of research in super rotor studies. The
research presented here provides new information on the dynamics of CO2 and CO super
rotors. Various experimental conditions and detection schemes have been employed to
reveal how the super rotor molecules relax from states that are far removed from
equilibrium by the optical centrifuge pulse. The outline of the rest of the thesis is as
follows:

= Chapter 2: A description of how the optical centrifuge works and details on

the ultra-fast laser system that generates the optical centrifuge are given.

9



High resolution transient IR absorption spectroscopy is described and the
details on the spectrometer are given. Information on gas kinetics relevant
to the rest of the thesis is also presented here.

Chapter 3: This chapter is a survey of the rotational and translation energy
dynamics of a broad range of CO> rotational states ( J = 0 — 100 ) after
optical centrifuge excitation. Comparisons are made to quantum scattering
calculations of the Ar-CO: collision system (described more fully in
Chapter 7). Experimental and computational results reveal a propensity for
small changes in J at high rotational states.

Chapter 4: Polarization-dependent IR measurements of CO rotors reveal
anisotropic kinetic energy release in the probe volume, indicating that super
rotor relaxation involves anisotropic transport. Results are compared with
previous polarization-dependent CO, studies, showing that CO angular
momentum orientation is randomized in fewer collisions than that of COx.
Chapter 5:  Instrumental modifications are described that enable
polarization-dependent measurements on the CO2 J = 0 — 100 rotational
states. With the improved signal-to-noise, early-time measurements show
that molecules oriented perpendicular to the plane of rotation have more
translational energy than those molecules parallel to the rotation plane. In
addition, polarization-dependent population ratios reveal the that both the
magnitude and duration of the orientational anisotropy is larger for higher J

molecules. High-J molecules act more like molecular gyroscopes.

10



Chapter 6: Polarization-dependent experiments of CO; super rotors with
Ar and He buffer gases are explored. Measurements show that He is more
effective at removing rotational energy.

Chapter 7: Quantum scattering calculations of the Ar-CO; and He-CO»
collision systems were performed in collaboration with Professor Millard
Alexander. Trends in the state-to-state inelastic scattering cross sections of
the two collision systems are explored. The cross sections are averaged
over all energies to obtain state-to-state rate constants and used as part of a
master equation to compare the rotational relaxation with that observed in
experiments.

Chapter 8: Conclusions and future work

11



Chapter 2: Experimental Apparatus and Methods

This chapter describes the optical centrifuge spectrometer and gives an overview
of the experimental principles and apparatus necessary for the completion of this work. A
detailed description of the theoretical principles that govern the optical centrifuge is given.
Information about the laser system that generates the optical centrifuge is also provided.
The high resolution transient IR absorption spectrometer is described and relevant ideas

from gas kinetics are explained.
2.1 Generating an Optical Centrifuge

2.1.1 Theory

In the research reported here, a high power optical centrifuge is used to study
rotational energy transfer of molecules in high rotational states. The theoretical principles
fundamental to the operation of the optical centrifuge are outlined in this section. Much of
this description is based on the paper by Paul Corkum and coworkers in which the optical
centrifuge technique was first described!l,

Fundamental to the operation of the optical centrifuge is the means by which a
molecule interacts with an electric field. An optical field induces a dipole in a polarizable
molecule. Optical centrifuge rotation is successfully achieved only for molecules that have

an anisotropic polarizability. The induced dipole experiences an interaction potential with
12



the optical field and causes the molecule to align with the polarization of the field. We
begin by writing the Hamiltonian of a molecule in an optical field:

H = Hy + Hg(t) (2.1)
where H, is the internal energy of the molecule and is time-independent and Hg(t) is its
interaction with the optical field, which is necessarily time-dependent. We take each
component of the Hamiltonian individually. Within the rigid rotor model, H, is the
rotational energy of the molecule:

H, = BJ?, (2.2)
where B is the rotational constant and j? is the angular momentum operator. The
Schrodinger equation becomes:

Ho|l M) = E|] M;), (2.3)
where |] MI) are the eigenvectors of the Hamiltonian and correspond to the spherical

harmonics Y} (8, ¢). ] is the rotational quantum number and M; is the projection of the

rotational quantum number onto the molecular axis. The eigenvalues of 2, which
correspond to the rotational energy levels, are!®’!
Erot = BJ(J+ 1). (2.4)

The interaction of a molecule in an electric field is

Hy(t) = —p - E(D). (2.5)
Here, p is the dipole moment and E is the optical field vector. For an induced dipole, the

dipole moment is p = a - E, where a is the molecular polarizability tensor!®. Using this
definition and rewriting equation 2.5 in terms of the individual components of the electric

field and polarizability yields
13



—

Hp = —a-B-F = —=[aE? + a,E? 2.6
E @ Z[Ofu i +a B2, (2.6)

where the explicit time-dependence of the optical field has been dropped for simplicity.
In equation 2.6, E;, = E cos 6 and E, = E sin 6, where 0 is the angle between the

optical field and the most polarizable axis of the molecule!*. Recalling that sin? 6 +

cos? 6 = 1, equation 2.6 becomes
1
Hgy = —§E2[05l+(a"—aL)cos2 0]. 2.7)

We are mainly concerned with the angular dependence of this term. Therefore, the

potential in terms of the angle dependent terms is
1
Hp o —EEzAacosze. (2.8)

The interaction energy is at a minimum when the angle between the molecular axis and the
polarization vector of the optical field is & = 0. In this situation, the molecule is aligned.

From equation 2.8 we see that if the optical field rotates in time, the molecule will
follow the optical field and also rotate. As the optical field angularly accelerates, the
aligned molecule gains rotational energy. The well depth of the interaction potential is
defined by the value of Uy = — (1/2) E*Aa, where we have represented ay — a, by Aa,
the anisotropic polarizability. For a molecule with greater anisotropic polarizability, the
well depth of the interaction potential is deeper, making it easier to trap such a molecule in
the optical centrifuge. In addition, the value of E? is proportional to the intensity of the
optical field and therefore a larger optical field intensity results in a greater interaction

energy between the molecules and the field.

14
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Figure 2.1 Linearly-chirped optical field as a function of time. The frequency of the positive chirp (a)
increases while the frequency of the negative chirp (b) decreases.

We now describe in detail the time-evolving optical field responsible for angularly
accelerating molecules in the optical centrifuge. The angularly accelerating optical field
in the optical centrifuge is generated by combining two oppositely-chirped pulses of light,
each with counter-rotating circular polarization of the electric field. A chirped pulse of
light has a frequency that changes over the duration of the pulse. In the optical centrifuge

we define the chirps, w, (t) and w_(t):

1
w4 (t) = wy +§,8t

w_(t) = wy — %Bt, (2.9)

where w, is the common starting frequency and f is the rate at which the frequency is
changing. Figure 2.1 shows the waveform of a positive (a) and negative (b) chirped optical
field. The factor of one half in equation 2.9 makes the convenient definition of the time-
dependent frequency difference,

Aw(t) = w,(t) — w_(t) = Bt. (2.10)

The optical field of the positively-chirped pulse is represented by

= E
E= 7" [® cos(w,t) + F sin(w, )], (2.11)

15



where E,/2 is the amplitude on the field and the explicit time-dependence of the field
frequency has been removed. Equation 2.11 represents an optical field rotating in the
counter-clockwise direction. Likewise, the equation of an negatively-chirped electric field

rotating in the clockwise direction:
- EO ~ ~ .
E = > [X cos(w_t) — ¥y sin(w_t)]. (2.12)
The sum of equations 2.11 and 2.12 yields
wy +w_ W_ —Ws \
cos (T t) cos (T t) x

wy + w_ Lo —we N |
— CoS (T t) sin (T t) y

E=E, (2.13)

Simplifying the above expression by noting that w, + w_ = 2w, and that w_ —w, =

—Aw yields:

E= E, cos(wgt) [cos (ATCU t) X + sin (ATCU t) ?] , (2.14)
where we have used the fact that cosine is an even function, while sine is an odd function.
Equation 2.14 represents a linearly polarized electric field propagating in the z-direction
which angularly accelerates in time. Note that the rotation of the optical field is a direct
result of the time-dependent frequency difference, Aw(t), between the two pulses. As the
optical frequency difference increases, so does the rotational frequency of the optical field.

From equation 2.14 we see that the instantaneous rotational frequency, Q(t), of the optical

field polarization is

Q) = AT‘”. (2.15)
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It is this rotational frequency, along with the molecule’s moment of inertia I, which defines
the amount of rotational energy imparted onto the molecule. The amount of classical

rotational energy given to the molecule is
1
Eror = EIQZ. (2.16)

The optical field most effectively traps molecules which have their molecular axis
aligned parallel to the polarization of the optical field. A significant portion of randomly
oriented molecules is trapped if the field maps an angle of at least 7 as it turns on. In other
words, the time-dependent angle, Q(t) t, which defines the optical field polarization
direction, must be greater than . By noting that Q(t) = ft/2 the following relation can

be written:

Btan
> T,
2

(2.17)

In addition, the kinetic energy gained by the molecules should not exceed the depth of the
potential trap (K < U,). The kinetic energy gained by the molecules is

Uo

11 2)? 2.18
2+§ (ﬁton/)r ( )

K~

where the factor of 2 in the first term comes from the Virial Theorem!!'*l. The second term

is the rotational energy gained during the turn on period. By requiring K < U,,

Ug
(ﬁton/z)z < T (219)
Using the minimum value of t,, from equation 2.17 and the expression for U,, we

determine the criterion for efficient centrifugation.
T, Aa
m Aa
E? I
17
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To summarize, there are two important molecular parameters that must be
considered when choosing a molecular candidate for the optical centrifuge. The first

parameter is the polarizability anisotropy, Aa, which determines the depth of the trap; a
larger anisotropy means a more effective trap. The second is the ratio, ATa, which must be
large enough so that the molecule remains trapped throughout the pulse. Table 2.1 gives
the values for Aa and Al—a for several linear molecules. In addition, two important

experimental parameters are the field intensity, which along with Aa determines the
interaction potential well depth, and the value of 8, which defines the angular acceleration
of the rotating optical field.

An estimate of the J-state for a molecule excited in the optical centrifuge is
determined by equating the classical rotational energy (equation 2.16) to the quantum
energy (equation 2.4). The results are shown in Table 2.1 for this set of candidate
molecules. The estimate was calculated using E,.,; ~ BJ?. The optical centrifuge angular
frequency used for this estimate was () = 35 THz. These calculations show that the optical

centrifuge can excite molecules to rotational states that far exceed those that are thermally

Table 2.1 Molecular candidates for the optical centrifuge. al® bl®6] ¢[67]

Molecule | Aa (au) |1 (10 kg m?) | Aa/l (10> m/kg) | Erot (cm™) | Jexcited
Cco 3.59° 1.46 3.6 4480 50
HCN 8.43P 1.89 6.6 5810 60
HCCH 12.55° 2.38 7.8 7300 80
CO, 14.25° 7.17 2.9 22000 220
N>O 19.812 6.68 4.4 20500 210
0cCs 27.5°2 13.8 3.0 42300 450
CS; 63.9° 25.7 3.7 78700 850
CSe; 83.53¢ 76.1 1.6 233000 2500
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populated at 300 K. While extremely high J states can theoretically be accessed by the

optical centrifuge, some molecules may fall out of the trap before reaching the estimated
Aa
state due to small - values.

Molecules that are not randomly oriented in space are said to be polarized?®.
Polarization of a distribution of vectors is divided into two categories: alignment and
orientation'®!. Alignment occurs when the vectors lie along a single axis, but have no
preferred direction. Orientation occurs when the vectors lie along a single axis and have a
preferred direction. In this work, the vector of interest is the angular momentum vector
J. The direction of J is defined by the projection quantum number M;. Figure 2.2 shows
the distributions of the angular momentum vectors with J = 100 in an (a) isotropic, (b)
aligned, and (c) oriented sample. The isotropic sample has all values of M; equally
populated. The aligned sample has only M; = £+ 100 and the oriented sample has only
M; = + 100. The lower panels in Figure 2.2 show the ideal distribution of M; values in
each case. In many experiments, there are a distribution of M values. For an aligned
sample, there is an anisotropic distribution of |M;|, but for an oriented sample, there is an
anisotropic distribution of Mj.

The molecules trapped by the optical centrifuge spin in the same direction and have
a coherent phase. In the classical limit, the angular momentum vectors of the trapped

molecules point in the same direction and the angular momentum vectors are oriented.
Figure 2.3a illustrates the configuration of the propagation vector Eoc and optical field

vector Eoc of the optical centrifuge beam denoted as OC. The optical centrifuge (OC)

beam propagates along the z-axis and prepares molecules with an angular momentum
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Figure 2.2 Distribution of angular momentum vectors in a sample that is (a) isotropic, (b) aligned, and (c)
oriented. The lower panels show the ideal distributions of Myvalues.

vector joc that is nearly parallel to the optical centrifuge propagation vector ﬁoc and the z-

axis. Each molecule that is optically centrifuged rotates with the electric field of the OC

in the xy-plane. Figure 2.3b shows an ensemble of CO> molecules with oriented angular

momenta. In the limit of perfectly trapped molecules, each rotor has the same angular

momentum projection quantum number M;. In this way, the optical centrifuge generates
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Figure 2.3 a) Geometry of optical centrifuge electric field (Eoc ) and propagation vector (Eoc ) along with

the angular momentum ( joc ) of the spinning molecule. b) Ensemble of spinning molecules in the optical
centrifuge with oriented angular momenta.

an ensemble of molecules with oriented angular momentum and large amounts of rotational

energy.

2.1.2 Construction of an Optical Centrifuge

The optical centrifuge pulse is generated from a custom-built, ultrafast Ti:sapphire
laser system. The laser system has four main components: a Ti:sapphire oscillator, a
regenerative amplifier, a custom pulse shaper, and a multipass amplifier.

The Ti:sapphire oscillator generates modelocked pulses of light centered around
Ao =805 nm. The gain medium of the oscillator is a Ti:sapphire crystal, which is pumped
by 532 nm light generated from a frequency-doubled Nd:YVO4 laser'®®. The Ti*" ion is
responsible for the laser action of the Ti:sapphire crystal. The ion absorbs in the 400-600
nm range and fluoresces at wavelengths above 600 nm!®J. Lasing is achieved when an
integral number of half wavelengths fit between the cavity mirrors of the oscillator'¢®!,

Many wavelengths can satisfy this condition simultaneously and these wavelengths

constitute the longitudinal modes of the cavity. The simultaneously lasing modes
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constructively and destructively interfere with one another. Mode-locking is achieved
when the phase of the each of the modes is matched and held constant, generating narrow,
high intensity pulses/®®l. These pulses have a pulse width of less than 100 femtoseconds
(fs) and an average power of several hundred mW[6®!,

The oscillator pulses are sent to a regenerative amplifier, where they are amplified
via chirped pulse amplification (CPA). In this technique, the fs pulses are stretched in time
by three orders of magnitude. Stretching is achieved by the use of reflection gratings. A
reflection grating is a mirror with a repeating surface structure. As with a diffraction
grating, the repeating structure affects the amplitude and phase of the incoming optical
wave, causing interference in the outgoing wave. Light is reflected off the grating at
discrete orders. The interference pattern depends upon the frequency of the incoming light
and therefore the light is spread out spatially according to frequency. In the stretcher, the
optics can be arranged such that the blue wavelengths travel a longer distance than the red
wavelengths, thereby stretching the pulse width and inducing a positive chirp, wherein the
wavelength of light shifts blue over the time of the pulse®. The distance between the
grating and the retroreflector defines the amount of stretching. The chirped light serves as
the seed for the regenerative amplifier. The regenerative amplifier consists of an optical
cavity which contains a Ti:sapphire rod!®. The rod is pumped by 527 nm light from a
frequency-doubled Nd:YLF laser'®®. The optical alignment of the amplifier allows the
pulse to complete many round trips of the optical cavity, resulting in an amplification of

06 [69

around 1 1. Typically in the CPA technique, the light would then be compressed with

another grating pair; however, our experiment requires the longer (picosecond) chirped
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0 2'x3’ breadboard

Figure 2.4 Optical layout of reverse chirp box used to generate the two oppositely chirped pulses of light.

pulses and so the compressor is by-passed. The regenerative amplifier is run at a repetition
rate of 1 kHz and pulse picked to 10 Hz so that it can be further amplified by a frequency-
doubled 10 Hz Nd:YAG laser.

The positively chirped picosecond amplified pulses from the regenerative amplifier
are sent to a custom-built reverse chirp box to generate a pair of oppositely chirped pulses.
A diagram of the optical layout of the reverse chirp box is shown in Figure 2.4. The
positively chirped pulse of light is sent to reflection grating D and a mirror F is placed in
the Fourier plane of the beam such that beam is split in half spectrally. One leg maintains
the positive chirp created by the regenerative amplifier, while the other leg reverses the
chirp of the second pulse. The distance between grating S of the reverse chirp leg and the
focusing lens O (with focal length f) must be equal to 1f + 4 times the distance used in the
stretcher to achieve the positive chirp. This criterion ensures the positive chirp is exactly
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Figure 2.5 Spectra of the positive (blue) and negative (red) chirps from the optical centrifuge.

reversed. Retroreflectors in each leg pass the beam through the gratings so that the spatial
distortion of the beam is reversed, while the temporal chirp is maintained. The gratings of
each leg of the pulse shaper must be exactly parallel to one another to have no spatial chirp.

As stated in section 2.1.1, the time-dependent frequency difference between the two
pulses defines the angular acceleration of the optical field. Figure 2.5 shows the spectra of
the two oppositely chirped pulses of light. The full-width-at-half-maximum (FWHM) of
the combined spectrum corresponds to a wavelength separation of 16 nm (Aw = 7x103
Hz) between the two chirps. At this point the rotational frequency of the optical centrifuge
is Q = Aw/2 = 35 THz. The rotational numbers given in Table 2.1 reflect this frequency
and the spectral chirps shown in Figure 2.5.

The intensity of each chirped pulse is amplified by two orders of magnitude with a
multipass amplifier (MPA). The MPA contains two Ti:sapphire rods that are 0.5 in

diameter, which are pumped at 10 Hz by ~3 W of 532 nm light from a frequency-doubled
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Nd:YAG laser. Both the positive and negative chirped pulses pass through a Ti:sapphire
rod four times, resulting in a final energy of about 30 mJ per pulse in each leg.

Figure 2.6 is a diagram of the optical components of the optical centrifuge
experiment. After exiting the MPA each chirped pulse has the same linear polarization.
The negatively chirped pulse is sent to a delay line. The positively chirped pulse passes
through a A/2 waveplate, which rotates the pulse’s polarization by 90°. The orthogonal
polarizations of the two pulses permit the pair of beams to be overlapped spatially into a
single beam with a polarizing beam cube (PBC). The beam containing the two pulses
passes through a A/4 waveplate and since the pulses have orthogonal polarizations, the A/4
imparts opposite circular polarization to each pulse. Figure 2.7 shows a schematic of the
polarization at each step after exiting the MPA. The combined pulse is sent to the sample
cell with an energy of about 50 mJ per pulse.

For the optical fields of the two pulses to interfere in a manner producing the optical
field described by equation 2.14, the two beams must be precisely overlapped in time and

space. Cross-correlation is used to provide this precise overlap within a few picoseconds.

Delay Line

Ti:Sapphire Laser Detector

System and MPA

Mid-IR Source . = - =—=—=———= === —~-
’( Feedback Control

Figure 2.6 Experimental set-up of the optical centrifuge with a high resolution transient IR absorption

spectrometer for detection. The labels refer to the multipass amplifier (MPA), polarizing beam cube (PBC),
and the A/2 and A/4 waveplates.
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Creating an Optical Centrifuge: Evolution of Optical Field Polarization

After A/4
Out of MPA @ PBC waveplate @ Sample Cell
A
Positive Chirp €= A — C

" dp,
Negative Chirp )

Figure 2.7 Evolution of the electric field polarization at each step used to generate an optical centrifuge. The
headings refer to the multipass amplifier (MPA), polarizing beam cube (PBC), A/4 waveplate and sample cell
shown in Figure 2.6.

The technique is similar to the intensity autocorrelation used to measure pulse widths!’,

In this technique, a non-linear crystal is placed in the beam path to generate the sum
frequency. Sum frequency generation (SFQG) is a second order non-linear process in which
high intensity light of frequencies w; and w, are combined to give light of frequency w4 +
w, . A spectrometer placed behind the crystal collects the SFG signal!®l. In our set-up,
a BaB,04 (BBO) crystal is placed in the optical centrifuge beam path to generate 400 nm
light!®4l. The 400 nm light is collected on an Ocean Optics USB 2000 spectrometer. The
mechanical delay stage shown in Figure 2.6 is used to adjust the time delay between the
two 800 nm pulses. The SFG signal is maximized when a pulse from each leg arrives at
the crystal at the same time.

The combined optical centrifuge pulse is focused into a sample cell containing the
gas under investigation. Two different lenses have been used in the optical centrifuge
studies in this thesis. A 50 cm focal length lens focuses the beam to a beam waist wy = 26
pm with an intensity of 4.2x1013 W/cm?. The beam waist corresponds to the radius of the

beam at the focal point. A 100 cm focal length lens focuses the beam to a beam waist wy =
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51 um with an intensity of 1.1x10*3 W/cm?. The high intensities increase the magnitude
of the interaction energy between the optical field and the molecules as described by

equation 2.8.

2.1.3 A Note on Timing

Crucial to the operation of the optical centrifuge laser system is a system of
precisely controlled fast electronics, which controls the timing of the various components.
This system ensures that the proper pulse is selected and maximum amplification is
achieved at each step. Figure 2.8 shows the electronic scheme of the various timing
components for the optical centrifuge laser system. The master clock is a 1 kHz transistor-
to-transistor logic (TTL) radio frequency signal from the regenerative amplifier Nd:YLF

72]

pump laser (Evolution 20)l"?1. A synchronization and delay generator (SDG) serves as a

721 The Ti:sapphire

hub to synchronize the timing of various electrical components!
oscillator (Micra 5, Coherent) produces ultrashort pulses at a repetition rate of 80 MHz.
The 80 MHz signal is sent to the SDG and synchronized with the 1 kHz signal from the
pump laser.

The SDG has 4 outputs. One output is fixed in time, while the other three outputs

have adjustable delays!’?. The SDG also has an adjustable circuit that allows the outputs

to be operated at a repetition rate below the master input!’?l. In this case, the circuit is set
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Figure 2.8 Electric connection diagram of system controlling the timing of the optical centrifuge pulsed laser
system.

such that the 1 kHz input is divided by 100 to enable operation at 10 Hz. Outputs for delay
1 (D1) and 2 (D2) trigger Pockels cells (PC1 and PC2) in the regenerative amplifier!’?!.
Pockels cells are electro-optic devices that act as quarter waveplates when a large electric

64 These devices use polarization to act as an optical gate, permitting a

field is applied!
selected pulse of 800 nm light from the stretcher into the amplification cavity (PC1). The
amplified is then released from the cavity by PC2!"?l. Delay 3 (D3) triggers the Q-switch
of the Nd:YAG. This delay is set such that the YAG pulse arrives at the MPA Ti:sapphire
crystals 20 ns before the 800 nm pulse in order to achieve maximum amplification. The
fixed output of the SDG is sent to an external delay generator which triggers the flashlamps

for the next YAG pulse. This pulse is set at a time such that maximum power out of the

YAG is achieved. This control scheme produces the 10 Hz optical centrifuge pulse train.
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2.2 High Resolution Transient IR Absorption Spectroscopy

2.2.1 Principles of Transient IR Spectroscopy

The studies presented here used high resolution transient IR absorption
spectroscopy to investigate the collision dynamics of molecules after a gas sample was
excited by the optical centrifuge. Individual rotational states of molecules was probed by
tuning high resolution light to specific rovibrational transitions. Detailed information
about rovibrational transitions of many atmospherically relevant molecules is given in the
HITRAN database!’®. The rovibrational spectral lines of carbon dioxide and carbon
monoxide that are studied in this thesis are shown in Figure 2.9.

The basic energy scheme for studying centrifuged molecules is shown in Figure

2.10. Molecules in the sample cell initially start in the ground vibrationless state with a

{ (
) )

3e-18 . .
CO, (00°0 — 00°1)

2e-18

1e-18

Transition Strength, cm™/ (molecule cm'z)

CO, (00°0 — 10°1

()_‘_“_A,_

2000 2250 2500 3500 3750
Wavenumber, cm™

Figure 2.9 IR transitions for CO and CO; obtained from the HITRAN database.
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Figure 2.10 Energy scheme of molecules being investigated in the optical centrifuge.

300 K Boltzmann distribution of rotational states. The optical centrifuge excites a portion
of the molecules to a narrow distribution of high rotational states. A high resolution,
continuous wave (CW) IR light source is used to probe individual rotational states by
inducing a rovibrational transition. Time-resolved changes in the populations of individual
quantum states reveal how energy is transferred in the excited sample.

Linear absorption of IR light from a specific state is directly related to the
population in that state as described by the Beer-Lambert lawl’¥. The absorption
coefficient of the molecule corresponds to a disk of area o and represents the effective area
seen by a photon of frequency v. The cross section o (v) is frequency dependent. Light
with intensity /(z) is incident upon a sample that contains absorbing particles with density
N in an infinitesimal volume with area Q and length dz. The light intensity before
interacting with the sample is I,. The light absorbed by infinitesimal volume is dI and the
intensity of light transmitted through the sample of length L is I;. The total absorbing cross
section is equal to aNQdz. The fraction of light absorbed, dI/1, is equal to the ratio of the

total absorbing cross section to the area Q:
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dl oNQdz

—=— : 2.21
=% (221)
Simplifying and integrating both sides from z = 0 to z = L:
——=—| oNdz
10y 1(2) 0
I
In—=—0oNL
Iy
Iy
— = g~ 9NL (2.22)
Iy

Equation 2.22 is the Beer-Lambert law and shows how absorption is related to the
population of absorbing molecules!’#!. In the gas phase, this law is also commonly written

in terms of pressure p and the total absorption strength a:

Iy

= e L, (2.23)
Iy

The absorption coefficient a has units of cm™ Torr"'and is defined as
a = Sf(O)N. (2.24)

The absorption strength S is the cross section integrated over all frequencies:

5= f " (o). (2.25)

f(0) is a line-shape factor and that describes the broadening of the transition

Fo) == M2, (2.26)

Av, | T

In the above expression Av is the full-width-at-half-max (FWHM) of the transition.

31



The HITRAN database lists the S value of each rovibrational transition, which
includes contributions from the oscillator strength S,, the fraction of population £ in
rotational state J, and the fraction of population £, in vibrational state v:

S=S, 41, (2.27)
The fractional populations are determined by the Boltzmann distribution at temperature T

for a degree of freedom with quantum number # and energy E,,:
1 _(i)
£ = - gne kpT/, (2.28)
In equation 2.28 Z is the partition function, g, is a degeneracy factor, and kp is

Boltzmann’s constant. The values of S, are used along with a line shape to relate transient

IR absorption intensities to number densities of molecules.

2.2.2 Components of the IR Spectrometer

The components of the high resolution transient IR absorption spectrometer are
shown in Figure 2.6. In this section, a description of the four major components of the
spectrometer are described: the IR sources, the IR detectors, the frequency stabilization via
active feedback, and the sample cell.

IR Sources

Three different IR light sources were used to study the dynamics of molecules
excited by the optical centrifuge. Each IR source provides high-resolution, tunable, single-

mode light. A lead salt diode laser from Laser Components operates at A = 4.3 pum and has

a tuning range of 200 cm .

The diode laser has a spectral resolution of Avig < 3x107*
cm ! and an output power of 100—200 uW. A quantum cascade laser (QCL) from
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Table 2.2 Properties of the IR sources used in the high resolution spectrometer.

IR Source A range Resolution (cm) Power

Pb-Salt Diode 4.3 pm 0.0003 100 pwW

QcCL 4.2-4.5um 0.0003 60 mW
OPO 2.5-3.2um 0.00003 1W

Daylight Solutions operates between A=4.2 and 4.5 um. The QCL has a spectral resolution
of Avir< 3x10™* cm™ and an output power of ~ 60 mW. The third source is a mid-IR
optical parametric oscillator (OPO) by Lockheed Martin Aculight Corp. that provides IR

light between A = 2.5 and 3.2 um. The IR light from the OPO has a resolution of Avir<

3x107° cm ™" and output power of approximately 1 W. The high quality, linearly polarized
light provided by the QCL and OPO makes these two IR sources ideal tools to use in
polarization-dependent studies. The light from the diode is also linearly polarized, but the
poorer beam quality introduces some error in polarization-dependent measurements. Table

2.2 provides a summary of the important properties of the IR sources.

Detectors

Transient changes in IR absorption were detected using liquid-nitrogen-cooled, low
noise, solid-state photodiodes. These photovoltaic devices generate a current proportional
to the number of photons absorbed by the active area of the detector. Like most solid-state
detectors, these devices contain a junction between a p-type semiconductor material and
an n-type semiconductor material. At this p-n junction holes diffuse toward the n region

and electrons diffuse toward the p region. This transfer of charge creates an electric field
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between the two regions, which halts any further diffusion and leaves a space without
mobile charge carriers. The resulting electric field creates a potential difference across the
region, which is called the depletion region. Therefore, if a charge is liberated in the
depletion region by an incoming source of radiation, the charge will be swept away by the
electric field and create a current. The energy required to liberate an electron depends on
the material. Some common IR semiconductor materials are HgCdTe, which has a band
gap energy of about 0.48 eV (2.55 um), and InSb, which has a band gap energy of about
0.23 eV (5.4 um)[1. In general, both IR radiation and thermal energy can excite electrons
in these types of detectors. Therefore, to avoid interference from thermal excitation, the
detectors must be cooled to temperatures well below room temperature. In the studies
reported here the detectors were cooled with liquid nitrogen to 77 K61,

Indium antimonide (InSb) detectors from Judson Technologies, which have an
active area of 0.2 mm? and a field of view of 60° were used for data collection. Detectors
with smaller active areas have lower noise!’®l. The 10-90 response time of the detector is
defined as the time it takes for the detector to go from 10% to 90% of the final signal
intensity. The response time of the detector and the gain are inversely proportional ’®l,
Measurements were obtained with detectors that have a response time better than 100 ns
and a gain of 60,000. Voltage response transients were averaged for about 400 shots and
collected using a digital oscilloscope.

Active Feedback

The IR light used for transient detection was stabilized by active feedback using a

lock-in amplifier, which “locks” to a desired signal at a specific modulation frequency.
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Frequency stabilization was achieved in two ways: locking to a rovibrational peak in a
reference cell or locking to a fringe generated in a tunable etalon. In the first case, the
reference cell contained a sample of the gas under investigation. The cell length (~3 m)
and gas pressure were adjusted so that rovibrational transitions of interest could be
detected. Transient absorption at line center of the IR transition was measured by locking
the IR frequency to a known spectral peak in a reference gas cell.

For the second type of frequency stabilization, a Fabry-Perot etalon was used for
controlling the IR frequency during Doppler profile scans. An etalon is an optical cavity
composed of two parallel, partially transmissive mirrors. Light enters the cavity and
interferes with itself, producing an output signal of evenly spaced maxima. The maxima
are separated by a frequency defined by the free spectral range (FSR) of the etalon, which

is given by
c
FSR = —, 2.29
oL (2.29)

where c is the speed of light and L is distance between the etalon mirrors!®y. One of the
mirrors in the etalon is mounted on a piezoelectric base. A high-voltage amplifier that is
controlled via LabVIEW applies a voltage to the piezoelectric base, which changes the
length of the cavity. In this way, the fringe can be tuned across a rovibrational line in small
frequency steps. By locking the IR source to an etalon fringe, the frequency of the light

1

can be precisely stepped across the transition in steps as small as 5x107* cm™!. In

comparison, the FWHM of CO and CO» line profiles at 300 K are about 4x1073 cm ™.
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Sample Cell

Two sample cell configurations were used in this work. All sample cells were made
of Pyrex glass with fused silica antireflective coated windows to the allow the optical
centrifuge light to pass into the cell with minimal reflective losses. A pair of calcium
fluoride windows allowed the IR to pass through the cell, crossing the OC beam and
probing the optical centrifuge dynamics. The IR beam propagated at 90° with respect to
the OC beam. Figure 2.11 shows the single pass configuration. In the single pass
configuration, the IR light was focused onto the OC beam waist with a 10 cm focal length
lens. The IR beam waist at the focal point was wy = 52 um. A tunable waveplate before
the sample cell was used to flip the IR polarization from horizontal to vertical. The
waveplate in combination with the 90° crossing angle enabled the IR light to probe the
spatial orientation of the optically centrifuged molecules.

To improve signal-to-noise levels, a second cell with a multipass IR configuration

was constructed. This sample cell used a 50 cm focal length lens (wy = 230 um) to focus

Sample cell

Figure 2.11 Single pass configuration or IR probe beam, highlighting how changing the polarization probes
molecular orientation.
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Figure 2.12 Top-down view of the multi-pass IR configuration.

the IR beam between a pair of parallel gold mirrors, crossing the OC beam 11 times. A
top-down schematic of this sample cell configuration is shown in Figure 2.12. The angle
of the IR beam propagation was nearly orthogonal to the propagation of the OC beam. The
distance between each point the IR beam crosses the OC was < s >= 1.2 mm.

Figure 2.13 shows a side view of the single and multipass configurations and
highlights the difference in overlap of the OC beam in the two configurations. In the single
pass configuration, the path length that IR and OC overlap was 50 um and the overlap
volume was about 2X10° um?>. In the multipass configuration, the path length of IR and

OC overlap was about 520 um and the overlap volume was increased to 970x10° um?>.
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Figure 2.13 A side view of the single and multipass IR configurations. The OC beam is sho-wn in blue and
the IR beam is shown in red.

2.2.3 Transient Absorption

Transient changes in absorption were measured with a digital oscilloscope
(Tektronix) and collected with a computer via a LabVIEW interface. The oscilloscope was
triggered with a photodiode that detected the optical centrifuge pulse and defined t = 0 on
the oscilloscope. The signal on the IR detector was collected on the oscilloscope with an
AC coupled channel and a DC-coupled channel. The AC channel represented Al, the
change in IR intensity, while the DC channel represented the transmitted intensity /. The
initial, pre-trigger intensity on the DC channel was [,. Using these definitions, the
fractional change in absorption, Al /I, was

Al AC/DC

— ) =—F7—. 2.30
Iy 1+ AC/DC ( )
The fractional changes in absorption were used to measure state-specific translational

energy distributions and populations of molecules following the optical centrifuge pulse.
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2.2.4 Doppler-Broadened Line Profiles

Information on the translational energy of molecules in individual rotational states
was obtained by measuring Doppler-broadened line profiles. In these measurements, the
transient fractional changes in absorption are collected in evenly spaced frequency steps
across an individual IR transition. The Doppler-broadened profiles are Gaussian shaped.
The Gaussian shape and translational energy information come from a Maxwell-
Boltzmann velocity distribution. The derivation is described here.

The general form of the Boltzmann probability distribution is

_(L)
P = Ae ‘kBT/, (2.31)
where A is a normalization constant, E is energy, kg is Boltzmann’s constant, and T is

temperature. Molecules of mass m travelling in the x direction with a velocity v, have
kinetic energy E = %mv,zc. The Maxwell-Boltzmann velocity distribution in one direction

with the proper normalization is

> mv2
Pev)dv, = (T e () gy, (2.32)
Ve = \QrkenT x

For an isotropic sample, the probability distribution in all directions is just the product of

the distribution in the x, y, and z directions;

2

m A
P(v)dvyP(vy)dvy,P(v,)dv, = <2nk T)z e (ZkBT)dvxdvydvz, (2.33)
B

where we have used v? = vZ 4+ v2 +v2. By changing to spherical coordinates and
x y z y ging P

integrating over all angles, the Maxwell-Boltzmann distribution becomes
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3

= mv?
)2 Vze_(W)dV. (2.34)

P()dv = 4m (>
vV = AT okt

A moving molecule causes a shift in absorption frequency based on the Doppler
effect. The frequency v of light propogating along x that is “observed” by the particle is

related to the velocity v of the particle:
v =, (1 + —). (2.35)
Rearranging the above expression:

c
tv, = — (v —vy). (2.36)
Vo

Using equation 2.36 to change variables in equation 2.34 yields a Doppler-broadened line
profile

1 _mc?(v—vy)?

m \z/cC £
PO)d =< ) (—) 2k5TV3 dly, 2.37
(V)dv 2nkgT) \v, ¢ °av ( )

The intensity is proportional to P(v) and the line shape is a Gaussian function centered at

Vo The FWHM Av of this function is

8In2ksT
W= = (2.38)

The translational temperature of the molecules determines the width of the Gaussian
profile. By fitting the measured transient IR line profiles to Gaussian functions, one can
determine the translational temperature of the molecules in that state by the following

expression:

mc?

T = m(“) . (2.39)

Vo
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Transient IR absorption line profile data were fit to Gaussian functions of the form:

xX—x0)\2

y = ae (5, (2.40)
where a and b are adjustable fitting parameters. The FWHM Ax of the Gaussian function
is Ax = b\/81n 2, and is used in equation 2.39 to determine the translational temperature.
The total change in population of molecules in an individual state is determined by the area

under the Doppler-broadened line profile. The area of a Gaussian function is equal to

@ X—Xg\?
j ae_o's( b 0) dx = abV?2m. (2.41)

This expression is a measure of a profile’s intensity and broadened line shape. Using the
integrated area under the Gaussian profile and the oscillator strength S, defined in Section

2.2.1, we determine the relative population in the individual rotational states.
2.3 Gas Kinetics

2.3.1 Gas Kinetic Collisions

This thesis describes research on gas-phase collisions. The gas kinetic model
provides a useful description of gas-phase collisions and a framework from which to
discuss the results. The time between collisions is an important issue to consider when
studying gas-phase collisions and the gas kinetic model provides a reasonable estimation
of this parameter. Here, some key concepts are presented!’”.

The gas kinetic model assumes that a gas consists of molecules of mass m
undergoing random motion, that the size of the molecules is much smaller than the average

distance between molecules, and that molecules interact through brief, elastic collisions!’”!.
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One key result of the theory is the Maxwell-Boltzmann speed distribution given by
equation 2.34. From this distribution, we can calculate the average velocity vV of molecules

in a sample by integrating over all speeds:

%) 3 [e's} 2
m _(Iwv”
\7=f vP(v)dv = 47r( >2j vie (ZkBT)dV (2.42)
0 ZﬂkBT 0
1
 (BkeTN2
v =< ) . (2.43)
mm

If we are concerned with the relative speed of the molecules then we replace the mass by

the reduced mass, u;

1

8kyT\2
Vrol =< HZ ) . (2.44)

The average time between collisions in a pure sample is determined as follows.

When an idealized spherical molecule travels through a sample, it maps out a collisional

cylinder with a cross sectional area, ¢ = md?, where d is the diameter of the molecule!””].

The length of the cylinder is equal to the distance between collisions, which is known as
the mean free path 4;

A =V, At, (2.45)

sU”71. One molecule is in this cylinder and therefore

where At is the time between collision
the number density is 1/04. The number density in the collision cylinder is equal to the

bulk number density from the ideal gas law N/V = p/kgT, where p is pressure. Equating

these two number densities and solving for At yields

kT

O-‘_’relp

At = (2.46)
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Note that At and p are inversely proportional. Table 2.3 lists the average time between

collisions for 10 Torr samples of CO and CO; at 300 K.

Table 2.3 Time between collisions for CO and CO; at 300 K and 10 Torr.
Molecule | Mass (g/mol) | 6 (hm?) | V,.; (m/s) | At (ns) @ 300K & 10 Torr

co 28 0.44 674 10.4
CO; 44 0.52 537 11.1
2.3.2 Diffusion

Another important property of gas-phase molecules is diffusion. Diffusion may
play a significant role in the relaxation of molecules excited by the optical centrifuge and
can impact transient absorption measurements as molecules can diffuse into and out of the
excitation and probe volumes. The 1-D diffusion equation relates the time rate of change
in concentration to the spatial change in concentration;

dc d%c

% = ﬁ, (247)

771

where D is the diffusion coefficient The solution to this equation, assuming, the

concentration is isotropic in the y-z plane is

N, 2
c(x,t) = ———=e*"/4Dt 2.48
(x,t) N (2.48)

where N, is the total number of particles present and A is the area in the y-z plane. It is
possible to develop a probability density function by dividing the number of particles in a
slice of area A and thickness dx by the total number of particles;

cAdx _ 1

2
e X"/4Dt gy (2.49)
Ny Dt
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To calculate the spread of particles from a central origin we calculate the root-mean-square

displacement, (x2)'/2, using the probability density in equation 2.49:

(x?) = ! fooxze‘xz/‘”)tdx. (2.50)
nDtJ_»
The solution to this integral is
(x%) = 2Dt. (2.51)
Taking the square root of both sides
(x2)1/2 = (2Dt) V2. (2.52)

This equation describes how far molecules spread out spatially in a time t given their
diffusion constant D. The diffusion constant can be estimated from the gas kinetic model

as
1 _
D = §AV. (2.53)

Table 2.4 shows the diffusion constants, mean free path, and root-mean-square
displacement in 1 ps at 300 K for 10 Torr samples of CO and CO». As the single pass IR
configuration has a beam waist of 48 um, diffusion can play a role in the dynamics observed
in the single pass configuration. In the multipass configuration, the beam waist is increased

to 230 um, thereby reducing the role of diffusion in measurements at 1 ps.

Table 2.4 Mean free path, 4, diffusion constant, D, and root-mean-square displacement in 1 ps at 300 K and
10 Torr of CO and COs.

Molecule A (pm) D (m?s?) | (x*)'/2 (um)
CO 4.9 7.85E-04 40
CO; 4.2 5.35E-04 33
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Chapter 3: State-Specific Collision Dynamics of Molecular
Super Rotors with Oriented Angular Momentum

Adapted from: M. J. Murray, H. M. Ogden, C. Toro, Q. N. Liu, D. A. Burns, M. H.
Alexander, A. S. Mullin, State-Specific Collision Dynamics of Molecular Super
Rotors with Oriented Angular Momentum. J. Phys. Chem. A 2015, 119, 12471-
12479.

3.1 Introduction

The dynamics of non-reactive collisions are affected by the translational,
vibrational, and rotational degrees of freedom, leading to a rich variety of observed

behaviorsB® 44 78-82]

Because rotational energy states are relatively closely spaced
(compared to vibrational and electronic energy states), J-changing collisions are common
in molecular samples, with many collision systems exhibiting a propensity for small

41,43, 83, 84]  Most studies have focused on J-

changes in rotational quantum numbers!
changing collisions within a thermal distribution of states. Here, we investigate the
rotationally inelastic collisions of molecules in ultra-high rotational states that are initially
prepared with a well-defined plane of rotation and a uniform direction of rotation using an
optical centrifuge.

With the advancement of non-resonant laser schemes, new tools are available for
controlling the orientation of rotational motion in the lab framel!# 16-26.29-31.51 " Kitano et.
al. used a pair of cross-polarized pulses of light to achieve non-adiabatic angular

momentum orientation of benzene molecules in the Jx = 0o, 1o, 11, 22, and 33 states!'®!. In

another approach, oppositely-chirped pulses of light were used by Ivanov, Corkum, and
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coworkers to create an optical centrifuge, in which molecules in extreme rotational states,
termed super rotors!!], were prepared by an angularly accelerating optical field!'* 2%, They
used the optical centrifuge to excite Cl, molecules adiabatically to states near J~420, from
which dissociation was detected. A key feature of both of these approaches is that the
molecules have a unidirectional sense of rotation, so that the ensemble of rotors has
oriented angular momenta.

Molecular super rotors exhibit a number of interesting collisional properties. There
is evidence that super rotor angular momentum orientation is meta-stable with respect to

50,521 1t has also been suggested that macroscopic gas vortices may result from

collisions!
the super rotors’ extreme angular momental®>!.

In the work reported here, we have used a high power optical centrifuge in
conjunction with a high resolution transient IR absorption spectrometer to investigate the
time-evolution of the translational and rotational energy profiles of CO> super rotors.
Previous work from our group has focused on CO; molecules in the range from J=60 to
J=80 and has shown that transient absorption signals are a result of collision-induced
relaxation of the centrifuge—excited molecules®”. Recent studies have shown that the
spatially oriented nature of the molecules prepared by the optical centrifuge is preserved

after the molecules have gone through many J-changing collisions!.

This chapter
presents a set of experiments studying the transient populations and translational energies

of CO> in a number of rotational states ranging from J=0 to 100 in order to provide a

broader picture of the collisional energy transfer dynamics of super rotors.
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3.2 Experimental Details

The setup of the optical centrifuge high resolution transient IR absorption
spectrometer has been described in Chapter 2. These experiments were performed using
the single pass IR detection. Based on the spectral chirp shown in Figure 2.5, the optical
centrifuge has a maximum rotational frequency of 32-35 THz. For CO; this rotational
frequency corresponds to rotational energy Erot = 18,200 cm™ and an angular momentum
quantum number of J~220.

Population changes for individual rotational states were measured following the
centrifuge pulse using high resolution transient IR absorption. The CO> samples had a
pressure of 5 -10 Torr (99.99%, Matheson Tri-gas). Two IR probe sources were used
depending on the rotational state under investigation. A quantum cascade laser (QCL)
from Daylight Solutions operating between A=4.2 and 4.5 pm was used to probe the J=76
and 100 states with the fundamental CO2 (00°0 — 00°1) transition. The second IR source
is a mid-IR optical parametric oscillator (OPO) by Lockheed Martin Aculight Corp. with
output between A=2.5 and 3.2 um. The J=0, 36, and 54 states of CO were probed using
combination band (00°0 — 10°1) transitions. The absorption strength of the combination
band is ~60 times weaker than the fundamental, thereby minimizing interference from

31, In each case, only a small fraction of the IR power was

background CO; absorption!
used to avoid saturating the probe transitions.

The experiments described here were performed with the IR and optical centrifuge

(OC) beams crossing at 90°, as shown in Figure 2.11. The optical centrifuge beam
propagates along the z-axis and prepares molecules with an angular momentum vector joc
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that is nearly parallel to the optical centrifuge propagation vector Eoc and the z-axis.

Individual CO; molecules that are optically centrifuged map out a rotating disk that spins

with the electric field of the centrifuge pulse, Eoc- The ensemble of molecules has a
unidirectional sense of rotation, corresponding to oriented angular momentum vectors. For
the measurements reported here, the IR beam was polarized along the z-axis, i.e.
perpendicular to plane defined by the rotating disk of centrifuged molecules.

Five CO, states were investigated in this study: J=0, 36, 54, 76, and 100.
Experimental conditions were adjusted based on signal levels of each state. The optical
centrifuge was focused down to a beam waist wo= 25 pm in all sets of experiments, except
for the J=100 state experiments, in which the beam waist was ®o= 51 pm. Measurements
of the J=0, 36, and 54 states used the OPO and R branch transitions (A]J=+ 1) of the
combination band (00°0 — 10°1). The J=76 and J=100 states were measured using the
QCL with P branch transitions (A]J= — 1) of the fundamental (00°0 — 00°1) band. Light
from the OPO and QCL was focused with a 10 cm lens to a beam waist wo= 50 um. For
the J=0, 54, and 76 states, the pressure was maintained at 10 Torr. For J=100, the pressure
was 7.5 Torr. For J=36, the pressure was lowered to 5 Torr to reduce background
absorption. The average time between collisions for these studies was 10 ns for 10 Torr,
15 ns for 7.5 Torr and 20 ns for 5 Torr, based on gas-kinetic collision frequencies. In order
to compare transient signals for different measurements on a common scale, time ¢t is
converted to average number of collisions N using the relationship N =t - k, where k is
the gas-kinetic collision frequency. For COs at 300 K: k = 1.0x10% s™! at 10 Torr; k =

6.7x107 s' at 7.5 Torr; and k = 5.0x107 s at 5 Torr. Transient absorption changes were
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detected with a liquid-nitrogen-cooled InSb photodiode. Wavelength modulation was used
to lock the IR frequency to the fringe of a scanning confocal etalon, thereby stabilizing the
IR frequency during transient measurements. Transient line profiles were measured by
collecting transient absorption at a series of closely spaced, discrete IR frequency steps
(~0.001 cm™) across individual ro-vibrational transitions. Most of the line width is due to
Doppler broadening; contributions from pressure broadening are assessed in the data

fitting.

3.3 Results and Discussion

The trapping efficiency of the optical centrifuge depends on the intensity of the
optical pulse and the chirp rate. As discussed above, the rotational frequency of the optical
centrifuge corresponds to a CO; rotational state near J=220 state. If the intensity profile of
the pulse were uniform, one would expect the rotors to have a narrow distribution of J
states. However, because the intensity profile drops off as the wavelength detunes from
Ao, it 1s likely that super rotors are prepared in a distribution of states with J <220. Milner
and coworkers have shown that cutting the spectral extent of the chirp can lead to greater
rotational coherences in the excited molecules and a narrower distribution of excited

states!®?!,
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3.3.1 Dynamical Studies

Line-center transient IR absorption signals for CO; rotational states J=100, 76, 54,
36, and 0 are shown in Figure 3.1. The detector response time is shown as a green dashed
line in Figure 3.1a and 3.1e. The transient signals show a range of behavior and timescales.
Appearance of population is observed for the J=100, 76, and 54 states (Figure 3.1a-3.1c).
Depletion of population is seen for the J=36 and 0 states (Figure 3.1d, 3.1e). The transient
population in J=100 has come and gone by ~100 gas-kinetic collisions, whereas population
in J=76 and 54 persists past 400 collisions. Similarly, the depletion of population in J=36

and 0 lasts beyond 400 collisions. These data show that substantial energy has been
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Figure 3.1 Line center transient absorption measurements of CO, J =100 (a), 76 (b), 54 (c), 36 (d), and 0 (e)
after excitation by the optical centrifuge. The detector response is shown as a dashed green line in Figure
3.1a and 3.1e. Note that the signals are slower than the detector response in all cases.
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imparted to the system by excitation of the super rotors and that the redistribution of that
energy requires many collisions before equilibrium is reached.
Figure 3.2 shows transient line profiles of the J=100, 76, 54, and 0 states measured
at a series of times corresponding to 25, 50, 75, and 100 gas-kinetic collisions after the
optical centrifuge excitation. At each time step in Figure 3.2, fractional absorption data are
fit to a Gaussian function to determine the Doppler broadening. Translational temperatures
are determined from the full width at half maximum (FWHM) of the Gaussian fitting

results, as listed in Table 3.1. To check for possible pressure-broadening contributions, we
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Figure 3.2 Time-dependent Doppler-broadened line profiles for J= 100 (a), 76 (b), 54 (c), 0 (d) are shown at
25,50, 75, and 100 gas-kinetic collisions after optical centrifuge excitation.
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have also fit the data using a Voight profile (a combined Lorentzian and Gaussian profile)
with known pressure-broadening coefficients for CO, from the HITRAN Database.
Translational temperatures resulting from the Voigt fitting are within 10% of the results

from Gaussian fitting, which is within our experimental uncertainty.

Table 3.1 J-Dependent Linewidths and Translational Temperatures

CO,J | v(cm?) N ¢ FWHM (cm™) | Tuans, K (Gaussian)
100 2241.196 25 7.84E-03 1040 + 80
50 5.93E-03 600 £+ 80
76 2272.533 25 1.02E-02 1700 + 50
50 7.94E-03 1040 + 30
75 7.17E-03 850 £ 20
100 6.81E-03 760 £ 20
54 3748.084 25 1.50E-02 1360 + 180
50 1.07E-02 700 £ 50
75 1.04E-02 650 £50
100 9.76E-03 580+ 50
0 3715.556 25 4.54E-03 130 £30
50 5.52E-03 190 £20
75 5.30E-03 170 £20
100 5.82E-03 210 +£20

“ N is the average number of collisions as described in the text.

The state-specific translational energies are determined by the measured line widths
and the rotational state populations are determined from the integrated area under each
curve. The population changes in each rotational state describe the evolution of rotational
energy in the system. The time dependence of transient line profile intensities varies
substantially among states, indicating the presence of a wide range of energy transfer

dynamics and cross sections. Line profile results are only reported for times at which signal
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levels are sufficient for a reliable Gaussian fit, in which case the rms (root-mean-square)
residuals are less than 15% of the line-center intensity.

Of the states investigated here, the J=36 state is unique because depletion is
detected at line center and appearance is detected in the wings of the Doppler profile, as
shown in Figure 3.3. When depletion and appearance rates are comparable, signal levels
for absorption become small; low signal-to-noise levels for the line-center transient of J=36
are evident in Figure 3.1d. To analyze the line profiles, the transients for J=36 were
smoothed using a running average, as shown in Figure 3.3a. The smoothed data were then
fit to a sum of two Gaussian functions with opposite amplitudes, one corresponding to
appearance and the other corresponding to depletion. The double Gaussian behavior
indicates that molecules are appearing in J=36 with more translational energy than those
molecules being removed from the state.

Figure 3.4 shows the evolution of translational temperatures based on the transient

Doppler profiles for J=100, 76, 54, 36, and 0 (Figure 3.4a-Figure 3.4e). Molecules
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Figure 3.3 a) Smoothed transient absorption signals show depletion at line center and appearance in the
wings. b) Doppler-broadened line profiles for J=36 are fit to double Gaussian functions since appearance
and depletion are simultancously detected in this state. The fit at 50 collisions (1 ps) is displayed here. ¢)
Doppler-broadened line profiles at 20, 40, 60, and 100 collisions after the optical centrifuge excitation.
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scattered into the J=100, 76, 54, and 36 states all have translational temperatures above 300
K, showing that super rotor relaxation occurs by rotation-to-rotation/translation (R-to-RT)
energy transfer. The extent and time-dependence of translational energy profiles vary
significantly as a function of J. Under the conditions of these measurements, the earliest
data for J=100 (Figure 3.4a) show an initial product translational temperature near 400 K
(after 10 collisions), indicating that relatively small amounts of translational energy have
been imparted after 10 collisions. In contrast, the J=76 state has a translational temperature
of almost 3000 K after 10 collisions, showing that much larger amounts of translational
energy are released for states that are further away in energy and J quantum number from
the initial super rotors. As discussed next, these findings show that near-resonant rotational
transitions are occurring and that super rotor energy transfer can involve AJ values well
beyond the minimum value of AJ=2 for COa.

The mismatch between the rotational energy loss and gain in collisions is the
amount of energy available for translation. First we consider the relaxation of a CO» super
rotor in a series of 10 collisions with thermal CO, molecules (initially in J=16) that lead to
the production of J=100 with 400 K in translational energy. A J=120 super rotor that is
relaxed by rotationally resonant transitions by the minimum step of AJsr = —2 leads to
energy gains in the acceptors with AJa.c=10 to 8. The energy mismatch between donor and
acceptor states leaves a translational energy of 170 cm™! in the J=100 molecules. If super
rotor relaxation occurs by larger AJ steps, there is more translational energy available to

J=100 molecules. For example, a J=220 super rotor ends up in J=100 after 10 collisions
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Figure 3.4 Time-resolved translational temperatures of CO, J = 100 (a), 76 (b), 54 (¢), 36 (d), and O (e) are
shown as a function of number of collisions after optical centrifuge excitation. The inset in each graph shows
a zoomed view of the data from O to 80 collisions. The grey dashed line in each figure is the 300 K initial
ambient temperature.

with AJsr = —12 for each collision, corresponding to energy gains in the acceptors with

AJacc=56to 36. In this case, the energy mismatch between donor and acceptor states leaves
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400 cm! of translational energy in the J=100 molecules. The second scenario is resembles
our experimental results for J=100.

The presence of high translational energy (3000 K) in the J=76 collision products
after 10 collisions shows that non-resonant rotational energy transfer is also taking place,
with the excess energy going into recoil between collision partners. Super rotors starting
in J=220 can end up in J=76 after 10 sequential down-collisions with AJsg= —14. A
maximum of 3400 cm™! is available in translational energy for J=76 if AJacc=56 to 26.

It is also possible, and indeed likely, that at least some of the population in J=76
results from collisional excitation of thermal molecules. A J=16 molecule undergoing 10
sequential up-collisions with super rotors ends up in J=76 when Alacc= 6. If a J=220 super
rotor is the collision partner and AJsr= -2, the J=76 molecule ultimately has a translational
energy of 1260 cm™. If AJsr= —4 super rotor transitions occur, the maximum translational
energy increases to 4690 cm™. It is clear from this analysis that the translational energy
from non-resonant super rotor collisions is extremely sensitive to the AJ values involved in
the relaxation process.

Currently we cannot distinguish the J-specific dynamics of super rotors that are
coming down the rotational ladder from the dynamics of thermal molecules that are going
up the ladder through collisions with super rotors. In addition, there is uncertainty in the
initial distribution of super rotors. Nevertheless, it is clear from these results and the simple
energy gap analysis that super rotor collisions occur by rotationally resonant and non-
resonant processes and that AJ values in these processes are not limited to the minimum

allowed values.
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The data in Figure 3.4 give additional insights into the collision dynamics. The
energy profiles for J=76 and J=54 show that the translational energy from super rotor
collisions is rapidly dissipated and has reached a quasi-equilibrium temperature by 60
collisions that is well above the initial 300 K value. The long-time behavior for these states
is a signature of the large amounts of rotational energy and the number of super rotors
initially created in the optical centrifuge.

Another interesting result from Figure 3.4 is that the translational energy profiles
along the x-axis for J=0 and 36 depletion are consistently below 300 K, indicating that
inelastic collisions of super rotors, or partially relaxed super rotors, preferentially remove
a slower subset of molecules from thermally populated states. The low translational
temperatures measured for depletion of J=0 and J=36 imply that the total inelastic
scattering cross section, represented by ay_,; for J=0, decreases with increasing collision
energy. It is perhaps not surprising that super rotor relaxation preferentially involves a
subset of slower velocity collisions within the plane of super rotor rotation, given the
impulsive nature of rotational energy transfer. Effective rotational relaxation requires
impulsive collisions that occur at short range. High-velocity collisions can be ineffective
if the time scale for relative translation is much faster than the angular frequency; in this
case, it is unlikely that the collision partners have the most effective relative orientation
with which to transfer energy. On the other hand, in the limit of low-velocity collisions,

the energy-accepting molecule can be considered as essentially stationary as the rotor spins.
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Figure 3.5 The long-time (a-d) and early-time (e-h) behavior of the relative populations of the J=100, 76, 54,
and O states.

Figure 3.5 shows the evolution of the relative populations in the J=100, 76, 54, and
0 states of CO out to 1000 collisions (Figure 3.5a—3.5d) and a zoomed-in view to 80
collisions (Figure 3.5e—3.5h). The relative populations are scaled to the maximum value
of the population of J=54. The population of J=36 is not included here since this state has
essentially no net population change. The population data are fit to a sum of exponential
functions in order to get qualitative timescales for which population is entering or leaving
an individual state. The fits are shown in Figure 3.5a—3.5¢. A summary of the individual

timescales and the associated collision numbers is shown in Table 3.2. The first column
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gives the timescale 74 for molecules appearing into the state, or in the case of J=0, the
timescale for which molecules are depleted from the state. Tz represents the first timescale
for which population recovers back toward equilibrium. In the case of J=100 and 76, a
second recovery timescale 7, was included to describe the long-time return to quasi-
equilibrium. The slow return to equilibrium of J=0 and J=54 is evidence of the extreme
amount of energy imparted to the system by the optical centrifuge. Changes in population
for these states are detected as far out as 1000 collisions after the optical centrifuge
excitation. In contrast, population passes through the J=100 window within 200 collisions,
indicating that high rotational states relax more quickly than the lower states, which are

closer to states thermally populated at 300 K.

Table 3.2 Timescales and Collision Numbers for J-specific Populations

J TA Na B NB TC Nc
0¢ 140 ns 14 210 ps 21000 — —
54¢ 188 ns 19 5.1 ps 510 - -

76 ¢ 39 ns 3.9 460 ns 46 6.3 us 630
100 ¢ 41 ns 2.7 110 ns 7 590 ns 39

“ The timescale for population appearance (or depletion for J=0) is 7,; the timescale for recovery to quasi-

equilibrium is 7.

b For J=76 and 100, a second recovery timescale T, was included to describe the long-time dynamics.
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Figure 3.6 a) Semi-log plot of the degeneracy-weighted relative population for the J=54, 76 and 100 states
measured at various times following the optical centrifuge pulse corresponding to 20, 30, and 40 collisions.
b) Time evolution from 20 to 80 collisions of the rotational temperature.

From the relative populations of the J=100, 76, and 54 states, we can estimate the
evolution of rotational energy as the super rotors undergo collisional relaxation. Figure
3.6a shows a semi-log plot of the relative population data weighted by the degeneracy g
for these states, along with the rotational distribution fitting results at 20, 30, and 40
collisions. Based on a Boltzmann distribution, the rotational temperatures are determined
from the slopes of the fitting results as a function of collision number. Figure 3.6b shows
the rotational temperatures between 20 and 80 collisions. After 20 collisions, the rotational
temperature for these states is Trot ~800 K. A relatively rapid rotational cooling is observed,
followed by a second, slower relaxation to Tt ~500 K. This result is consistent with
previous measurements from our group on the long-time behavior of the J=60-78 rotational

distribution for super rotor relaxation!*”!,

3.3.2 Effects of Field Intensity and Cell Pressure

We performed additional measurements on the J=76 state to test for effects of

varying the field strength and the pressure. Figure 3.7a and Figure 3.7b show the time
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Figure 3.7 Translational temperatures of J=76 at 10 Torr and focusing the OC down to o= 25 pm (a), at 10
Torr and focusing the OC down to we= 51 pm (b), and at 7.5 Torr and focusing the OC down to wo=51 pm

(©).

evolution of the translational temperature measured at 10 Torr with the optical centrifuge
focused to a beam waist of ®wo= 25 pm and with a less focused beam waist of ®wo= 51 pm,
respectively. The overall power is the same for both sets of measurements but the beam
intensity is decreased by a factor of 4 when the beam waist is doubled. Figure 3.7b shows
that the translational temperatures are cooler overall for the less focused beam. In addition,
the field intensity affects the time-dependent behavior, showing that the collision dynamics
are affected by the number density of the centrifuged molecules. Rather than a monotonic
decrease in translational temperature starting from T=2800 K (as in Figure 3.7a), the looser
focus results in a lower initial translational temperature of T=800 K, followed by a
temperature increase to T=1800 K and subsequent slower overall relaxation. The weaker

focus effectively reduces the number density of super rotors since the depth of the potential
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well experienced by the molecules in the optical centrifuge is proportional to the intensity
of the beam!'*). In a less intense beam, more molecules can fall out of the trap before the
end of the pulse. The early-time data shown in Figure 3.7b supports this picture as there
are fewer super rotors from which to gain translational energy.

The density of super rotors was further reduced by decreasing the pressure to 7.5
Torr. Figure 3.7¢ shows the translational temperatures for J = 76 at 7.5 Torr with the optical
centrifuge focused to a beam waist wo = 51 pm. At this pressure, the translational
temperature is initially T = 600 K, then rises to T = 1200 K, followed by slower relaxation
to quasi-equilibrium. At both pressures, the initial temperatures are similar, indicating that
with fixed optical centrifuge intensity, a comparable fraction of molecules is excited by the
optical field. The data in Figure 3.7b and ¢ show that pressure influences the overall energy
cascade.

At 80 collisions, translational temperatures remain above 300 K, indicating that the
system continues to approach equilibrium. A comparison of the three data sets in Figure
3.7 shows that the long-time energy content decreases as the field intensity and the pressure
are reduced. Losses from transport of molecules out of the probe volume may contribute

to the differences in the translational temperatures at long times.

3.3.3 Comparison with Quantum Scattering Calculations

In order to gain insight into the inelastic collision dynamics of super rotors,
quantum scattering calculations were performed on the Ar-CO; (j) system. As an atom-
triatom collision system, Ar-CO> (j) scattering is a starting place from which to consider

the state-to-state dynamics of CO; super rotor collisions. A more detailed analysis and
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explanation of these quantum scattering calculations is given in Chapter 7. Here some of
the key results are presented.
Inelastic scattering cross sections for collisions of Ar with COx(j), based on an ab

851 were calculated using the Hibridon!®¢!

initio potential energy surface from Klos
scattering package which solves the close-coupled equations for molecular collisions. The
matrix of inelastic scattering cross sections was calculated for transitions involving all CO»
states with j = 0 to 72 at five collision energies: 150, 200, 310, 525, and 1000 cm™'. A
contour plot of the inelastic scattering cross sections at a collision energy of 200 cm! is
shown in Figure 3.8. The elastic cross sections have been removed so that features of the
inelastic collisions are highlighted.

The variation of state-to-state cross section with Aj gives insight into the
distribution of rotational energy transfer. The inset in Figure 3.8 shows the inelastic cross
sections for molecules starting in an initial state j" = 20 and 54, each ending in a range of
final states denoted by j', at a collision energy of 200 cm™. In both cases, the down-
collision Aj values range from —2 to —j". The range of up-collision Aj values is smaller
and is limited by the available collision energy. The up-collision cross sections for j" = 20
extend to larger Aj values than those for j" = 54 because of the increasing energy gap with
rotational quantum number. As j" increases, the down-collision cross sections have a
steeper j dependence, which localizes the probabilities to smaller Aj values.

Extrapolating out to the high j" values of super rotors, we expect that the down-
collisions will have the full range of Aj values, but that the majority of inelastic collisions

will occur for a fairly narrow range of Aj values. Our rigid-rotor energy gap analysis
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Figure 3.8 State-to-state inelastic scattering cross sections calculated for the Ar-CO; system at a collision
energy of 200 cm™!. Redder colors represent higher cross sections. The elastic cross sections are not included
in this plot.

invoked down-collisions of super rotors AJ values that are less than 10% of the initial J
value. It is reasonable that these types of collisions have appreciable cross sections, given
the results of the quantum scattering calculations.

The cross section for removal from a particular state is determined by summing the

cross sections over all possible final states:
O'jn = O-j"_)j’
]Z, =

where j" is the initial state and j' is the final state. Figure 3.9 shows the removal scattering

cross sections for j" =0, 36, and 54 as a function of collision energy. For these states, the
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Figure 3.9 Total removal scattering cross section for CO» j" =0, 36, and 54 as a function of collision energy.

depletion cross sections increase with decreasing collision energy. This result is consistent
with our experimental observation that the initial depletion profiles for J=0 and 36 have

cooler translational energies that the ambient cell temperature.

3.4 Conclusions

We have investigated the collision dynamics of CO; super rotors created in an
optical centrifuge and measured the time evolution of translational and rotational energy
over a broad range of rotational states with J=0 to 100. Transient, J-specific, Doppler-
broadened line profiles reveal that molecules appearing in J=100, 76, 54, and 36 have
translational temperatures significantly above 300 K, indicating that large translational
energy gains are possible from super rotor collisions. The time evolution of the
translational energy varies significantly with J state and reveals detailed information about
the collision dynamics. An energy gap analysis identifies both rotationally resonant and
non-resonant pathways for super rotor relaxation. Super rotor down-collisions with AJ=
—12 can be used to explain the observed translational energy content. Quantum scattering

calculations on Ar-COx(j) indicate that this type of transition is reasonable, based on
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estimates for super rotors with initial J values near 220. In addition, the data indicate that
low-lying J states with sub-thermal velocity distributions are predominantly depleted in the
super rotor collisional cascade. This finding is supported by the results of quantum
scattering calculations and provides limiting time scales for efficient energy transfer that
can guide future theoretical models.

The J-specific scattering results presented here lay the framework upon which to
build a more in-depth understanding of super rotor dynamics. The rich variety of J-
dependent behavior reported here identifies many new directions for research. On the
experimental side, the new multipass cell design described in Chapter 2 gives earlier-time
detection of optically centrifuged super rotors and their collision dynamics. Enhancements
in signal-to-noise from this cell design are reported in Chapter 5 of this thesis. The current
results guide future studies to investigate the meta-stability of high-J rotors using
polarization-sensitive detection. We have results from polarization-sensitive
measurements that CO> molecules in J=76 act like molecular gyroscopes, wherein the
initial orientation of the super rotors is preferred for as many as 2000 collisions!),
Chapters 4 and 5 report new investigations into this behavior for a broad range of J states.
Theoretically, the current quantum scattering calculations could be extended to higher j
states. Chapter 7 reports a more detailed look into the calculated scattering cross sections
and their effect on the collision dynamics. Moving forward on both experimental and

theoretical fronts will lead to progress towards a better understanding of this interesting

class of high energy molecules.
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Chapter 4: Impulsive Collision Dynamics of CO Super Rotors
from an Optical Centrifuge

Adapted from: M. J. Murray, H. M. Ogden, C. Toro, Q. Liu, A. S. Mullin, Impulsive
Collision Dynamics of CO Super Rotors from an Optical Centrifuge.
ChemPhysChem 2016, 17, 3692-3700.

4.1 Introduction

Rotational energy transfer between gas-phase molecules is a primary means by
which energy redistribution occurs under non-equilibrium conditions. This process is
important for chemistry and heat flow in combustion and photochemical processes in the
atmosphere. One challenge in studying the dynamics of rotational energy transfer is that
thermal samples have isotropic rotational motion. The development of new laser-based
techniques has expanded opportunities in this area and led to the ability to produce
molecules in extreme rotational states with a well-defined connection between the lab and
molecular frames!!# !5 1% 87- 881,

The optical centrifuge uses chirped pulses of light to trap gas-phase molecules and
induce unidirectional molecular rotation with large amounts of orientated angular

[26]

momentum Spectroscopic evidence for long-lived populations of super rotors with

oriented angular momenta was first reported in 2013 for CO> in the J=76 rotational state!*],
Polarization-sensitive IR measurements showed that following the optical centrifuge pulse,
CO; J=76 molecules maintain their initial orientation through thousands of J-changing

[30]

collisions The propensity of collisions to conserve angular momentum orientation
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while changing J has also been predicted'®? %1 and experimentally observed in an ensemble

18,901 " Other experiments

of molecules aligned with linearly polarized femtosecond pulses!
showed that loss of birefringence in an O» sample prepared with an optical centrifuge
occurs in ~20 collisions; this observation was attributed to the loss of oriented angular
momentum[*?. This behavior is in contrast to collisions involving lower J states, for which

38]

spatial randomization typically occurs after a small number of collisions*®!. In transient

IR measurements of CO» super rotor collisions show that large amounts of translational

(30,371 Molecular

energy are observed for molecules probed in the initial plane of rotation
dynamics simulations agree with the experiments, indicating that super rotors initially have
a gyroscopic stage, followed by an explosive translational energy releasel*”). In the current
study, we use polarization-sensitive transient IR absorption probing to investigate the
collision dynamics of CO super rotors made in an optical centrifuge. These experiments
are designed to test how oriented angular momentum in molecules other than CO; is
relaxed by collisions.

Rotational energy transfer is often characterized by energy gaps between rotational
states. Rotational energy transfer is seen to occur readily, on the order of every gas kinetic
collision, because the energy gap AE between rotational states is relatively smalll®® %1, It
is generally observed that smaller AE values lead to greater probabilities of rotational
energy transfer®8]. In addition, there is a propensity for small changes in rotational angular

momentum. Studies on low-lying, thermally-populated states of Na,, HCN, HF, HCCH,

and CO reveal that processes with small AJ are favored, but that transitions are not limited
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22, 41-46, 48]

to small AJ values! In the case of acetylene, transitions with AJ = 20 have been

reported. Distributions of AJ broaden as J increases.

Studies have revealed interesting collisional properties for molecules in high J
states. Rotational energy gaps increase as J increases, which impacts rotational relaxation
rates. Collisional metastability has been observed for CN molecules with J=80 that are
formed by photodissociation of BrCNP%, The CN J = 80 molecules persist for more than
1000 collisions with Ar and Kr buffer gases. It is also possible to produce collisional
metastability by translationally cooling the rotating molecules while maintaining high

angular momentum states>* !

. The optical centrifuge provides controlled excitation of
molecules into high angular momentum states where the energy gaps between adjacent
rotational levels are on the order of the average collision energy at 300 K.

This chapter reports results on the collision dynamics of CO molecules that have
been optically centrifuged to J = 50. Polarization-sensitive, time-resolved IR detection of
the translational energy distributions and population of CO in the J = 29 directly yields
information about the collision-induced spatial reorientation of the CO rotors. The results
are compared to previous measurements of inhibited rotational quenching in CO, J = 76,

In addition, information about J-dependent collisional relaxation is obtained from transient

IR measurements for a number of CO rotational states with J =29 to 39.
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4.2 Experimental Details

4.2.1 The Opftical Centrifuge Spectrometer

The details of the optical centrifuge laser system are described in Chapter 2.
Differences in the spectral chirp impact the extent of rotational excitation. Figure 4.1a
shows the spectra of the two opposite chirps used in this set of experiments. The full-width
at half maximum (FWHM) of the two chirped pulses corresponds to a rotational frequency
of ®~35 THz. A CO molecule rotating at 35 THz has a classical rotational energy of ~5000
cm’!, corresponding to a rotational quantum number near J = 50.

Collision-induced population changes of individual CO rotational states were
measured following the optical centrifuge pulse using high resolution transient IR
absorption spectroscopy. A quantum cascade laser (QCL) (Daylight Solutions) operating
between A=4.2 and 4.5 pm was used to probe individual R-branch transitions of the CO

fundamental (0 — 1) band. The QCL provides linearly polarized, high resolution light

with Avr< 3x10* cm™ and a power of ~60 mW. A small fraction of the IR light was used
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Figure 4.1 a) The spectra of the pair of oppositely-chirped pulses. The pulses are superimposed in time to
generate the optical centrifuge. The rotational frequency at FWHM of the spectra corresponds to a rotational
frequency of ® ~35 THz. b) The IR probe beam is linearly polarized either parallel (red) or perpendicular
(blue) to the x-y plane.
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for transient detection of individual CO rotational states. The IR probe beam was
propagated at 90° with respect to the optical centrifuge beam (Figure 4.1b) and focused to
a beam waist of wy = 48 um in a Pyrex cell containing 5 or 10 Torr CO gas. The optical

centrifuge beam was propagated along the z-axis, focused to w, = 26 um and used to
prepare molecules with angular momentum vectors TOC that are nearly parallel to the optical
centrifuge propagation vector Eoc and the z-axis. The motion of individual CO molecules

map out a rotating disk that spins with the optical field of the centrifuge pulse Eoc- As
described in Chapter 2, the ensemble of trapped molecules has a unidirectional sense of
rotation, corresponding to oriented angular momentum vectors. The IR probe light was
polarized either parallel or perpendicular to the plane of molecular rotation, as shown in
Figure 4.1b.

Line-center transient IR measurements were collected for a number of CO states
with J=29-39 after optical centrifuge excitation. These measurements were made with the
polarization of the IR light parallel to the plane of molecular rotation, the optical centrifuge
power at ~26 mJ/pulse and the pressure at 10 Torr.

Polarization-dependent, Doppler-broadened line profiles were collected for the
J=29 state of CO. For these measurements, the power of the optical centrifuge pulse was
increased to 46 mJ/pulse and the CO pressure was reduced to 5 Torr. The pulse energy in
each measurement was below the threshold for emission, as discussed in section 4.2.3. We
use the gas kinetic collision frequency at 300 K to convert time to number of collisions.
This step provides a common timescale to compare different experiments. The average

time between collisions at 300 K is 10.4 ns at 10 Torr and is 20.8 ns at 5 Torr. However,
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in our experiments we observe translational temperatures that are greater than 300 K. As
a result, the actual collision rates are larger and the number of 300 K gas kinetic collisions
represents a lower limit.

Transient IR absorption was detected with a liquid-nitrogen-cooled InSb
photodiode. Wavelength modulation was used to lock the IR frequency to either a CO
reference transition or the fringe of a scanning confocal etalon, thereby stabilizing the IR
frequency during transient measurements. Transient Doppler-broadened line profiles were
measured by collecting transient absorption signals at a series of closely-spaced IR
frequency steps (~0.001 cm™) across individual ro-vibrational transitions. Transient

absorption signals were typically averaged for ~400 centrifuge pulses.

4.2.2 Role of Diffusion

The impact of diffusion on the transient signals is based on the detection geometry,
detection time, sample pressure, and CO translational energy. The diameter of the IR probe
beam at the focal point was d;r = 2wy = 96 um. This length is nearly a factor of 2 larger
than the focused optical centrifuge beam diameter of dpr = 2wy = 52 pm. The Rayleigh
length for the optical centrifuge beam was 0.25 cm. The IR path length (along the x-
direction) in Figure 4.1b is 15 cm and signal loss from diffusion resulted only from
diffusive motion along the y- and z-directions. From equation 2.52, diffusion for CO at
300 K and 5 Torr in 1 ps corresponds to a 1-D root mean square (rms) displacement of
Xrms = 56 um, based on a diffusion coefficient of D(300K) = 1.57x1073 m?s.

Diffusion at 300 K gives a lower limit to the average displacement. At 1000 K, the 1-D
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rms displacement increases to X,,,s = 138 um, based on D(1000 K) = 9.56x1073 m?/s.

Diffusion is slower at 10 Torr: D(300 K) = 0.785x10~3 m?/s and x,,,,s = 80 pm at 4 ps.

4.2.3 Strong Field Effects

Successful optical centrifuge experiments require a balance of optical field
strengths to generate sufficient number densities of super rotors while avoiding strong field
effects. Above a CO pressure of 10 Torr, visible emission was detected, indicating the
presence of strong field effects. Strong fields should be avoided in studies of super rotor
collisions and so power dependent studies were performed to identify the threshold for
emission. The emission was detected by focusing the emitted light into an Ocean Optics
UV-VIS 2000+ spectrometer. The dispersed emission had a spectrum that corresponds to
the C> Swan bands and not the CO Angstrom bands, indicating that intense laser fields can
initiate reactions to form C, from COP? %3, Threshold energies for C, emission increase
as the CO pressure is decreased, as shown in Figure 4.2a. This behavior is consistent with

a collision-induced mechanism for the formation of C,. No emission was detected at
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Figure 4.2 a) Energy threshold for emission in a CO gas measured at pressures of 10-100 Torr. No emission
was detected below 10 Torr at the maximum laser power. b) Line-center transient IR absorption signal for
CO J=29 (with total energy of 26 mJ/pulse and pressure of 10 Torr) with both oppositely chirped pulses (red)
and with only one of the chirped pulses (grey). Transient signals were observed only when both chirped
pulses were present.
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pressures below 10 Torr. In the limit of zero CO pressure, no C, will be formed and the
corresponding emission threshold energy will be infinite. The dotted line in Figure 4.2a is
an extrapolation to zero pressure based on the threshold energy having an exponential
pressure dependence. The extrapolation represents a worst case scenario for the presence
of strong field effects at low pressures. The measurements reported here were performed
at pressure/power combinations that are below the emission threshold.

As an additional check of strong field effects, two transient absorption
measurements for CO J = 29 were made with a CO pressure of 10 Torr. The first
measurement was collected using the pair of oppositely chirped pulses with a total power
of ~26 mJ/pulse. The second measurement used only one chirped pulse with a power of
~26 mJ/pulse. Figure 4.2b shows that transient signals for J = 29 were observed only with
both chirped pulses present, indicating that transient IR signals result from super rotor

collisions and not from strong field effects.

4.3 Results and Discussion

Here we report the time-resolved translational energy and populations for CO
molecules in J=29 following the optical centrifuge pulse based on polarization-sensitive,
transient, Doppler-broadened, line profile measurements. These data show how the
orientational anisotropy of the CO rotors is relaxed by impulsive collisions. Transient IR
data for CO states with J = 29 to 39 provide additional information about the J-dependent

relaxation of CO super rotors.
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4.3.1 Polarization-dependent Doppler profiles of CO J=29

Doppler-broadened IR line profiles were collected for CO J = 29 as a function of
time following the optical centrifuge pulse and of IR probe polarization. The pressure was
5 Torr. Data were collected using the R29 transition at A=4.4 um. Figure 4.3 shows
polarization-dependent transient absorption signals at the transition line center along with
an exponential decay fit. Signal decay can result from collision-induced changes in
rotational state and/or velocity vector and from transport in or out of the probe volume.
The initial intensities at line center are similar for parallel vs. perpendicular probing, but

the decay constant for parallel probing (7,4, = (540 &+ 100) ns) is a factor of 3 faster than
that for perpendicular probing (e = (1700 + 700) ns). Differences are also seen in the

Doppler-broadened line widths.
Figure 4.4 shows Doppler profiles (based on transients such as in Figure 4.3) with
the IR probe polarization parallel and perpendicular to the initial plane of rotation at 200

ns (~10 collisions) and 500 ns (~24 collisions) after the optical centrifuge pulse. The J =
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Figure 4.3 Line-center transient absorption signals of CO J=29 at 5 Torr, measured with the IR polarization
a) parallel and b) perpendicular to the plane of initial rotation.
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Figure 4.4 Doppler-broadened line profiles of CO J=29 with a) parallel and b) perpendicular IR probe
polarizations at 200 ns (~10 collisions), along with Gaussian fitting results and residuals. Line profiles at
500 ns (~24 collisions) with c) parallel and d) perpendicular IR probe polarizations.

29 data were fit to Gaussian functions as described in section 2.2.4 and the translational
temperatures were determined from width of the Gaussian profile. At 200 ns (~10
collisions), the Doppler profile with the parallel IR probing had a FWHM line width of Av
= (8.6 = 1.7)x107 cm!, which corresponds to a translational temperature of Tirans = 810 +
160 K. For perpendicular IR probing, the linewidth was Av =(6.4+1.4)x10" cm™! and the
translational temperature was Tyans = 450 £ 100 K. At 500 ns (~24 collisions), parallel
probing yields Av =(10.1£1.6)x10 cm™ and Tians = 1110 £ 180 K, while perpendicular

probing yields Av =(7.0£0.7)x10 cm™ and Tyans = 532 = 64 K.  These data show that
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molecules rotating in the original xy-plane have more translational energy than those
rotating in orthogonal planes.

The polarization-dependent Doppler-profiles show that an anisotropic translational
energy distribution exists in the CO sample after collisions with centrifuged molecules.
This phenomenon has also been observed in previous studies of COz rotors*?l. This finding
means that transport of the translationally hot molecules away from the probe volume is
also anisotropic. Transport of molecules out of the probe volume can affect the decay times
(as in Figure 4.3) and time-dependent translational energy distributions. At 500 ns after the
optical centrifuge pulse, the parallel translational temperature is T = 1000 K and the
perpendicular translational temperature is T = 500 K. The transport of molecules away
from the excitation volume is ballistic in nature as compared to 300 K Brownian motion
associated with thermal diffusion. Calculations in the diffusive limit provide estimates for
the timescales with which the thermal diffusion evolves. In the diffusive limit, 1000 K
molecules diffuse out of the probe volume in ~500 ns, whereas 500 K molecules diffuse
from the probe volume in ~1.3 ps. Anisotropic diffusion is also seen in molecular dynamics
simulations of nitrogen super rotors, in which 40% greater diffusion is seen parallel to the
plane of rotation than that seen in the perpendicular orientation!®?l. Such anisotropic
motion is a characteristic feature of oriented super rotor relaxation.

At all times observed, CO molecules aligned in the plane of initial rotation have
more translational energy than those aligned perpendicularly. The time-dependent

translational temperatures for parallel (red) and perpendicular (blue) IR probing are shown
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Figure 4.5 Translational temperatures of CO J=29 with parallel (red) and perpendicular (blue) IR probing as
a function of time following the optical centrifuge pulse at a cell pressure of 5 Torr.

in Figure 4.5 for times out to 1000 ns. Fluctuations in the translational temperature reflect
uncertainty in the Gaussian fitting results, stemming from limiting signal-to-noise levels in
the transient signals. Relative to the initial translational energy at 300 K, CO molecules
detected with parallel probing gain three times as much translational energy than do those
with perpendicular detection. These findings are clear evidence that collisions of super
rotors have a preferred spatial outcome as part of the relaxation mechanism. The data show
that impulsive collisions are responsible for prompt rotation-to-translation energy transfer
with recoil velocities that preferentially lie in the initial plane of rotation.

The presence of large translational energies also shows that the collisions are not
rotationally resonant. Rotationally resonant energy transfer occurs when down-collisions
have rotational energy loss that nearly matches the rotation energy gain in up-collisions of
the collision partner, thereby leaving little remaining energy for translation. Our results
show that a propensity rule that favors small AJ for low-J molecules are also important in

relatively high-J molecules.
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4.3.2 Polarization-Dependent Populations of CO J=29

Time-dependent relative populations of CO molecules in J=29 were determined by
integrating the area of the Gaussian fits to the Doppler-broadened line profiles, as shown
in Figure 4.4. Immediately following the centrifuge pulse, the population of CO molecules
probed with parallel IR light (with spatial orientation aligned with the initial rotational
plane) is greater than that probed in the orthogonal direction. Figure 4.6a shows the relative
populations detected with parallel and perpendicular IR probing. The ratio of parallel-to-
perpendicular populations is shown in Figure 4.6b. At 200 ns (~10 collisions) after the
centrifuge pulse, the parallel to perpendicular ratio is 2.3. The ratio decays to unity with
an exponential lifetime t = 0.3 = 0.1 us, corresponding to ~15 collisions.

The orientational anisotropy of CO decays more quickly than does the population
in J=29, which has a decay constant corresponding to ~60 collisions. The population ratio

in Figure 4.6b is a lower limit to the actual ratio because of the transport anisotropy of the
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Figure 4.6 a) Relative populations of CO J=29 at 5 Torr with parallel (red) and perpendicular (blue) IR
probing. b) The time-dependent ratio of parallel to perpendicular populations fits to a single exponential
decay with 7 = 0.3 £ 0.1 ps. c) Relative populations of CO, J=76 at 10 Torr with parallel (red) and
perpendicular (blue) IR probing. d) The time-dependent ratio of parallel to perpendicular populations fits to
a single exponential decay with 7 = 14 + 1 ps.
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two population subsets: CO molecules probed with parallel light have larger translational
energies and hence transport out of the probe volume is expected to play a larger role for
this subset of molecules. The decay time of the population ratio is a lower limit because
losses from transport of molecules out of the probe volume affect the hot population more.

Other optical centrifuge studies of O> have observed an exponential decay of an
optical birefringence signal in about 20 collisions, which was attributed to the overall decay
of oriented molecular rotation*?l. The O relaxation rate is comparable to the time that we
observe for the spatial randomization of CO J=29. Thus, we find that collisional
reorientation rates for these two molecules are of the same order of magnitude. Although
rotational relaxation is a complex process, to first order it is reasonable that molecules with
similar moments of inertia would have comparable relaxation rates.

Absolute number densities can be determined from state-resolved transient IR
absorption when the effective path length and ambient temperature of the ensemble are
known. For the crossed beam detection in our experiments, the path length could be as
small as the optical centrifuge diameter of 52 um or as big as the cell distance of 15 cm
and the distribution of states is not known. However, we can make a rough estimate based
on the translational temperature and population data in Figure 4.5 and Figure 4.6. At 1 us
following the optical centrifuge pulse, CO molecules in J=29 appear to have reached a
quasi-equilibrium translational temperature near 500 K which could, with caution, be taken
to describe the rotational distribution. For the minimum path length of 52 pum, the resulting
CO number density is [CO] = 6x10'® cm™ corresponding to 40% of the 5 Torr sample.

For the maximum path length of 15 cm, the resulting CO number density is [CO] = 5x10"3
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cm 3 corresponding to 0.03% of the 5 Torr sample. Estimates based on CO data for which

the distributions were known yielded a fractional excitation of 1-2%/*!.

4.3.3 Comparison of CO and CO: Super Rotor Relaxation

Previously we investigated the dynamics of CO: super rotors in the optical
centrifugel®”. A comparison of CO and COs illustrates interesting differences in super
rotor collision dynamics. Here we have chosen to compare the CO J = 29 data with that
for CO2 J=76 because of several similarities in their collision properties. These states have
similar rotational energy gaps (~110 cm™) and the ratio of the classical rotational period to
collision duration at 300 K for both states is close to unity.

Figure 4.6c shows the polarization-dependent populations from earlier
measurements of CO> in J = 76 following the optical centrifuge pulse and detected at a 45°
IR crossing angle with respect to the centrifuge beam. The CO: pressure was 10 Torr,
whereas that for CO was 5 Torr, leading to a factor of 2 difference in the number of
collisions for Figure 6. Doppler profiles for CO, show that the super rotors have large
amounts of translational energy, with transient translational temperatures of T >2000 K

301 After 20 collisions, there is

and more translational energy in the parallel population
~70% more population in the initial plane of rotation®®. The population ratio for CO,
(Figure 4.6d) persists for more than 2200 collisions with a decay constant of t= 14+ 1 pus
or ~1400 collisions. This value is a lower limit because for the molecules with higher
translational energy transport out of the probe volume is greater. The long-time decay of

the population ratio shows that CO; rotors in high J-states act like molecular gyroscopes

and maintain a preference for their initial orientation through thousands of J-changing
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collisions. The results for CO J=29 are considerably different. The CO population ratio
shows that CO undergoes spatial randomization with a decay constant near 15 collisions.
Although there is a preference for the CO molecules to remain oriented in the xy-plane, the
orientational anisotropy is lost nearly two orders of magnitude faster than for CO, rotors.

Several factors contribute to the observed differences in the dynamics of CO and
CO2 spatial reorientation. One difference is that the CO> super rotors have much more
angular momentum than do the CO super rotors. In both sets of experiments, the molecules
were first spun to frequencies near ® = 35 THz based on the spectral chirp, but the
molecules’ rotational energy and angular momentum are determined by the rotational
frequency and moment of inertia. At 35 THz, CO has a rotational energy of ~5000 cm™!
with J~50 while CO» has ~19,000 cm™! and J ~220.

Molecules with larger angular momenta undergo smaller collision-induced angle
shifts. CO, super rotor relaxation was discussed previously in terms of a simple gyroscope
model to describe collisions that reorient the super rotors*®l. Collisions that are the most
effective at removing orientational anisotropy in molecules with oriented angular
momentum involve collision velocities that are orthogonal to the initial plane of rotation.
Consider a centrifuged molecule that is spinning about its center of mass with angular
velocity w and classical angular momentum of L = Iw, where I is the moment of inertia.
A torque K that is applied for an instant dt at a right angle to the plane of rotation induces

a change in angular momentum of magnitude Kdt. The angle change d¢ in the rotor is

_ Kdt

= (4.1)

do
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The torque imparted is K = r X dp/dt, where r is the distance from the center of the rotor
and dp is the change in momentum. Therefore, equation 4.1 becomes

rud
d(pzllV

—, (4.2)

where p is the reduced mass and dv is the change in relative velocity. Consider a 300 K
collision between a non-rotating CO> molecule and a J =220 CO; molecule. In this limiting
type of collision, a tilt of 6° is induced in the rotating CO> molecule. A similar analysis for
collisions of J=50 CO with J=0 CO yields a tilt angle of 11°. Thus, as rotational energy is
dissipated through collisions, CO is predicted to undergo spatial reorientation in fewer
collisions. Interestingly, the gyroscope model shows that collisions of CO; (J=76) and CO»
(J=0) have the same tilt angle (16°) as collisions between CO (J=29) and CO (J=0). The
angular momentum values that are initially prepared in the optical centrifuge dictate how
rapidly spatial reorientation takes place.

A second important difference is that CO; in the optical centrifuge initially has
more energy and a higher rotational state density than does CO. The J=76 state of CO; is
further down in the energy cascade from the initial J=220 rotors than is the J=29 state of
CO from the initial J=50 state. The propensity for small-AJ collisions means that the
pathways to generate COz J=76 and CO J=29 involve very different cascades. The
cascades for both CO and CO; involve the release of large amounts of translational energy,
but the amount of energy released depends on the J-state and the molecule. Large
translational energy releases are seen in CO2 J=76 following collisions of CO2 super rotors,
with the J=76 state having a translational temperature as high as 4000 K**. Higher J-states

of CO2 (such as J=100) probed with perpendicular IR light have smaller translational
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energy releases, with initial temperatures near 400 K that increase through collisions to 800
K.Yl These observations show that more translational energy is found for states further
down the cascade. CO prepared by the optical centrifuge initially has much less rotational
energy than CO; and collisions lead to CO J=29 with translational temperatures near 1000
K. The extent of translational energy released depends on the initial rotational energy and
the number of states in the cascade. Assuming CO; starts in J=220, transient population in
J=76 may result from as many as 72 collisions, each with AJ = -2 whereas CO J=29 may
result from 21 AJ = -1 collisions if it starts in J=50. The greater initial CO» rotational
energy and the greater number of collisions required to reach the observed states combine
so that the CO; signals persist for much greater times.

A practical issue to consider when comparing results for CO and CO; is the
intensity of the transient absorption signals. The signals for CO are smaller by a factor of
20 than those for CO>. Transient IR signal intensities depend on the number density of
centrifuged molecules and the strength of the IR transition used for detection. The number
density of centrifuged molecules is affected by the field strength, pressure, and the
anisotropic polarizability (Aa) of the molecule. Comparable field strengths were used in
the two experiments but the CO pressure was half that used in CO> studies. The value of
Ao for CO is one-fourth that of CO», but the ratio of Ao to moment of inertia is similar for
CO and CO». The IR transition strength for CO J=29 is about one-eighth that for CO»
J=76. Pressure and transition strength differences account for a factor of 16 in signal levels.
Including Aa in a linear dependence increases the expected CO: signal enhancement to a

factor of 64, which is much larger than observed.
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4.3.4 J-Dependent Dynamics of CO Super Rotors

To explore higher J states of CO in the optical centrifuge, we measured transient
IR absorption profiles at line center for a number of states between J=29 and 39. Transient
signals were detected for J=40 and 41, but were too small for analysis. For these data, the
pressure was 10 Torr and the total pulse energy was 26 mlJ/pulse. Figure 4.7 shows
transient absorption measurements for the CO J = 29, 35, 37, and 39 states. Each state
exhibits prompt appearance, followed by slower decay. The signals approach the detector-
limited response as J increases, indicating that the J=35-39 states are populated in about 20

collisions.
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Figure 4.7 Transient absorption measurements at a pressure of 10 Torr of the CO J=29 (a), 35 (b), 37 (¢), and
39 (d) states. Transient signals are fit to single exponential decays shown in black.
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Figure 4.8 Exponential decay lifetimes of transient IR absorption signals for CO (J) based on data in Figure
4.7.

Figure 4.7 shows that population in the higher J states (J=35-39) is short-lived, as
is consistent with a rotational cascade from J=50. The transient decays were fit using single
exponential functions, as shown in black in Figure 4.7. The resulting lifetimes decrease
exponentially with increasing J, as plotted in Figure 4.8. The J=37 and 39 states decay
with lifetimes of about 10 collisions. For CO initially prepared in J=50, this rate indicates
that rotational relaxation occurs on essentially every collision. This result is also consistent
with previous double resonance studies on J-specific rotational relaxation in CO-CO
collisions that find thermalization is complete for CO J=14 in 7 hard sphere collisions™’].

Recent molecular dynamics simulations by Steinitz et. al. provide an estimate for
what the initial distribution might look like for N> and CO» in an optical centrifuge and

how that distribution evolves!®?

. Initially a relatively narrow asymmetric distribution of
super rotor states is prepared with the optical field on. As the system relaxes back to
equilibrium, the distribution of rotational states broadens substantially, with a maximum
intensity at mid-J states that are lower than the initially excited molecules, but higher than

62]

the states with the greatest population at 300 K[®?!. J-dependent optical centrifuge studies

from our lab are consistent with the simulation results. CO» population in the mid-J states
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take longer to return to equilibrium than the higher J states due to the broad distribution of
population in surrounding mid-J statest4l.

The lifetimes presented in Figure 4.8 show that the decay of population in the CO
J =29 state is much slower than that for J = 35 to 39. In our experiments, CO J = 29 falls
in the mid-J region and has population that persists for longer times than the higher J states.
Rotational relaxation for ensembles of molecules is best described by a matrix of state-to-
state rate constants. The solution of the coupled differential equations describes the time
evolution of the population in each state. Collision studies show that the rate constants are
slightly asymmetric about the initial J state, indicating a preference to return to
equilibrium!-*¥. This asymmetry increases for the higher J states, with high J molecules
being more likely to lose rotational energy than gain it. For CO, this process will move
population into J = 29 from higher J states. In addition, the large translational energy that
is released by super rotor collisions can also move population into the mid-J states by
collision-induced excitation of thermal molecules. The longer lived population in J=29 is
consistent with population coming from both higher and lower J states, as a result of the
asymmetry in the rate constants. Anisotropic transport is expected to play a limited role
for the higher J states since their population is gone at times shorter than the diffusion time

for the IR probe volume.

4.4 Conclusions

The results presented yield a clear picture for the evolution of CO molecules after
being excited to J=50 with oriented angular momentum in an optical centrifuge. Collisions

cause the rotors to lose both rotational energy and angular momentum orientation as the

87



system moves toward equilibrium. Polarization-dependent transient measurements show
that the CO rotors undergo a collisional cascade involving impulsive collisions wherein the
rotors are rotationally relaxed but preferentially maintain their original angular momentum
direction. The anisotropic orientation for J=29 persists for more than 50 collisions
following the optical centrifuge pulse, with a natural lifetime for spatial randomization of
~15 collisions. The scattered J=29 molecules that are aligned in the plane of the centrifuge
rotation have 3 times more translational energy than those with perpendicular
orientation. We observe greater translational energy in molecules that are in the initial
plane of the optical centrifuge rotation and this anisotropic kinetic energy release leads to
anisotropic transport of molecules away from the optical centrifuge pulse. Preferred
translational energy release with CO» prepared with the optical centrifuge has been
observed previously in our laboratory and has been predicted by theory to induce
macroscopic vortices*>,

Our J-dependent measurements show that higher J states of CO (such as J =37 and
above) relax in fewer than 10 collisions, likely through transitions involving small changes
in J. The spatial reorientation of CO J=29 is substantially faster compared to CO, J=76
rotors; the shorter-lived anisotropy in CO is a direct result of the smaller initial values of
angular momentum and rotational energy in the CO molecules prepared by the optical
centrifuge.

Early time measurements made at low pressure offer the best opportunity to observe
the unique collisional behavior of super rotors. However, limitations of the signal-to-noise

reduce the amount of information obtainable from transient data. Increasing detection
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sensitivity and time response will enable detection of the initially centrifuged ensemble
and give us an opportunity to investigate the dynamics for the first set of collisions that
relax super rotors. These types of studies will provide important results that can be
compared with molecular dynamics simulations and lead to a greater understanding of

super rotor collisions and relaxation.
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Chapter 5: Anisotropic Kinetic Energy Release and
Gyroscopic Action of CO2 Super Rotors from an Optical
Centrifuge.

5.1 Introduction

At equilibrium, the spatial orientation and rotational motion of molecules are
isotropic. In contrast, the ensemble of molecules excited by the optical centrifuge have a
unidirectional sense of rotation with respect to the lab frame. As such, there exists a
orientational anisotropy that is not present in equilibrium systems. The oriented nature of
the angular momentum is a characteristic feature of the molecules prepared in the optical
centrifuge and is the focus of this chapter. In this work, we interrogate orthogonal subsets
of molecules after optical centrifuge excitation to study how the initial orientation of the
molecules is manifested in the collision dynamics.

Previous experiments by the Mullin group have shown that angular momentum
randomization of CO, J = 76 rotors is inhibited®”. The molecules exhibit gyroscopic
behavior—maintaining their initial orientation despite many J-changing collisions. The
results in Chapter 4 show that the oriented nature of the super rotors leads to anisotropic
kinetic energy in the CO J = 29 rotors®!. This finding suggests that molecules leave the

excitation volume anisotropically. Optical centrifuge experiments provide the ability to
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probe the dynamics of spatially-distinct molecular ensembles in non-equilibrium

environments.

In the experiments described in this chapter, the optical centrifuge (OC) excites an
ensemble of CO2 molecules to J = 220 with oriented angular momentum. Orthogonal IR
polarizations are used to probe how the spatial orientation of the molecules affects the
collision dynamics. Here, the polarization-dependent collision dynamics of CO2 J=0-100
rotors after optical centrifuge excitation are reported. Polarization-dependent, transient IR
detection of the state-resolved translational energy distributions and populations of
individual CO, states reveals information of the J-dependent spatial reorientation
dynamics. New information about the spatial dependence on the kinetic energy transferred
during collisions of CO> rotors is presented. Modifications to the IR detection set up
resulted in improved signal-to-noise levels that permited new dynamics studies in the

single-collision regime.

5.2 Experimental Details

The details of the OC spectrometer have been described in Chapter 2. However,
an understanding of the spatial geometry of the molecules, OC light, and IR light is crucial
to the work in this chapter. The experiments described here were performed with the IR

and OC beams crossing at 90°, as shown in Figure 5.1. The optical centrifuge beam
propagated along the z-axis and prepared molecules with an angular momentum vector joc

that was nearly parallel to the optical centrifuge propagation vector Koc and the z-axis.

Each CO2 molecule that is optically centrifuged rotates with the optical field of the OC in
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Figure 5.1 Geometry of optical centrifuge beam propagation, IR probe polarization, and initial molecular
rotation.

the xy-plane. The ensemble of molecules has a unidirectional sense of rotation,
corresponding to oriented angular momentum vectors. The propagation vector EIR of the
linearly polarized IR probe intersected the optical centrifuge propagation vector Eoc at 90°.
The IR polarization was varied with a A/2 waveplate. For the measurements reported here,
the IR polarization was either parallel E" or perpendicular E 1 to the xy-plane.

Molecules can have their angular momentum point along any combination of x-, y-
, or z-axes. IR light polarization that is parallel to the xy-plane probes molecules with
angular momentum projections along the x- or z-axes. The parallel IR probe measures a
population p; that is a sum of the population p, (rotors with M; along the x-axis) and
population p, (rotors with M; along the z-axis):

Py =DPx+D; (5.1)
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IR light polarization that is perpendicular to the xy-plane probes molecules with angular
momentum projections along the x- or y-axes. The perpendicular IR probe measures a
population p, that is a sum of populations p, and p,:

PL=Dx tDy (5.2)
Therefore, measurements made with both probe polarizations detect molecules with all
possible orientations.

As shown in Figure 5.1, the OC rotates in the xy-plane. In this work, we use the
plane of OC rotation to define two orthogonal subsets of molecular rotors. The population
p, of molecules that have an angular momentum vector along the z-axis are in-plane rotors.
The population py + py, are out-of-plane rotors. By symmetry, the out-of-plane rotors have
the same dynamics. Based on equations 5.1 and 5.2, perpendicular IR-polarization probes
the dynamics of out-of-plane rotors, whereas parallel IR-polarization probes the dynamics
of in-plane rotors and a subset of the out-of-plane rotors.

The work presented in this chapter investigates a broad range of CO; rotational
states. As such, two different IR sources were used in these experiments. A quantum
cascade laser (QCL) probed states with J=76-100 using the v3 fundamental (00°0 — 00°1)
transition at A = 4.3 um. A mid-IR optical parametric oscillator (OPO) probed the J = 0
and 54 states of CO> using the vi + v3 combination band (00°0 — 10°1) transitions at A =
2.9 pm.

Table 2.2 shows the resolution and power of these IR sources. The absorption

strength of the combination band is ~60 times lower than that of the fundamental, thereby
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minimizing interference from background CO, absorption!’*!

. In each case, the IR power
was reduced significantly to avoid saturating the probe transitions.

The transient absorption measurements were made with two different IR beam path
configurations as described in Section 2.2.2. A single pass configuration was used to probe
the most intense part of the optical centrifuge pulse and a multipass configuration passed
through the optical centrifuge pulse 11 times, as shown in Figure 2.12. In the single pass
configuration, the IR light was focused to a beam waist of wy = 52 um and propagated at
90° with respect to the optical centrifuge propagation. In the multipass configuration, the
IR light was focused to a beam waist of wy = 230 um and propagated at nearly 90° with
respect to the optical centrifuge beam. Figure 2.13 shows a side view of the relative overlap
between the IR and OC beams for the two detection configurations.

To investigate the role that intensity plays in the collision dynamics of molecular
super rotors, two different focusing lenses for the OC beam were used for these studies. A
50 cm lens was used to focus the OC light to a beam waist of wy = 26 um with a peak field
intensity of 42 TW/cm?. A 100 cm lens was used to focus the OC light to a beam waist of
wo = 51pm with a peak field intensity of 11 TW/cm?. Throughout this chapter, the high
intensity (42 TW/cm?) OC and low intensity (11 TW/cm?) OC are defined by these
conditions.

A range of pressures was used in these experiments as well. The average time
between collisions, At., from gas kinetic theory described in Section 2.3.1, provides a way

in which to compare experiments collected at different pressures. Time t is converted to

the average number of collisions, N =t/ At,. Because the time between collisions
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depends on the translational temperature of the molecules, the 300 K gas kinetic collision
number provides a lower limit of the number of collisions. For a 300 K sample, at 10 Torr
the time between collisions is approximately 10 ns. At 7.5 Torr, At = 15 ns and at 5 Torr,

At; = 20 ns.

5.3 Results and Discussion

The results presented here are divided into two sections. The first section focuses
on single pass measurements, which provide an overview of the J-dependent and
polarization-dependent dynamics of CO> J=0-100 rotors. These studies identified the best
conditions for observing super rotor collision dynamics. The second section reports on
multipass measurements, which probed the collisional dynamics and spatial reorientation

of super rotor molecules.

5.3.1 Single Pass Measurements

This section provides an overview of the polarization-dependent dynamics from
measurements of the line-center absorption for 6 rotational states of CO; ranging from J =
0 to 100. Modifications made to the instrument and experimental procedure are described
and the new results are compared with previous work. A study of the state and pressure
dependent trends is reported. The influence of intensity and pressure on the polarization-
dependent Doppler profiles are also investigated. J-dependent trends in the time-resolved
translational temperature of the J = 0, 54, and 76 are presented. Population ratios in the

J=76 and 100 states give information about the spatial reorientation of super rotors.
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Figure 5.2 Comparison of transient signal collected in previous work*®! with a lead-salt diode crossing the
OC at 45° and collected in current work with a quantum cascade laser crossing the OC at 90°. Both
measurements probed CO, J = 76 with parallel IR polarization and used the high intensity OC.

Comparison with Previous Results

The polarization-dependent studies presented here are compared with previous

(301 A number of modifications have been

polarization-dependent studies of CO2 J=76
made to the instrument and experimental methods to increase the signal level and
reproducibility in Doppler-broadened line profiles. The previous work performed a
polarization-dependent study for CO, J=76 using an IR beam crossed at 45° with respect
to the OC beam. A lead-salt diode laser was used and the IR polarization was changed
using steering mirrors on a periscope. The new experiment used a quantum cascade laser
that has better polarization quality and power stability. Polarization control in the new
experiments was achieved by using a A/2 waveplate. Other improvements include better
methods to overlap the OC and IR probe beams. The more consistent overlap volume leads
to increased signal-to-noise levels and reproducibility. Figure 5.2 shows line center

transient absorption signals for CO2 J = 76. The signal-to-noise was improved by a factor

of four for this state. The reproducibility of the measured Doppler-broadened line profiles
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Figure 5.3 Polarization-dependent translational temperatures showing reproducibility of results from
previous work collected with parallel (a) and perpendicular (b) probing and current work collected with
parallel (c) and perpendicular (d) probing. The graphs show 8 measurements from the previous work?]
which probe at 45° with respect to the OC beam and 4 measurements from the current work, which probe at
90° with respect to the OC beam. Both studies were conducted at 10 Torr with a high intensity OC.

was further improved by smoothing the transient absorption measurements with a Savitsky-
Golay filter, thereby reducing noise.

Figure 5.3 shows 8 measurements of the polarization-dependent translational
temperatures collected in the previous work (Figure 5.3a and b) and 4 measurements of the
temperatures collected in the new study (Figure 5.3c and d). In the previous work, the

spread in the temperatures measured with parallel IR probing was about 2000 K, whereas
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the spread with perpendicular probing was about 1000 K. In the current work, the spread
in the translational temperatures was reduced to less than 300 K for both probe
polarizations. The translational temperatures measured with parallel probing in the
previous work are on average slightly larger than those measured in the current work.
These data show that measurements of the translational temperature are sensitive to the IR
polarization set up. Overall, the translational temperatures are consistent with previous
results.

J-Dependent Overview of Polarization-Dependent Dynamics

The dynamics of CO: in a number of J states were investigated using parallel and
perpendicular IR probing, as described in the experimental details section above. These
measurements were made using the low intensity OC and a CO; pressure of 10 Torr. Figure
5.4 shows line center transient absorption measurements for the J=100, 92, 88, 76, 54, and
0 states. Appearance of population was observed in the J=100, 92, 88, 76, and 54 states,
whereas depletion of population was observed in the J=0 state. Of the states shown,
molecules in the J = 100 state appear earliest and appearance times become longer as J
decreases. The left column of Figure 5.4 shows the early time polarization-dependent
signals for the 6 states, with parallel probing in red and perpendicular probing in blue. This
color coding will be used throughout this chapter. To check the reproducibility of the
transient signals, the measurements were collected at least 3 times for each state and probe
polarization. In all states, the parallel probe signal (shown in red) appears before the

perpendicular probe signal (shown in blue), i.e. in-plane rotors appear before out-of-plane
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rotors. Because the OC initially prepares molecules with angular momentum vectors along

the z-axis (see Figure 5.1), in-plane rotors are expected to appear first.
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Figure 5.4 Line center transient absorption measurements of CO, J= 100 (a, g), 92 (b, h), 88 (c, 1), 76 (d, j),
54 (e, k), 0 (f, I). The left column shows polarization-dependent early time behavior with parallel IR
polarization probing in red and perpendicular IR probing in blue. All measurements are made with the low
intensity OC and a CO, pressure of 10 Torr. The right column shows long time behavior of the parallel
measurements. Exponential fits to the signal decay are shown in black for the J=100, 92, 88, and 54 states.
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Figure 5.5 a) Average time at which transient signals reach a maximum, tmax, for each state and probe
polarization. Parallel IR probing is in red and perpendicular probing is in blue. b) Exponential lifetime of
signal measured with parallel probing for the J=54, 76, 88, 92, and 100 states.

To quantify this polarization-dependent difference, the time at which the transient
signal reaches a maximum, tmax, Was determined for each measurement. Figure 5.5a shows
the average tmax for each probe polarization of the five states in which the appearance of
population is detected. As J increases, tmax decreases and there is a greater difference
between tmax measured with parallel and perpendicular probing. The larger uncertainty in
the J=54 state data is due to increased interference from atmospheric absorption.

The right column of Figure 5.4 shows the long-time behavior of the transient signals
measured with parallel IR probing. The signal decays in the J=100, 92, 88, 76, and 54
states are fit to exponential functions. The fits are shown in black in Figure 5.4. Figure
5.5b shows the natural lifetimes 7 of the J=100, 92, 88, 76, and 54 states. Population in the
J=100 state is the shortest lived of this group. As J decreases, the lifetime of the decay
increases. This observation is evidence of a collisional cascade, which relaxes population
from the high J states generated in the optical centrifuge down to lower thermally populated

states.
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Transport of molecules away from the probe volume can impact the decay of the
transient signals. The probe IR in these measurements had a beam waist of w, = 48 um.
In the diffusive limit, a CO, molecule will diffuse out from the center of the probe volume
at 10 Torr and 300 K in about 1700 ns. The 300 K diffusion rate gives an upper limit to
the time it takes for molecules to leave the probe volume. Collisions of optically
centrifuged molecules result in large translational energies and transport a. At 1000 K, a
CO2 molecule diffuses out of the probe volume in about 300 ns. Therefore, in order to
mitigate diffusional effects, results are presented out to 1000 ns for the remainder of this
chapter.

Effects of Intensity and Pressure

In this section, the effects of sample cell pressure and optical centrifuge intensity
on the polarization-dependent dynamics of CO> rotors are reported. Line center transient
IR absorption measurements correspond to the dynamics of molecules with zero Doppler
shift. Here, line center measurements are reported for the J = 76 and 100 states at each
polarization with sample pressures from 2 Torr to 10 Torr. Doppler-broadened line profiles
measure the distribution of velocities along the beam direction. The Doppler profiles of
the CO, J = 76 state are reported at two OC intensities and two pressures. The time
evolution of translational temperature as determined from the Doppler profiles is also

reported for each IR probe polarization.
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Figure 5.6 Polarization-dependent transient absorption measurements of CO, J = 76 (a-c) and J = 100 (d-f)

at 10 Torr, 5 Torr, and 2 Torr.

Parallel probing is in red, while perpendicular probing is in blue.

Measurements are collected with the low intensity OC. g) Ratio of parallel signal at its maximum to
perpendicular signal at its maximum as a function of pressure.

Figure 5.6 shows line-center, polarization-dependent absorption measurements of

the J = 76 and J = 100 states at 10 Torr, 5 Torr, and 2 Torr collected at low OC intensity

(11 TW/cm?).

For the J = 76 state, transient absorption signals with parallel and

perpendicular probing are nearly identical at 10 Torr, whereas at 2 Torr differences in

102



parallel and perpendicular probing provide evidence for more pronounced orientational
anisotropy. Evidence for orientational anisotropy is even more pronounced for the J = 100
state. Figure 5.6g shows the ratio of the parallel signal (at its maximum) to the
perpendicular signal (at its maximum) as a function of pressure for both states. These data
show that differences between parallel and perpendicular probing are more pronounced at

lower pressures and higher J states.

The line center measurements yield information about a single Doppler slice of the
polarization-dependent populations. To investigate the total population change, full
Doppler-broadened line profiles were measured by collecting transient absorption
measurements in a series of frequency steps as small as 0.001 cm™. The line profiles were
fit to Gaussian functions, as described in Chapter 2. Translational temperatures were
determined from the profile widths. Transient Doppler-broadened line profiles were
measured for the J = 76 state of CO» at two OC intensities and two pressures. Figure 5.7
shows the Doppler-broadened line profiles for CO> J=76 at 200 ns at 10 Torr and 7.5 Torr,
both collected with the low intensity OC. Measurements with parallel and perpendicular
IR probing are shown. At 10 Torr and 200 ns after optical centrifuge excitation, the
molecules measured with parallel IR probing had a translational temperature of 1800 + 70
K, whereas the rotors measured with perpendicular IR probing had a translational
temperature of 1710 £ 60 K. At a lower pressure of 7.5 Torr, the molecules measured with
the parallel probe had a temperature of 960 £ 50 K and the out-of-plane rotors had a

temperature of 1080 + 50 K.
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Figure 5.7 Doppler-broadened line profiles of the CO, J=76 state at 200 ns collected with the low intensity
(11 TW/cm?) OC. The profiles with 10 Torr of gas for parallel (a) and perpendicular (b) probing are
displayed. The profiles with 7.5 Torr of gas collected with parallel (c) and perpendicular (d) probing are also
shown.

As discussed in section 5.2, the parallel IR probe detects in-plane rotors as well as
a subset of out-of-plane rotors. The Doppler profiles measured with parallel IR probing
therefore contain contributions from both sets of molecules. The contribution from the
out-of-plane rotors is obtained directly from the Doppler profiles with perpendicular IR
probing. It is possible therefore to characterize the in-plane component of the parallel
profiles by modeling the parallel profiles as a sum of two Gaussian functions. The
parameters for one Gaussian would be determined from the out-of-plane measurements

and those for the in-plane component would be fit from the parallel profiles. This process
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was performed for the J = 76 state and the resulting translational temperatures of in-plane
rotors were found to be about 10-15% lower than those determined from a single Gaussian
fit. The extent to which the parallel Doppler profiles describe the in-plane rotors depends
on the relative magnitude and broadening of both components. In this case, the differences
between the various populations is not too significant and the analysis to extract the in-
plane profiles has not been performed. The analysis described here can be used in future
studies where there are substantial differences between the in-plane and out of plane
populations.

A key result in Figure 5.7 is that lowering the pressure reduces the translational
temperature of the molecules. At lower pressures, there are fewer super rotors because
there are fewer molecules in the excitation volume. Because the total energy imparted to
the sample is proportional to the number of super rotors, the lower translational energy is
evidence of the reduced overall energy of the sample. There are no significant differences
in the translational temperatures measured with parallel and perpendicular probing.
However, at 7.5 Torr the magnitude of the Gaussian profile measured with parallel probing
appears larger than that measured with perpendicular probing. This difference suggests
that a greater population of in-plane rotors is detected than out-of-plane rotors. Lower
pressures, having fewer collisions, appear to increase the retention of the population
anisotropy.

Polarization-dependent Doppler-broadened profiles of the J=76 state were also
collected with the OC at high intensity (42 TW/cm?). Figure 5.8 shows the Doppler

profiles measured at 200 ns with each probe polarization and with sample pressures of 10
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Figure 5.8 Doppler-broadened line profiles of the CO2 J=76 state at 200 ns collected with the high intensity
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displayed. The profiles with 2 Torr of gas collected with parallel (c) and perpendicular (d) probing are also
shown.

Torr and 2 Torr. At 10 Torr and 200 ns, the in-plane rotors and molecules rotating in the
yz plane measured with parallel IR probing have a translational temperature of 1730 + 60
K, whereas the out-of-plane rotors measured with perpendicular IR probing have a
translational temperature of 1900 + 60 K. At a lower pressure of 2 Torr, the molecules
measured with parallel probing have a temperature of 1240 £ 120 K and those measured

with perpendicular probing have a temperature of 1630 + 160 K.
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Comparing the translational temperatures measured with parallel and perpendicular
probing shows that at 10 Torr the out-of-plane molecules carry marginally more
translational energy. At 2 Torr this difference in translational energy is somewhat more
pronounced. In addition, the amplitude of the parallel Doppler profile is larger than that of
the perpendicular profile, indicating greater population for parallel probing. At 2 Torr, the
300 K gas kinetic collision time is At = 50 ns. Therefore, at t = 200 ns, approximately
t/At. = 4 collisions have taken place. As with the low intensity data, greater retention of
the population anisotropy is observed at lower pressures.

At 10 Torr the translational temperatures measured with the OC at high intensity
(Figure 5.8) are slightly higher than the translational temperatures measured with the OC
at low intensity (Figure 5.7). The higher intensity optical centrifuge traps more molecules
due to a deeper interaction potential as described by equation 2.8. As discussed in Section
2.1.1 molecules can fall out of the trap as they are rotationally excited. The higher
translational energies observed with the higher intensity OC may be a result of a higher
initial super rotor density.

Figure 5.9 shows the time evolution of the polarization-dependent translational
temperatures of CO2 J = 76 using high and low OC intensities and various pressures. Under
these conditions, large translational temperatures ( > 900 K) are seen within the first 200
ns. Reducing the OC intensity reduces the translational energy released by the super rotors.
At 10 Torr with the high intensity OC, translational energy gains are largest at the earliest
times measured (100 ns). In contrast, with the lower intensity OC, the translational energy

increases from 100 to 200 ns. The number density of super rotors is proportional to the
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Figure 5.9 Time evolution of translational temperature with parallel (red) and perpendicular (blue) probing
of CO, J=76 with the high intensity (42 TW/cm?) OC at 10 Torr (a) and 2 Torr (c) and with the low intensity
(11TW/cm?) OC at 10 Torr (b) and 7.5 Torr (d).

intensity of the OC, so that with lower intensities, there are fewer super rotors. The lower
translational temperatures measured from 100 to 200 ns with the low intensity OC support
this picture. The lower pressure measurements show how the translational energy evolves
in lower density samples. Super rotor orientation is most apparent at higher OC intensities
and lower pressures.

J-Dependent Translational Energies and Populations: J = 76, 54, and 0

In this section, the J-dependence on the dynamics of rotational relaxation and
spatial reorientation in the OC is described. A set of experiments performed with the OC
at high intensity measured the time evolution of the polarization-dependent translational

temperatures for the J =76, 54, and 0 states. The total population change in each individual
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state was determined by integrating the area under the Doppler profiles. The data provide
information on the J-dependent spatial reorientation of the molecules after OC excitation.

Polarization-dependent Doppler-broadened line profiles were measured for the J=0,
54, and 76 states at 10 Torr with the OC at high intensity. Figure 5.10 shows the time
evolution of the polarization-dependent translational temperatures (left column)
determined from the Doppler profiles. In the right column, the corresponding polarization-
dependent populations are shown. The insets in each of the translational temperature
graphs shows the reproducibility of individual temperature measurements.  Appearance
of population is observed in the J =76 and 54 states, whereas depletion of population is
observed in the J = 0 state. Figure 5.10a shows that impulsive collisions impart large
amounts of translational energy to the molecules in the J = 76 state. At early times, the
translational temperatures of rotors probed with perpendicular polarization are greater than
the temperatures of molecules probed with parallel polarization. Figure 5.10c shows that
molecules in the J = 54 state have translational temperatures above 300 K, but the
temperatures are not as high as those for the J = 76 state. For J = 54, the early time
perpendicular probe translational temperatures are greater than the parallel probe
translational temperatures. Figure 5.10e shows that molecules with a sub-thermal velocity
distribution are removed from the J = 0 state. The data indicate that cross sections for CO>
J = 0 molecules and rotationally excited molecules increase as the collision energy
decreases.

Anisotropic translational energy release is detected at early times for the J =76 and

J =54 states (Figure 5.10a and Figure 5.10c). This result shows that the out-of-plane rotors
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initially have more translational energy than do the molecules probed with parallel IR
polarization. The different energy distributions of the different subsets of molecules reveals

information about rotation-to-translation (R—T) energy transfer in super rotor collision

3000 : ‘ 04
a
‘ g M J=76
¥ 2500 | i So3f ]
g i &
& 2000 002
= . . ; (0]
= =
g 1500 | 0 200 400 6000 200 400 E 0.1 i
: 3
<1000 | 0.0 ' ' :
@ 15 '
o .9 .
~ 500 | & 10
X o5
0 : : : : 0.0 : : : :
0 200 400 600 800 1000 0 200 400 600 800 1000
Time, ns Tlme, ns
3000 o 5o s 12 5
X 2500 1500 ¢ 5 -
= 308
(o]
5 2000 a 0.6
% 204
1500 B
_5 E 0.2
- 1000 | DT ' ' ]
@ :
@ kel " —
= 500+ 2 10} o -
X o5/ ]
O 1 ' 1 L 1 ) L L 00 i 1 ' 1 ' 1 N 1 N
0 200 400 600 800 1000 0 200 400 600 800 1000
Time, ns T|me, ns
3000 . . . c 00
e)moo J=0 = -0
¥ 2500 1 % 01¢
g'_ 800 8_
3 2000 | 600 ] T o2l
= 400 300 K 30K =
1500 | l s
5 2 203 ]
ﬁ 0 o ) ) )
o 1000 |+ 200 400 600 800200 400 600 8004 151 ! ! ]
@ ;
© 2 L .—-—m
~ 500 | ;I ® 10
S ——a 05 -
0 ‘ - - ' 0.0 ' :
0 200 400 600 800 1000 0 200 400 600 800 1000

'|'ir'ne’I ns Time, ns
Figure 5.10 Polarization-dependent translational temperatures and populations for the J = 76 (a and b), J =
54 (c and d), and J = 0 (e and f) states. The inset in a, ¢, and e shows the reproducibility of the translational
temperatures. The lower panel of the population plots shows the ratio of in-plane rotors to out-of-plane
rotors. All measurements were collected with 10 Torr of gas and the high intensity (42 TW/cm?) OC.
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dynamics. In Chapter 3, results showed that there is a propensity for super rotor molecules
to undergo small changes in J during collisions. In a rigid rotor molecule, the energy gap
between adjacent rotational levels increases linearly with J. At super rotor states near J =
220 this energy gap is about 300 cm™. Molecules detected with parallel polarization arise
predominantly from collisions between two super rotor molecules. Two super rotor
molecules have comparable rotational energy gaps. Collisions between two super rotors
that result in resonant rotational energy transfer leave small amounts of energy available to
go into translation. In contrast, the out-of-plane rotors detected with perpendicular
polarization arise predominantly from collisions between a super rotor and a 300 K bath
molecule. The energy gap between adjacent states for the 300 K bath molecule is much
smaller than the gap between states for the super rotor. Collisions between a super rotor
and bath molecule that result in non-resonant rotational energy transfer leave large amounts
of energy to go into translation. Furthermore, the out-of-plane rotors, which are hotter,
translate out of the probe volume faster.

There is no detectable difference between the polarization-dependent translational
temperatures for the J = 0 state. Collision cross sections to remove molecules from the J =
0 state are independent of the molecules’ spatial orientation.

Populations were obtained for the J = 76, 54, and 0 states by integrating the area
under the Doppler-broadened line profiles. The populations were normalized for J-specific
IR absorption strength and were scaled relative to the maximum population reached in the
J = 54 state. The right column of Figure 5.10 shows the polarization-dependent

populations. The population ratio for parallel:perpendicular probing is close to 1 for all
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three J states. The data for J = 54 and O states have larger uncertainties due to larger
background IR absorption (small Ip), which contributes to the fluctuations away from 1.
The J = 76 and 54 states, despite anisotropic translational energy distributions, have
isotropic spatial distributions. The translational energy of J = 0 molecules does not depend
on their orientation and the molecules have an orientationally isotropic spatial distribution.
These observations are to results for J = 100 in the next section

Dynamics and Spatial Reorientation for CO>J = 100

Additional experiments were performed with the OC at low intensity to probe the
evolution of the Doppler profiles and polarization-dependent populations in the J = 100
state at 7.5 Torr. These results are compared with those for the J = 76 state. Figure 5.11
shows the polarization-dependent Doppler profiles for J = 100. There is essentially no
difference between the translational temperatures with parallel probing and those with
perpendicular probing. The amplitude of the Doppler profile in Figure 5.11a is greater than
the amplitude of the Gaussian in Figure 5.11b, indicating that the parallel population is
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Figure 5.11 Doppler-broadened profiles at 200 ns of J = 100 rotors collected with 7.5 Torr of gas and the
low intensity OC. Profiles measured with parallel (a) and perpendicular (b) probing are shown.
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Figure 5.12 Polarization-dependent populations of the J = 100 (a) and J = 76 (b) states collected with 7.5
Torr of gas and the low intensity OC. The lower panel in each graph shows the ratio of in-plane rotors (red)
to out-of-plane rotors (blue).

larger than the perpendicular population. Anisotropic motion away from the probe volume
has a a comparable effect on both populations because the translational temperatures are
approximately equal. Comparing the J =100 Doppler profiles with the Doppler profiles of
J =76 shown in Figure 5.7c and Figure 5.7d shows that molecules appearing in both states
have similar translational temperatures (870 K and 960 K, respectively). The difference in
the amplitudes of the polarization-dependent Doppler profiles is more pronounced for the
J =100 state than for the J = 76 state.

Figure 5.12 shows the polarization-dependent relative populations of the (a) J = 100
and (b) J = 76 states. The population is normalized for J-specific IR absorption strength
and scaled relative to the maximum population of the J = 54 state. At 100 ns (about 7
collisions) for the J = 100 state, nearly four times as much population is observed with
parallel probing compared to perpendicular probing. In contrast, for J = 76 molecular there

is less than twice as much population observed with parallel probing. The lower panels in
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Figure 5.12a and b show the time evolution of the parallel:perpendicular population ratio.
The lifetime © of the population ratio decay was determined by fitting the ratio to an
exponential function. For the J =100 rotors the ratio decays with 7 = 89 + 3 ns (about 6
gas kinetic collisions) and for the J = 76 rotors the ratio decays with T = 76 + 6 ns (about
5 gas kinetic collisions). As described in Section 5.2, the parallel IR probe measures a
molecule population, p, which is a sum of the in-plane rotors p, and a subset of out-of-
plane rotors p, (equation 5.1). The ratio of p;/p, is an experimental measure that indicates
whether orientational anisotropy is present in the sample. However, to determine the
population of only the in-plane rotors, the contribution from p, rotors in the parallel
measurement must be removed. From symmetry, p, = p,. Equations 5.1 and 5.2 can be

rewritten to solve for the population of in-plane rotors (p,) and the total population p;,¢ =

Px + Dy T Dzt
1
Pz =PI~ 5P1 (5.3)
1
Ptot =Dy + EPJ_ (5.4)

Equations 5.3 and 5.4 were used to determine the fraction f, of in-plane rotors:

1
by —3P
f, =ppz == (5.5)
ot prtopy

In an isotropic sample, there is an equal number of rotors with angular momentum along
each of the three Cartesian axes and f, = 1/3. Strictly speaking, equation 5.5 assumes that

the translational temperatures of the molecules in each plane are the same. Since the
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Figure 5.13 Fraction of in-plane rotors in a 7.5 Torr sample using the low intensity OC for the J = 76 and 100
states as a function of time. The data are fit to exponential functions shown in green. The exponential
lifetimes the decay for each state are shown in the plot.

translational temperatures detected with the both polarizations are generally close the effect
is minor (< 10%).

Figure 5.13 shows the time evolution of the fraction of in-plane rotors for the J =
76 and 100 states using the data in Figure 5.12. At 100 ns (about 7 gas kinetic collisions)
approximately 80% of the molecules in the J = 100 state had their angular momentum along
the z-axis, which is the angular momentum orientation prepared by the OC. For J = 100,
the fraction of in-plane rotors decays with an exponential lifetime 7,90 = 130 £ 5 ns
(about 9 gas kinetic collisions). At 100 ns approximately 50% of the molecules in the J =
76 state had their angular momentum along the z-axis. For J = 76, the fraction of in-plane
rotors decays with an exponential lifetime 7,5 = 70 + 2 ns (about 5 gas kinetic collisions).
A significant (f, > 1/3) orientational anisotropy is detected in both states at early times.

Notably, molecules in the J = 100 state have more orientational anisotropy than the J = 76
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molecules. Furthermore, the anisotropy lasts longer for the J = 100 rotors than it does in
for J = 76 rotors. At long times the fraction of in-plane rotors approaches 1/3, indicating
that the sample has become orientationally isotropic.

The increased lifetime of the orientational anisotropy in the higher J state can be
understood in terms of in terms of the simple gyroscope model discussed in Section 4.3.
The most effective collisions at removing orientational anisotropy in molecules with
oriented angular momentum involves collision velocities that are orthogonal to the initial
plane of rotation. Consider such a collision between a J = 76 rotor and a rotationless 300
K molecule. The maximum collision-induced tilt of the J = 76 rotor according to a
gyroscope model is about 16°. In a similar collision with a J = 100 rotor, the maximum
collision-induced tilt is about 12°. The gyroscope model provides a picture of why the J =

100 rotor’s angular momentum orientation is more stable during collisions.

The single-pass polarization-dependent measurements described in this section
have revealed new information about the collision dynamics of super rotors from an optical
centrifuge.  Orientational anisotropy is most apparent in polarization-dependent
measurements for J states at low pressures with high OC intensities. Polarization-
dependent Doppler profiles show that out-of-plane rotors carry more translational energy
than do in-plane rotors. This anisotropic kinetic energy release can be understood by
considering super rotor collisions that involve rotationally resonant and non-resonant
energy transfers. The observed rates for collision-induced randomization of the orientation

is understood in terms of a classical gyroscope picture. Experiments to investigate this
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phenomena further are challenging because signal-to-noise is small at low pressures and in
high J states. In addition, transport of molecules out of the probe volume can contribute to
time-dependent signal loss. A new multipass IR detection scheme was developed to
mitigate these effects and to probe even higher states under low pressure conditions. These

multipass measurements are described next.

5.3.2 Multipass Measurements

A new multipass configuration (see Section 2.2.2) was employed to investigate the
polarization-dependent dynamics of COx rotors in the OC. The signals from the multipass
configuration are compared to those from single pass detection. Improvements in the
signal-to-noise levels enabled the use of lower pressures so that collision dynamics of super
rotors could be investigated in the single collision regime. Doppler-broadened profiles of
the J = 76, 84, 92, and 100 states yield information about the anisotropic energy release
and spatial orientation characteristic of super rotor relaxation. All measurements reported

in this section were performed with the OC at high intensity (42 TW/cm?).

Comparison of Single and Multi-Pass Transient Absorption Signals

Figure 5.14 shows line center transient absorption signals collected at 10 Torr with
the single pass and multipass configurations. The multipass IR configuration crosses the
OC beam 11 times and probes a volume that is about 480 times larger than the single pass
probe. Signals are shown for the J = 76 and J = 100 states. The multipass configuration
results in a five-fold increase in the J = 76 signal and a ten-fold increase in the J = 100

signal. The increase in signal size is not uniform across J states.
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Figure 5.14 Line center transient absorption measurements for the J = 76 (a) and J = 100 (b) states collected
at 10 Torr with the single pass (green) and multipass (blue) IR configurations. Measurements were made
with the high intensity OC and perpendicular IR probing.

The OC is focused to a beam waist w, = 26 pm and the intensity of the OC beam
changes along the z dimension. Figure 2.12 and Figure 2.13 in Section 2.2.2 show that the
multipass configuration probes the OC at 11 points along the z-axis. At the furthest point,
the IR light probes a volume that is ~6 mm away from the focal point of the OC beam. At
this point, the intensity of the OC is about 7 times less than it is at the focal point. As seen
in Section 5.3.1, the OC intensity impacts the energy release dynamics because it affects
the number density of super rotors. The multipass configuration probes an OC volume that
is about 480 times larger than the single pass configuration, but some of this volume is in
a lower density OC regime.

The larger probe volume of the multipass configuration reduces signal loss from
molecular transport. In the multipass configuration the IR focal length was 50 cm, which
focused the IR beam to a beam waist of 230 um. A calculation shows that in the diffusive
limit it would take over t = 20 ps for a molecule to diffuse from the center of the IR probe

volume at 5 Torr and 300 K. For a translational temperature of T = 1500 K, the diffusion
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time becomes t = 2 ps. In this section, transient measurements are reported for times up
tot =1 ps.

Line Center Transient Absorption in the Single Collision Regime

Figure 5.15 shows the line center polarization-dependent transient absorption
signals of CO2 J =76 and 100 rotors at four pressures from 2 Torr to 250 mTorr. Lowering
the pressure reduces the number of super rotors and the number of collisions that can

reorient super rotors. At 250 mTorr, the average time between collisions is At = 440 ns
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Figure 5.15 Line center polarization-dependent transient absorption measurements of CO, J = 76 (a-d) and
J =100 (e-h) rotors at four pressures: 2 Torr, 1 Torr, 500 mTorr, and 250 mTorr. All measurements are made
with the multipass IR configuration and the high intensity OC.
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Figure 5.16 a) Maximum fractional change in absorption detected for the J = 100 and 76 states with parallel
and perpendicular probing. b) Ratio of maximum signal collected with parallel probing to the maximum
signal collected with perpendicular probing for the J = 100 and 76 states as a function of pressure.

for a 300 K CO; sample. Under these conditions, the early time transients correspond to
the outcome of single collisions.

Figure 5.15 shows significant differences in transient absorption measurements
made with parallel and perpendicular probing. At each pressure the magnitude of the
perpendicular signal is less than the magnitude of the parallel signal. Lowering the pressure
magnifies these differences. The differences between the parallel and perpendicular probe
signals are more pronounced for J = 100 than for J = 76. Figure 5.16a shows the maximum
fractional change in absorption collected with parallel and perpendicular probing for the J
=100 and 76 states plotted as a function of pressure. At the pressures reported here with
the multipass configuration, absorption signals collected with parallel IR probing for the
two states are approximately equal. In contrast, at 10 Torr signals for the J = 100 state
were about 10 times smaller than those for the J = 76 state using the single pass

configuration (see Figure 5.6).
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Figure 5.16b shows the ratio of the parallel signal to perpendicular signal as a
function of pressure for the J = 100 and 76 states. In general, lowering the pressure
increases this ratio. For example, the J = 100 parallel signal is over 6 times larger than the
perpendicular signal at 500 mTorr. Such high contrast suggests a high degree of
orientational anisotropy. In addition, the ratios for J = 100 are larger than those for J =76
at all pressures, suggesting that molecules in higher J states have a higher degree of
orientational anisotropy.

The decay times of the parallel signals in Figure 5.15 were analyzed by fitting each
to an exponential decay. The resulting fits are shown in Figure 5.17a and b. The pressure-
dependence of the natural lifetimes t for each state is shown in Figure 5.17c. The data
show that the J = 100 signals are shorter lived than the J = 76 signals. However, as pressure
is reduced from 2 Torr to 250 mTorr, the lifetimes of the two states get closer. The lifetime
of the J = 100 state increases, while that for the J = 76 state decreases. Because collisions
occur less often at lower pressures, the J = 100 rotors are quenched more slowly as the
pressure is lowered. The lifetime of the J = 76 state may decrease because pressure reduces

the number of collisions that rotationally excite 300 K molecules into this state.
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76 (a) and 100 (b) states. c) Exponential lifetime of parallel probe absorption signal for the J = 76 and 100
states as a function of pressure.

Collisional Quenching of Molecular Gyroscopes

Polarization-dependent translational energy distributions were measured for a
number of CO; states using the multipass configuration. Doppler-broadened line profiles
were measured at 5 Torr for the J =100, 92, 84, and 76 states using the OC at high intensity.
Each measurement was repeated three times. Figure 5.18 shows the time evolution of the
translational temperatures for each state. The 300 K gas kinetic collision number is shown
on the upper axis. Each set of data is characterized by an initial increase in temperature

followed by a slower decay as the system relaxes to equilibrium. The J =100, 92, and 84
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data sets are also characterized at early times by more translational energy for the

perpendicular probe. Such a difference suggests that the out-of-plane rotors carry more
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Figure 5.18 Polarization-dependent translational temperatures for the J = 100 (a), 92 (b), 84 (c), and 76 (d)
states collected with the multipass configuration.
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translational energy than do the in-plane rotors. This result is consistent with the data from
the single pass measurements as was described in Section 5.3.1. The effect can be
described by considering collisions that have rotationally resonant energy transfer (for
parallel probing) and non-resonant energy transfer (for perpendicular probing). Figure
5.18d shows nearly identical translational temperatures for parallel and perpendicular
probing. Such behavior is more consistent with the translational temperatures measured
using the OC at low intensity (see Figure 5.9b). Since the multipass configuration probes
both low and high intensity regions of the OC, the translational temperatures will reflect
the dynamics occurring throughout the OC beam. For each state, the polarization-
dependent translational temperatures are equal well before 1000 ns. The translational
temperatures at 1000 ns for the J = 100 and 92 states are greater than those for the J = 84
and 76 states. This result shows that R—T cross sections are J-dependent.
Polarization-dependent Doppler profiles were integrated to yield the time-
dependent pairs of populations for the states studied here. Figure 5.19 shows the relative
populations for the first 1000 ns. For each state, there is more population measured with
the parallel probe compared to the perpendicular probe. The ratios of the population
measured with parallel probing to the population measured with perpendicular probing are
shown in the lower panels of Figure 5.19. At early times, populations measured with
parallel probing are about two times larger than the populations measured with

perpendicular probing for all states. The difference is evidence of the oriented nature of
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the molecules generated by the optical centrifuge. For each state, the decay of the ratio is

fit to an exponential function and the resulting lifetimes are plotted as a function of J in

Figure 5.20. The lifetime of the ratio of parallel to perpendicular populations increases

with J.
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Figure 5.20 Exponential lifetime of the ratio of the parallel to perpendicular populations for the J = 76, 84,
92, and 100 states.

The fraction of in-plane rotors was calculated using equation 5.5 and plotted as a
function of time as shown in Figure 5.21a. In each state, there is approximately 60% of
the population rotating in the xy-plane at 100 ns (about 5 gas kinetic collisions). For each
state, the decay of the fraction of in-plane rotors was fit to an exponential function. The
resulting fits are shown in Figure 5.21a and the resulting lifetimes are plotted as a function
of J in Figure 5.21b. In general, the lifetime of the orientational anisotropy increases with
J.

The increased duration of the orientational anisotropy can be understood using a
gyroscope model for the super rotor molecules. Collisions randomize molecular
orientation. However, molecules with large amounts of angular momentum, like those
created by the optical centrifuge, tend to retain their angular momentum orientation. An
estimate of the maximum angle by which the angular momentum vector is perturbed during
an orthogonal collision can be calculated using this gyroscope model and is shown on the

upper x-axis in Figure 5.21b for each J state. The duration of the orientational anisotropy
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Figure 5.21 a) Fraction of in-plane rotors as a function of time measured at 5 Torr with the multipass
configuration and with the high intensity OC. For each state, the decay of the fraction is fit to an exponential
function and the fits are shown in black. b) The exponential lifetime of the decay in the fraction of in-plane
rotors as a function of J. As a guide, the 300 K gas kinetic collision number is shown at the right.

increases with J state as expected by this model. The gyroscope is a classical model, which
describes the behavior of molecules in the high energy, high J regime. Thus, we see a
manifestation of the correspondence principle, wherein the quantum molecules behave

classically at large energy.

The multipass measurements reported here investigated how orientational
anisotropy is affected by the collisions of highly oriented rotors made in an optical
centrifuge. Increases in signal-to-noise permit the study of super rotor dynamics in the
single collision regime. Polarization-dependent Doppler profiles show an anistropic
kinetic energy release from the oriented rotors. Populations measured with parallel and
perpendicular probing reveal that the orientational anisotropy present has a longer duration
in high J rotors. A correspondence between the quantum regime of molecular rotors and

the classical gyroscope is observed and describes the behavior of the high energy rotors.
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5.4 Conclusions

This work has investigated the collision dynamics of highly oriented rotors with an
optical centrifuge. Polarization-sensitive measurements using high resolution transient IR
absorption spectroscopy reveal detailed information about the time-dependent anisotropic
release of translational energy and spatial orientation. Two IR beam configurations were
used in this work. A single pass arrangement probes the most intense part of the optical
centrifuge. Single pass studies explored how polarization-dependent dynamics vary with
pressure, optical centrifuge intensity, and J state and identified the conditions under which
the dynamics of super rotors could be studied in a regime with fewer collisions.
Polarization-dependent line center transients revealed that the most significant differences
are observed at the highest J states and lowest pressures. A more intense optical centrifuge
likely produces a higher density of super rotors, leading to greater spatial anisotropies in
translational energy profiles and populations.

The multipass IR configuration has increased signal-to-noise by a factor of 10 for
some J states. This increase in signal permitted the study of orientation-dependent
dynamics in the single collision regime. Transient absorption measurements at pressures
from 2 Torr to 250 mTorr show inhibited rotational quenching of high J rotors at lower
pressures. With the development of this new configuration, future studies will be able to
probe higher J states that are closer to the initially prepared state.

One of the most significant results of this work is that within the first 200 ns (~20
collisions) molecules perpendicular to the initial plane of rotation gain more translational

energy than do molecules detected parallel to the plane of rotation. This anisotropic kinetic
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energy release indicates the types of rotational energy transfers that take place with the
oriented super rotors Polarization-dependent populations reveal how the orientational
anisotropy of the rotors evolves with time and depends on J state. Single pass and multipass
measurements show that the magnitude of the anisotropy is larger and the duration longer
for high J rotors. The inhibited randomization of the spatial orientation of the rotors is a
result of the large of the large amounts of angular momentum present in each molecule.
The behavior of the super rotor molecules corresponds to the that of a classical gyroscopic.
This work opens the door for new spatially dependent studies of super rotor molecules in

a variety of experimental conditions.

129



Chapter 6: Rotational Quenching of CO2 Super Rotor
Molecules with Ar and He Buffer Gases

6.1 Introduction

The previous chapter showed that the optical centrifuge experiments can provide
detailed information on the evolution of orientation, rotational relaxation, and translational
energy of super rotor molecules. The results pose some interesting questions, such as how
do super rotors interact with various types of collision partners? Different interaction
potentials and masses could have significant effects on the behavior of energy evolution in
a far-from-equilibrium regime. To begin investigating some of these questions, optical
centrifuge experiments were conducted for two collision pairs: Ar-COz and He-CO». To
provide a theoretical framework with which to understand the results of the experiments,
quantum scattering calculations were performed for these two collision systems The
results of these calculations are presented in Chapter 7.

The work presented here used the same techniques outlined in Chapter 5 to
investigate CO2 super rotor collision dynamics. Here the dynamics were investigated as a
function of collision partner, pressure, J state, and probe polarization. Line center
transients were used to probe the overall effects of the varied experimental parameters.
Polarization-dependent populations demonstrate the role the collision partner plays in

rotational relaxation and spatial reorientation of CO; super rotors. Doppler-broadened line
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profiles collected for both buffer gases show how the translational energy evolves for CO»

rotors in the presence of a buffer gas.

6.2 Experimental Methods

The experimental set-up is described in Chapter 2 and details specifically relevant
to polarization-dependent measurements are given in the Experimental Details section of
Chapter 5. The measurements reported in this chapter used an optical centrifuge (OC)
beam waist of 26 um with a peak field intensity of 37 TW/cm?. Based on the FWHM of
the spectral chirp shown in Figure 2.5, the optical centrifuge rotational frequency was ~35
THz. For CO,, this excitation corresponds to a rotational energy Erot = 18,200 cm™ and an
angular momentum quantum number of J ~220. This work studied CO> super rotor
collisions with argon and helium. Since an anisotropic polarizability is required for
alignment with the OC field, the Ar and He atoms are not excited by the OC.

Collision-induced population changes of individual CO: rotational states were
measured following the optical centrifuge pulse using high resolution transient IR
absorption spectroscopy. A quantum cascade laser (QCL) operating between A=4.2 and
4.5 pm was used to probe the J=76 and 100 states with the fundamental CO> (00°0 — 00°1)
transition. Experiments reported in this chapter were made with the multipass IR
configuration described in Section 2.2.2 and shown in Figure 2.12 and Figure 2.13. Section
5.3.2 describes how the multipass configuration improves the signal-to-noise levels and
reduces the impact of molecular transport losses on transient signals. IR absorption
measurements were collected at 5 Torr CO; and three different partial pressures of buffer

gas: 0 Torr, 5 Torr, and 10 Torr.
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An estimate of the collision rate in each buffer gas mixture can be made using the
gas kinetic model. The rate of collisions per unit volume k is a product of the collision
cross section o and relative velocity v,.;

k =0v,. (6.1)
The hard sphere collision cross section is the area of a circle with a radius r = 4 + 13,
where 14 and 7 are the radii of each collision partner. Using a van der Waals radius of
Tar =188 pm for Ar and 1, = 205 pm for CO, the hard sphere cross section for Ar-CO»

is 0.48 nm? and using 1y, = 140 pm for He, the cross section for He-CO2 is 0.37 nm?. At
300 K the relative velocity for Ar-COz is v,..; = 550 m/s and for He-CO» is v,..; = 1320
m/s. Using equation 6.1, the collision rate for Ar-CO; is 2.6X1071% cm?/s and for He-CO»
is 4.9%1071% cm?®/s. Thus, the collision rate for He-CO; is about twice that for Ar-COs.
Polarization-dependent IR measurements of the line center transient absorption
signal probed spatially-dependent differences in the dynamics for collisions with the two
buffer gases. Transient Doppler-broadened line profiles were measured for both
polarizations by collecting transient absorption signals at a series of closely-spaced IR
frequency steps (~0.001 cm™') across individual ro-vibrational transitions. A detailed
description of the spatial orientation of the molecules probed by two orthogonal
polarizations of IR light is given in Section 5.2. To reiterate, the OC prepares super rotors
that rotate in the xy-plane, as shown in Figure 5.1. IR light polarization that is parallel to
the plane of OC rotation probes molecules whose angular momentum vector has a
projection in the xz plane. IR light polarization that is perpendicular to the plane of OC
rotation probes molecules whose angular momentum vector has a projection in the xy-
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plane. The extent of orientational anisotropy was determined by polarization-sensitive

measurements of Ar-CO; and He-CO; collisions.

6.3 Results and Discussion

6.3.1 Line Center Transients

The effects of argon and helium buffer gases on the line center transient dynamics
were explored by making polarization-dependent measurements of the CO2 J =76 and J =
100 states. The results from each state were analyzed individually and then compared.
Figure 6.1 shows the polarization-dependent line center transients for J = 76 at three partial
pressures of buffer gas, where red indicates parallel probing and blue indicates
perpendicular probing. Figure 6.1a-c show that increasing the pressure of Ar does not
change the overall dynamics in the CO, J = 76 state as measured by the line center transient
signal. The Ar-CO; signal magnitude decreases monotonically as the pressure of argon is
increased. In contrast, Figure 6.1d-f show that increasing the pressure of He has the
opposite effect on the transient signals. The signal magnitude increases by nearly a factor
of 2 when adding 5 Torr of He to pure CO>. In addition, the rates of the rise and decay of
the signal increases as He pressure is increased. For J =76, there is no detectable difference
between signals collected with parallel and perpendicular IR polarizations, indicating little

orientational anisotropy.
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Figure 6.1 Polarization-dependent line center IR absorption measurements of CO; J = 76 collected with three
partial pressures of Ar (a-c) and He (d-f). Parallel IR probing is shown in red and perpendicular IR probing
is shown in blue.

To quantify the rate differences between the two buffer gases, the slopes of the
parallel and perpendicular transient signals were fit to linear functions. The resulting fits
for the parallel measurements with 5 and 10 Torr of buffer gas are shown in Figure 6.2a
and Figure 6.2b, respectively. The slope of each linear fit represents an appearance rate
for that transient absorption signal. The slopes are shown as a function of buffer gas
pressure in Figure 6.2c. The data show that the rate of appearance decreases as pressure of
Arisincreased. In contrast, the rate of appearance increases as pressure of He is increased.
Figure 6.2¢ shows that at 10 Torr of buffer gas, the rate of appearance observed with He

buffer gas is about 6 times greater than that observed with Ar buffer gas. This increase is
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greater than what would be expected from the increase in the collision rate described in
Section 6.2, indicating that collisional quenching is more efficient in He-CO; than in Ar-

COa.

Figure 6.3 shows the polarization-dependent line center transients for CO2 J = 100
at three partial pressures of Ar or He buffer gas. In all measurements, the molecules
probed with parallel IR light appear earlier than those probed with perpendicular IR light.
The effect of changing the polarization is most pronounced with 10 Torr of He (Figure
6.3f) and least pronounced with 10 Torr of Ar (Figure 6.3c). To quantify differences
between Ar and He in the signals for J = 100, the rises of the parallel and perpendicular

transient signals were fit to linear functions. The resulting fits are shown in Figure 6.4a-d.
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Figure 6.3 Polarization-dependent line center IR absorption measurements of CO, J = 100 collected with
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The pressure dependence of the slopes from the linear fits for Ar-CO» is shown in Figure

6.4e. In each case, the rate observed with parallel probing is greater than that observed

with perpendicular probing. However, the parallel probe rate decreases as pressure of Ar

was increased. With 10 Torr of Ar, the orthogonally probed rates are nearly identical,

showing there is little orientational anisotropy in the COx rotors. The pressure dependence

of the He-COx slopes is shown in Figure 6.4f. At each pressure, the rate measured with

parallel probing is greater than that measured with perpendicular probing. Both the parallel

and perpendicular probe rates increase as the pressure of He increases.
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Figure 6.4 The polarization-dependent transient measurements of CO, J = 100 with Ar (a and b) and He (c
and d) buffer gases. The pressure of CO, was 5 Torr in all measurements. The early-time linear fits are
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In the J =76 and J = 100 states of CO», adding He increases the rate of appearance.

Upon addition of Ar the rate decreases or remains unchanged. Differences between the

appearance rates for Ar-CO; and He-CO; are more pronounced in the J = 76 state than in

the J = 100 state. The differences between parallel and perpendicular probing of the J =

100 state are evidence of the orientational anisotropy generated by the optical centrifuge.

As discussed in Chapter 5, evidence of the orientational anisotropy of CO; rotors is more



pronounced as J increases. Here, the line center data provide evidence that this trend is

also observed in the presence of Ar and He buffer gases.

6.3.2 Evolution of Populations and Spatial Reorientation

The line center polarization-dependent measurements provide insights into the
reorientation dynamics of COz rotors with Ar and He collisions from a single Doppler slice.
To get a full picture of the orientational anisotropy, spatially-dependent populations were
determined by measuring polarization-dependent Doppler-broadened line profiles. Here,
the focus is on the 10 Torr buffer gas data where the greatest effects were seen. Figure 6.5
shows the line profiles collected for the J = 76 and 100 states at 250 ns after the OC pulse
and with 10 Torr of buffer gas. Measurements made with parallel IR probing are shown.
Doppler-broadened line profiles were fit to Gaussian functions and the resulting fits were
integrated to determine the time evolution of the relative population for each state. The
translational temperatures were determined from the width of the profiles and are discussed
in the next section. Here, the integrated populations are described.

Figure 6.6 shows the relative populations in the J =76 and J = 100 states with Ar
and He buffer gases using parallel IR probing. Significant differences between the
dynamics of the Ar-CO» and He-CO» data are observed. More population is seen with He
collisions for both CO; states. The J = 76 state appears more quickly with He than with Ar

and has faster decay back to equilibrium with He. For the J = 100 state, the rate of
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appearance is about the same, but the decay is faster with He. The data indicate that

rotational relaxation of COx rotors occurs more quickly with He collisions.

the polarization-dependent relative populations of CO, with Ar and He buffer gases.
Figure 6.7 shows the polarization-dependent relative populations of the J = 76 and 100
states with 10 Torr of buffer gas. Measurements were collected in triplicate for each

experimental condition. Molecules trapped in the optical centrifuge initially are prepared
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500 ns.

with their angular momentum projection along the z-axis. In Section 5.2 the molecules
that have an angular momentum vector along the z-axis are termed in-plane rotors. The
fraction of in-plane rotors f, is determined from the polarization-dependent populations

using the procedure outlined in Section 5.3.1 and the equation

1
br—>5p
f, = ppz = % = (6.2)
©r pitgpy

where p, is the population measured with parallel probing and p, is the population
measured with perpendicular probing. The lower panel of each graph in Figure 6.7 shows
the f, fraction as a function of time, representing an average of three measurements.

The data in Figure 6.7 show that orientational anisotropy is detected at each state

and with each buffer gas. At the earliest times, more than 50% of the molecules are
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Figure 6.7 Time evolution of the polarization dependent populations for the J = 76 state (a and b) and J = 100
state (c and d). Measurements collected with 10 Torr of Ar are shown at the left and measurements collected
with 10 Torr of He are shown at the right. The time evolution of the fraction of in-plane rotors is shown in
the lower panel of each graph. The natural lifetime of the fraction is displayed on the plots.

observed to have their angular momentum along the z-axis. One important result is that
the fraction of in-plane rotors for He-COz is greater than that for Ar-CO; at all times. This
finding means that super rotors retain more of their orientational anisotropy in collisions
with He than with Ar. The evolution of each f, fraction decays with an average natural
lifetime shown in Figure 6.7. For each state, the natural lifetimes of the f, fraction for Ar-
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CO2 and He-CO; are the same within the experimental uncertainty. However, since He-
COz collisions occur at twice the rate of Ar-CO» collisions, this result indicates that the
orientation is retained through more collisions for He-CO..

The effect that the buffer gas has on reorientation can be understood in terms of the
gyroscope model described in Section 4.3.3. This model considers collisions in which a
300 K particle collides with a super rotor with a velocity vector that is orthogonal to the
plane of molecular rotation. In this type of collision, the incident particle induces a tilt in
the classical angular momentum vector L of the rotor by an angle d¢ given by

dp =L (6.3)

where r is the distance from the center of mass of the rotor, u is the reduced mass, and dv
is the change in relative velocity. In the experiments presented in this chapter, the mass of
the collision partner is varied. The model shows that a less massive particle causes less
reorientation. An estimate of the maximum angle by which the angular momentum is
perturbed during an orthogonal collision can be calculated using equation 6.3. For an Ar
atom colliding with a CO» J = 220 super rotor, the maximum induced tilt angle in the rotor
is 5.5°. For a He atom colliding with a CO» J = 220 super rotor, the maximum induced tilt
angle is 2°. Therefore, the Ar atoms are more effective at randomizing the angular
momentum of the CO» rotors when compared to He. In Chapters 4 and 5 the gyroscope
model was used to explain the inhibited angular momentum reorientation as the angular
momentum of the super rotor increased. The buffer gas results in this chapter provides

further evidence that CO; super rotors are described by a classical gyroscope model.
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6.3.2 Evolution of Translational Energy

Information about the evolution of translational energy for super rotor collisions is

determined from the width of Doppler-broadened line profiles such as those shown in

Figure 6.5. Polarization-dependent Doppler-broadened profiles for the J = 76 and 100

states were collected at 5 Torr and 10 Torr of Ar and He buffer gases. The data in Figure

6.8 shows the time evolution of the polarization-dependent translational temperatures of

one representative data set for each experimental condition.

Measurements with 5 Torr

(Figure 6.8a and b) and 10 Torr (Figure 6.8c and d) of buffer gas show that all translational
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Figure 6.8 Time evolution of the polarization-dependent translational temperatures collected for the J = 76
state. Measurements were collected with 5 Torr of Ar (a), 5 Torr He (b), 10 Torr Ar (¢) and 10 Torr He (d).
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temperatures are initially well above 300 K. At early times, translational temperatures for
Ar-CO; are less than those measured for He-COo.

Figure 6.9 shows the time evolution of the polarization-dependent translational
temperatures for the J = 100 state. Figure 6.9 shows one representative set of three
collected for each experimental condition. The translational temperatures initially increase
then decrease as collisions occur. The data in Figure 6.9 show that translational
temperatures measured with perpendicular polarization are initially greater than those
measured with parallel polarization. This difference in translational temperature is also

observed with pure CO; as described in Chapter 5. The polarization-dependent differences
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Figure 6.9 Time evolution of the polarization-dependent translational temperatures collected for the J = 100
state. Measurements were collected with 5 Torr of Ar (a), 5 Torr He (b), 10 Torr Ar (¢) and 10 Torr He (d).
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in translational energy are evidence of the oriented nature of the spinning molecules and
are indicative of anisotropic kinetic energy release during collisions. Differences between
the translational energies for Ar-CO> and He-CO» are less pronounced in the J = 100 state
than in the J = 76 state.

To understand the larger amounts of translational energy gained by the CO> rotors
for He-CO» collisions consider a collision between an atom A and a super rotor molecule
SR. The total energy in the collision system E,; is a sum of the translational energy E;;qns
and rotational energy E,,;. For this discussion, any changes in vibrational and electronic
energy are ignored and the discussion is confined to the center of mass frame. The total
energy in the collision system is conserved

AEiot = AEtrans + AEro = 0. (6.4)

The atom has only translational energy, whereas the super rotor has translational and
rotational energy. Therefore, equation 6.4 can be rewritten

AEtrans(SR) + AEyot (SR) = —AE¢rqns(A). (6.5)

where AE;,4,s(A) has been moved to the other side of the equals sign. Conservation of

linear momentum requires that
m
AEtrqns(A) = (%) AEtrans(SR), (6.6)
A

where mgp, is the mass of the super rotor and my is the mass of the atom. Inserting equation
6.6 into equation 6.5

Mmgr
AEtrans(SR) + AErot(SR) = — (m_

) OEerans (SR, 6.7)
A

Rearranging
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Mmgg
AE,,,(SR) = — (1 +2 )AEtmns(SR). (6.8)
A

Translational energy gains correspond to a loss in rotational energy and are related by a
factor proportional to the ratio of the super rotor and atom masses. For a given super rotor,
a lighter mass atom will give a larger change in rotational energy. The data from the
experiments show larger translational energy gains in CO> rotors for He-CO; than for Ar-
COas. This result clearly show that the loss in rotational energy is greater for He collisions
than with Ar collisions. Therefore, it appears that He collisions with CO» induce larger

and more rapid changes in J than Ar collisions.

6.3.3 Rotational Adiabaticity in Super Rotor Collisions

Optical centrifuge experiments on Ar-CO2 and He-CO: collisions show that super
rotor relaxation occurs faster and involves transitions with larger AJs in the presence of He.
Rotational and translational time scales affect collisional energy transfer. In the limit of
high velocity particles, the collision is considered sudden, wherein the rotational motion is
slow compared to the time of the collision. Rotation-to-translational energy transfer is
efficient in the sudden limit. In the other extreme, when the time of collisions is long
compared to the rotational period, rotational motion is faster than the relative velocity and
the energy transfer is inefficient.

The duration of a collision t.,; is defined as the interaction length ¢ divided by the

relative velocity v,¢;

'
tCOl = . (69)
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Figure 6.10 Lennard-Jones potential energy curves for Ar-CO; and He-CO,.

The length of interaction is defined using the Lennard-Jones potentials for He-CO> and Ar-
CO; systems (Figure 6.10). For this discussion, the interaction length £ is defined for 300
K collisions as the distance at which the potential is 1% of the thermal collision energy
(V(Ry) = 0.01E,,, =3 cm™) to the start of the repulsive interaction at R = o. For He-
CO2, Ry =6.5A, 0 =3.5Aand £ = 3.0 AP®. For Ar-CO2, Ry = 9.0 A, 0 = 4.0 A and
£ =5.0 APY. The relative velocity at 300 K is v,.,; = 1320 m/s for He-CO; and v,.,; = 550
m/s for Ar-COz collisions. Using equation 6.9 and the values for the interaction lengths
and relative velocities, the collision time for He-CO» is t.,; = 0.23 ps and for Ar-CO> is
teor =0.91 ps.

The rotational period of a linear molecular is determined by its rotational quantum
number and its moment of inertia /. Equating the classical rotational energy to the quantum
energy

h2J(J+ 1)
21
147

_1;, 2
Emt—zlw =

= BJ(J + 1). (6.10)



yields an expression for the angular velocity w

hJ  2BJ] (6.11)
W= .
The rotational period is given by
booo L 2T (6.12)
ot Vrot S’ .

Figure 6.11a shows t,,; vs J for CO> and compares the collision times for He and Ar

collisions with COx».
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Figure 6.11 a) Rotational period of CO; as a function of J. Also shown on the plot are the collision durations
for Ar-CO; and He-CO:. b) Adiabaticity parameter for Ar-CO» and He-CO,. The point where the collision
system crosses into the adiabatic regime is labeled on the plot.
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The adiabaticity parameter a is defined as®”]

tcol

a= (6.13)

trot
The values of a are plotted in Figure 6.11b as a function of J for He-CO> and Ar-CO:
collisions. He-COz collisions are rotationally adiabatic above J = 186. For lower J states,
the collisions are sudden and rotation-to-translation (R—T) energy transfer is efficient. In
contrast, Ar-CO; collisions are in the rotationally adiabatic regime for J >46. In this case,
R—T energy transfer is inefficient. The experimental results demonstrate the importance

of rotational adiabaticity in super rotor relaxation.

6.4 Conclusions

This set of experiments investigated the effect of collision partner on CO> super
rotor rotational dynamics. Two rare gas collision partners were used in this work: Ar and
He. Rotational relaxation is much faster with He than with Ar. Polarization-dependent
measurements indicate that CO» rotors have a greater amount of orientational anisotropy
that remains through a greater number of He collisions than with Ar collisions. This result
provides further evidence of the correspondence of CO: super rotors to the behavior
described by a classical gyroscope. In addition, the larger amounts of translational energy
gained by CO; rotors in collisions with He show that He induces larger changes in J. The
results presented here demonstrate the importance of rotational adiabaticity to the rotational
relaxation of super rotors.

Future experimental work would investigate the impact rotational adiabaticity of

other collision partners, changing both the unexcited buffer gas and the optically
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centrifuged super rotor. It would be interesting, for example, to investigate other rare gases
such as neon and xenon. Changes in the interaction potential likely have important effects
and other work would involve changing the super rotor to a molecule such as N>O or CO,
which would have more anisotropic potential energy surfaces. This work paves the way
for studies using the orientation and rotational state generated by the optical centrifuge as
a way to study spatially and energy dependent reactive and non-reactive collisions. To
further investigate the rotational relaxation kinetics of the two collision systems studied
here, close-coupled calculations were performed on Ar-CO; and He-CO,. The results are

presented in the next chapter.
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Chapter 7. Comparing the Collision Dynamics of Ar-CO2 and
He-CO:2 Using the Results from Quantum Scattering
Calculations

7.1 Introduction

Rotational energy dynamics is a complex process involving many molecular and
intermolecular parameters®®® 31, To describe state-to-state dynamics between rotational
levels, many models based on the energy gap or angular momentum gap have been
proposed, but no real consensus has been established for all molecules!*’#71. Additionally,
most studies employing quantum scattering calculations have focused on the cross sections

and rates for relatively low angular momentum states!*3-192],

Here, quantum scattering
calculations are presented on the Ar-CO; and He-CO; collision systems for a large range
of rotational states to investigate the role of the collision partner on the rotational relaxation
of CO» rotors and to compare with optical centrifuge studies of COa.

Close-coupled calculations performed on both collision systems determined the
state-to-state inelastic scattering cross sections on a grid of five collision energies from 150
cm™! to 1000 cm™!. State-to-state rate constants calculated from the cross section data
demonstrate the impact of the collision partner on transition rates. A master equation is
used to describe rotational relaxation after a subset of the CO> population has been excited

to a distribution of high rotational states. The solution to the master equation shows how

differences between the rates of Ar-CO; and He-CQO; relaxation manifest in the observed
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dynamics of individual rotational states. The computational results are compared with

optical centrifuge experiments.

7.2 Theory: Rotationally Inelastic Collisions

This section describes the theory used in this chapter to study rotationally inelastic
collisions. An outline of this section is provided here. In Subsection 7.2.1, an explanation
of the scattering cross section in classical and quantum terms is provided. Subsection 7.2.2
presents a derivation of the close-coupled equations, which model a quantum scattering
system with internal degrees of freedom. Subsection 7.2.3 provides relevant details from
quantum scattering theory to show how the state-to-state inelastic scattering cross sections
of a rigid rotor are determined. Subsection 7.2.4 describes the algorithms used to solve the
close-coupled equations and calculate the inelastic scattering cross sections. Subsection
7.2.5 describes how state-to-state rate constants are calculated from the inelastic scattering
cross sections. Subsection 7.2.6 explains a master equation and shows how it can be solved
analytically to find the time evolution of population in individual rotational states.

This section draws from several sources on quantum scattering theory and
molecular collisions, but is largely based on lecture notes by Millard Alexander!!? 104,
The book Quantum Mechanics in Chemistry provides an accessible and clear introduction
to quantum scattering theory!!%l. The book Introduction to the Theory of Atomic and
Molecular Collisions, provides details on elastic and inelastic quantum scattering theory

and provides much of the notation used in this section!!%]. The expression for the inelastic

scattering cross section of a rigid rotor was first derived by Arthurs and Dalgarno in their
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1960 paper!!%7l. The article by Secrest describes the close-coupled equations and gives
details on the approaches by which the closed coupled equations are solved!'®®. A
thorough description of the analytic solution to the master equation is given in paper by

Alexander et. all'%!,

7.2.1 The Scattering Cross Section

Consider particles with flux I scattering off a spherically symmetric potential as
shown in Figure 7.1. The impact parameter b is the perpendicular distance from the
scattering center to the incident particle. The differential scattering cross section is defined
as the ratio of the scattered flux per unit solid angle to the incident flux per unit area. Figure
7.1 shows the infinitesimal area dA is

dA = 2nb db (7.1)
and the infinitesimal solid angle, d{}, is
dQ = 2msin6 do. (7.2)
Therefore, the differential scattering cross section, do /dX), is

do 1/dQ B
dQ  1/dA

(7.3)

b
sin9d9/db|'

dé

|db Trajectory
==
[/ I\ VAN
U Scattering
Center

Figure 7.1 Particles with flux, I, scatter off a spherically symmetric potential. Parameters for the derivation
of the cross-section are shown.
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The differential scattering cross section has units of area and represents a probability of
scattering at a particular solid angle. Integrating over all solid angles yields the integrated

cross section:

o= f (Z—g) 6, $) da. (7.4)

The angle of deflection is a function of energy E, so the cross section is also a function of
energy.

Scattering of a particle with a discrete set of states off a potential can result in a
change of state of the particle. Similar to the classical definition, the state-to-state

differential cross section is defined to be

(da) scattered flux in state f . scattered flux in state i

o — + — . (7.5)

The integrated inelastic scattering cross section represents the total probability of
transitioning from an initial state i to a final state f and is written as
[00]
Oif = f 21h Plf(b) db ) (76)
0
where the integral is over all possible impact parameters and Py(b) is the probability of
transitioning from state i to state f at a value of b. The total angular momentum of the

system 1is I=b Xp = pvb. Quantum mechanically, angular momentum is quantized as

h (] + %) Therefore equation 7.6 becomes

2RO 1 C
o= > (14+3) R0 =5 @ + DRL®), 7.7)
J ' J=0
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2u(E—¢&)

where k? = 2 is the wave vector in the initial state, E is the total energy of the

system, and ¢; is the internal energy of the initial state. In equation 7.6, the continuous
P¢(b) has been replaced by the discrete Plf] (E) and the variable changed from velocity to

energy. The discrete probability of transitioning from state i to state f is found by solving

the Schrodinger equation for the collision system.

7.2.2 The Close-Coupled Equations

Consider a collision between an atom and a molecule. We will ignore the internal
structure of the atom for this discussion. The Hamiltonian H (¥, q) describing the system,
which depends both on the separation between the atom and molecule 7 and the internal

coordinates of the molecule q is

hZ
H(7,q) = —ZVZ(?) +V(r,q) + Hine (), (7.8)

The first term in equation 7.8 is the kinetic energy of the system, the second term is the
interaction potential, and the third is the Hamiltonian describing the internal structure of
the molecule. Note that the potential V (r, q) is assumed to depend only on the magnitude
of 7, not its orientation Furthermore, at large separation

lim H(7, q) = Hine(q). (7.9)
The time-independent Schrodinger equation of the collision system is

HY¥Y#,q) =EWY({#,q), (7.10)
where E is the total energy of the system. The total energy is equal to the collision energy,

Ec, plus the rigid rotor energy, & = Bj(j + 1), where B is the rotational constant. The
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wavefunction, ¥, is expanded in a complete orthogonal set of eigenfunctions with the
angular and radial parts of the wavefunction separated. For the angular part, the
eigenfunctions of the angular part of the kinetic energy operator are the spherical harmonics
Y;m(6, @), where [ is the orbital angular momentum of the collision system. The
eigenfunctions of the rigid rotor are Yim, (a, B), where j is the internal angular momentum
of the rotor and « and [ are internal coordinates. The radial part is an unknown function
Gy;(r), which is a function of the separation between the collision partners and depends on

both the orbital angular momentum [ of the system and internal angular momentum j of

the rotor. Therefore, the wavefunction is written as

(7.11)
T

G
YED= ) Vim, ¢>Y,-m,.(a,ﬁ)( ”“) .

Im jm;
The angular momentum of the internal states couples with the angular momentum of the

system in the usual way:

where €Y. are the Clebsch-Gordon coefficients. Therefore, the wavefunction is written

lmjmj

in a new basis as

1
WM, q) == V"0, 6,0 B)Gpaa (). (7.13)
)

In this basis, the total angular momentum, /, is conserved. By inserting equation 7.13 into

the Schrodinger (equation 7.10), using the orthonormality of the spherical harmonics, and
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integrating over all coordinates except for r, the Schrodinger equation becomes a set of

coupled differential equations:

02 1(1+1) ™M
l_ 972 + ) - kal G]Ml](“r') = — z Vljl’j’G]Ml,jl (T) . (714)
lI]'I
Equivalently, in matrix notation:
62
llﬁ +W(@)|[G(r)=0 (7.15)

where W(r) = k? — I?(r) — V(r). Equation 7.14 is the close-coupled equation that
defines a scattering system with internal degrees of freedom. The terms k? and I? are

diagonal matrices defined by

2
(k)5 = 7z (E—¢), (7.16)
where ¢ is the internal energy in the j th channel and

2l +1)
2 —
Iy = 2

= (7.17)

lth

where [ is the orbital angular momentum in the [*" channel. The potential can be written

as an expansion of Legendre polynomials as

[ee)

V) = Z Ko (r)P, (cosy). (7.18)
A=0

Therefore, the elements of the interaction matrix V(r) are given by

2 o8]
Vi) =25 K 1P cos DI ). (7.19)
A=0

The expansion of the potential in terms of the Legendre polynomials is useful in solving

the close-coupled equations.
157



7.2.3 The Scattering Matrix and the Scattering Amplitude

In general, the molecule does not need to be in just one ¥;(r, q) state, but rather

can be in a linear combination of eigenstates:

WO = ) a; Pilr ), (7.20)

L

where |a;|? represents the probability of finding the particle in state ¥;(r, q). The system

can then be defined by the set of coefficients a;, written as a vector:

a;

A= (7.21)

a;
A matrix S can be defined to take the system from a set of initial states to a set of final
states by

Ay = SA;. (7.22)

L

The S matrix must conserve probability and therefore must be unitary. The square

2
modulus of the individual elements of the S-matrix, |S l]l,| represent the probability that
the scattered system makes a transition from state i to i’. It is important to note that the S-
matrix is a function of energy and depends parametrically on the total angular momentum,

J, of the collision system.
With this understanding of the S-matrix, we now write the asymptotic form of the

solution to the close-coupled equations (i.e. the radial Schrodinger equation)

G(r)~U- —SU", (7.23)
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where U~ and U* are the matrices of incoming and outgoing waves, respectively.

Explicitly writing these matrices gives:

. e A\Y2 .
Gl () ~ 808 ype™ i =tm/2) gl <ki> i lkyyr=vms2), (7.24)
)

/(1) into equation 7.13 gives the asymptotic form of

Inserting the asymptotic form of G; g,

the total wavefunction in the /-conserved basis:

1
lim WM, ) = > V)"0, 6,0,6)
T—00
)

_ ki \"? /
—i(k;ir=im/2) _ ] j i(ks.r=1U'm/2
X [51'1"511'6 i(kjjr—tn/2) Sjljlll <_kj’j> e ( 7 )] (7.25)

The asymptotic form of the tofal wavefunction in the Schrodinger equation (7.10)

in the rigid rotor basis is written

ik.s.r

) 1/2
. - i (ki e JJ
lim W (7, @) ~ Y (@, £)e ™0 + ) —— (k” ) > i Oy, (@) . (7.26)
roe = i\ ro& Y
i

Here, the first term in this equation represents the incoming plane wave of the molecule in

state, Yim, (a,B). The second term represents an outgoing spherical wave in state

ermj, (a, B) with a scattering amplitude f;/(8) for each initial and final internal state.

Note that because the potential only depends on the magnitude of the separation, r, the
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scattering amplitude depends on the polar angle, 6, but not the azimuthal angle, ¢p. The
differential scattering cross section is given by "
—) =(Z)|f; @] (7.27)
<d.Q j j' kj j 2
From here the integral cross sections can be calculated, which will give the state-to-state

inelastic scattering cross sections:

s
do ] 2,
i = ff <E>”, sinf df d¢ = 2nj|f]-]-r(9)| sinf df. (7.28)
0

The scattering amplitude can be expanded in terms of the spherical basis functions used

above:

o +J J+j

fr@=> > Y i(r@l+ D)

J=0 M==] =[]l

1/2 N
M@ q). (7.29)

In addition, the incident plane wave in equation 7.25 is also written in the |

conserved basis as

+] ]+

. inl/2 &
Yim, (@, B)ei™ = p Z Z Z (2l+1)1/ZilCl]01]V-’mj‘P]M(17,q). (7.30)
I T=0 M==11=]-jl

Equations 7.29 and 7.30 are inserted into equation 7.26. The result is equated to the
asymptotic form given in 7.25 and the expression for the scattering amplitude in terms of

the scattering matrix becomes:

* The expression of the differential cross section in terms of the scattering amplitude comes from the
definition of the differential cross sections given in equation 6.5. Equation 6.27 can be obtained using the

quantum mechanical flux, which is given by I = Re[W*¥W¥], where ¥ is the velocity operator: — % V.
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1
1-U'+1 <”(2l+1)>2 M oM
kjjkjy ) tomaTEm Ty (7.31)

MU'm’'
M m xS = 8160 | Yirme (8,)

fjj’(g) =

Note that —§;; in equation 7.31 represents unscattered waves that are necessarily elastic

and therefore do not contribute to amplitude of the scattered waves. Using equation 7.28,

the state-to-state inelastic scattering cross sections is

_ T J 2
= WEZ 2(2] 1) |80 = 88| (7:32)
Jj=0 1 U

Simplifying, equation 7.32 can be written as a sum of partial cross sections, aj]j,, such that

o)1 = Z(zj + 1)/, (7.33)
J=0

Comparing equation 7.32 with equation 7.7 we see that the probability of transitioning

from state j to state j' is

J J 2
P, = Z z |10 = 80| - (7.34)
l [

Ultimately, the problem amounts to finding the elements of the S-matrix, from which the
inelastic scattering cross sections can be determined.

Note that the S-matrix is symmetric, which is a consequence of the fact that the
Schrédinger Equation is time reversible. As such, the transition probabilities satisfy

microscopic reversibility, i.e.
J — pJ
ij,(E) = Pj,j(E) (7.35)
Since the above expression is written for probabilities at the same total energy, we have
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. 2 ] _ .y 2 ]
(2j + Dk; O = 2j"+ 1)kj,aj,j. (7.36)

The explicit energy dependence is:

2j + D(E — g)a,(E) = 2j' + 1(E — &)a) (E). (7.37)
The condition of microscopic reversibility is important in the understanding of the rates of
inelastic transitions. However, first we describe the algorithms used to solve the close-

coupled equations and find the elements of the S-matrix.

7.2.4 Solutions to the Close-Coupled Equations

There are typically two approaches to solving the close-coupled equations: solution
approximation methods and potential approximation methods!'®!. Solution approximation
methods solve the close-coupled equations (Equation 7.15) numerically for a specified
system. Potential approximation methods use a simplified interaction potential and solve
the close-coupled equations exactly. Both approaches have merits based on the accuracy
required, computing time allotted, and number of total energies at which a solution is
needed. Solution approximation approaches have high accuracy with reasonable
computing costs. Potential approximation methods can give acceptable accuracies with
low computing costs as the simplified potential permits taking large integration step sizes.

In this work, we employ a hybrid approach as described by Alexander!!'?. A
solution approximation method is used at small distances from the scattering center, at
which the potential rapidly changes. A potential approximation method is used at large
distances, at which the potential is slowly varying. The technique used in the solution

111

approximation region is a Log Derivative algorithm first developed by Johnson!!'!l and
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later modified by Manolopoulos!'!?. The technique used in the potential approximation

1101 and based on a

region is an Airy Propagator algorithm developed by Alexander!
technique by Gordon!!'3l. The hybrid algorithm is executed by the HIBRIDON scattering

code developed by Alexander and Manolopoulos!®®!,

7.2.5 State-to-State Rate Constants

The rate of a collision-induced transition is equal to the flux times the cross section
of the transition. From kinetic theory, as described in section 2.3, the flux is given by the
particle density, p, multiplied by the relative velocity, v. Therefore,

dni—)f
dt

= ,OVO'i_,f(V) = Pki_>f(V), (738)

where n;_; is the number of particles making a transition from state i to state f and k;_ is
the bimolecular rate constant and k;_;(v) = vo;,_¢(v). The thermal rate constant k;_¢(T) is

given by an average over all possible collision velocities
ka1 = [ JoaP (v (7.39)

where P(v) is the Maxwell-Boltzmann velocity distribution given in equation 2.34. A
change of variables converts the integration to be over collision energy, E. = uv?/2, rather

than collision velocity:

N ()
ki_,f(T)—[W] jo o (E)Eze \RaT)dE, | (7.40)

Another change of variables converts this expression to integrate over total energy:

8 1z (€=
o (T) = [W] j | o (EYE — e)e (BT )dE (7.41)
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The collision cross section vanishes for energies less than the energy of the initial state, ;.

Therefore, the lower bound of the integral can be extended to 0 without any consequence:
1

8 2 (&) *® _(E_
oo (T) = [W(k—BT)s] e (&) fo o ((E)E — £)e GsT)aE (7.42)

Exchanging the indices and using the condition of microscopic reversibility given in

equation 7.37, the thermal rate constant of the reverse process is

1
B P [T e ee
s =[] [giga)e 7 | o @ - e @rar. a3)

Using equations 7.42 and 7.43 we arrive at the condition of detailed balance:

kea(T) _ 2+ 1 (55
ki—>f(T) 2] f +1

(7.44)

In summary, once the state-to-state inelastic cross sections are determined, an integration
over energy yields the state-to-state rate constants. The calculation of a matrix of state-to-
state rate constants can be simplified by using detailed balance to determine half of the

values in the matrix.

7.2.6 The Master Equation

At equilibrium, the probability for population p; of the rotational state j of a

molecule is given by the Boltzmann distribution:
1 _(i)
pj=749;€ kpT/, (7.45)
where g; is the rotational degeneracy (2j + 1) and Z is the rotational partition function
_(i)
Z= Zg]-e kpT/ (7.46)
j
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If the system is perturbed away from equilibrium and then allowed to return to equilibrium,
the time evolution of the populations of all states will be governed by a set of differential
equations called a master equation. For a system of rigid rotors with M rotational states,

the time rate of change of the population of a state i is

dn;
E = _kiini + z kf_, inf . (747)
f#i

In the above expression, the depletion rate of a state k;; is equal to the sum of the rate

constants out of the state:

ki = z kit (7.48)

f#i

This equation is a result of requiring the total number of particles in the system to be
constant. The set of coupled, first-order, linear differential equations in equation 7.47 can

be written in matrix form as

E = pKn, (749)

where n is a column vector of the populations of the M rotational states and K is the matrix
of state-to-state rate constants. Note that the matrix K is not symmetric, but rather the off
diagonal elements are related by the condition of detailed balance given in equation 7.44.
The master equation (7.49) can be solved analytically to find the time evolution of
the M rotational states after the equilibrium populations have been altered. The solution
proceeds as follows. The rate matrix is transformed via a similarity transformation to a
basis in which the rate matrix is symmetric. The symmetric transformed matrix is

diagonalized, which decouples the differential equations and thereby makes solving the
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equations straightforward. The solutions are then transformed back into the original basis
to find the evolution of the population distribution.
To begin, a diagonal matrix I whose diagonal elements are the Boltzmann
populations is constructed:
;; = 8;5g:exp(—&;/kgT)/Z . (7.50)
The square root of this matrix, 172, is also a diagonal matrix and has elements

Hilj/z = &;;[M]Y2. (7.51)

.. . . . -1 . .
In addition, the inverse of the matrix exists, such that I¥/2(TIY/2) ~ = 1, the identity

matrix. Inserting the identity in equation 7.49 gives

Z—’Z = pnmV/2[(m/2) " k2| (mV/2) 'n, (7.52)

Multiplying both sides of equation 7.52 by (IY/ 2)_1 gives
— = pKn, (7.53)

where 7l = (l'[l/z)_ln and K = (l'[l/z)_1Kl'I1/2. Using detailed balance, it can be shown
that K is a symmetric matrix. Therefore, K can be diagonalized in the usual way
DTKD = A, (7.54)
where D is a matrix with columns that are the orthogonal eigenvectors of K and A is a
diagonal matrix with the eigenvalues of K, all of which are real. Note that
DD =DDT =1. (7.55)

Therefore, equation 7.53 can be rewritten as

~

an - _ _
- = pDDTKDD™# = pDAD™H. (7.56)
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Multiplying by DT gives

N AN (7.57)
ac P '
where
N = DT = DT(NV2) 'n. (7.58)

Equation 7.57 is now an uncoupled set of differential equations of which the solution is a
simple exponential. Therefore, each component of the population vector V' evolves as

N () = N;(0)ePri, (7.59)

The goal is to find the relaxation of populations of some initial state distribution

given by ny. The distribution is normalized such that };(n,); = 1, which is done without

any loss of generality. From equation 7.58, the distribution ny corresponds to Ny, which

evolves per equation 7.59. Transforming back into the n basis gives the time evolution of

the populations in each state:

n(t) = NY2DN(t) = MY2D N yePAL, (7.60)

There is always one eigenvalue of K that is 0; all the rest are negative. The zero eigenvalue

therefore is the only solution which survives at long time and corresponds to the Boltzmann

distribution of populations. At long time, the system relaxes to the Boltzmann distribution.

7.3 Computational Methods

To study the rotational relaxation of CO2 from collisions with argon and helium,
inelastic scattering cross sections were calculated with the scattering code HIBRIDON!®¢,
Calculations assumed a rigid rotor model for the CO> molecule and that CO; is in the

vibrational ground state. For the Ar-CO, system, the potential energy surface of Klos!®!
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was used and for the He-COz system the potential energy surface of Li and Le Roy!' ' was
used. The potentials are written as V (r, ), where r is the distance from the CO, center of
mass to the collision partner (Ar or He) and @ is the angle between r and the CO, molecular
axis. Figure 7.2a and b show the potential energy surfaces used in the calculations
described here.

The HIBRIDON scattering code solves the close-coupled equations with a hybrid
approximate-solution/approximate-potential algorithm developed by Alexander and
Manolopoulos, which numerically propagates the solution from the classically forbidden
region at small r out to large r. In the calculations reported here, the solution was
propagated out to v = 80 A. Integrated cross sections are calculated from the S matrix
according to equation 7.32. The state-to-state cross sections for each collision system were
calculated at five collision energies: 150, 200, 310, 525, and 1000 cm™'. At each energy, a
sufficient number of total angular momentum ] partial waves were used to ensure

convergence of the inelastic cross sections. State-to-state inelastic cross sections were
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Figure 7.2 a) Potential energy surface by Klos®®¥ of Ar-CO; collision system. b) Potential energy surface by
Li and Le Roy!"'¥ of He-CO; collision system. Contours are in units of wavenumbers.
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calculated for states with j = 0 to 72. Computation cost increases with j and cross sections
for states with higher j became prohibitively expensive.

State-to-state rate constants involving transitions with j = 0 to 72 were determined
from the cross section data. To integrate cross sections over a broad of a range of collision
energies, it was assumed that the collision cross section at a collision energy of 0 cm™ was
0 A? for each transition. In addition, since the collision cross section is approximately
independent of collision energy at high energies, it was assumed that the collision cross
section at 2000 cm™ was equal to that calculated at 1000 cm™. Using the two additional
data points and the calculated cross sections, cross section data for each transition were
interpolated between energies of 0 cm™ and 2000 cm™. To calculate the 300 K state-to-
state rate constants, the interpolated cross sections were averaged over a 300 K Boltzmann
distribution of collision energies as described by equation 7.40. Note that the magnitude
of the Boltzmann distribution is << 1 as the energy E — 0 and E — oo, thereby suppressing
the contribution from the data points at 0 cm™ and 2000 cm™.

To investigate the rotational relaxation of CO> rotors from collisions with argon
and helium, a master equation describing the state-specific population kinetics was solved
analytically with a MATLAB script. The master equation is defined by a matrix of state-
to-state rate constants from each collision system (see equation 7.49). Rate constants

calculated from the inelastic cross sections were extrapolated to involve transitions up to

Jj = 110. The resulting master equation is solved analytically as described in section 7.2.6.
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7.4 Results and Discussion

Here, state-to-state integral cross sections for Ar-CO> and He-CO; are presented.
A matrix of state-to-state rate constants is constructed to involve transitions with j = 0 to

72. The collision dynamics is investigated by solving a master equation using the rates

from each collision system.

7.4.1 Inelastic Scattering Cross Sections

The 300 K Boltzmann distribution reaches a maximum at about 200 cm™ and the
characteristics of the cross section at a collision energy E; = 200 cm™! represents the most
significant contribution to 300 K collision dynamics. Figure 7.3 shows the state-to-state
inelastic scattering cross sections for Ar-CO; and He-CO: for transitions with an initial
rotational quantum number j; = 0 to 72 at a collision energy of 200 cm™!. The elastic cross
sections are not reported here. For CO: collisions with both rare gases, the largest cross

sections for a given j; occur for transitions with small changes in j. The results show that

30 30
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Figure 7.3 State-to-state integral cross sections of the Ar-CO; (a) and He-CO, (b) collision systems at a
collision energy of 200 cm™'.
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for a given j;, a broad range of final rotational quantum numbers j have non-zero cross
sections. Cross sections are zero for up transitions ( jz > j; ) when the increase in rotational
energy is greater than the available collision energy. In general, cross sections for CO:
collisions with Ar are greater than cross sections for collisions with He.

Figure 7.4 shows a semi-log plot of the inelastic cross sections oj,_, ;. 4jaj| for
transitions from j; to j; + |Aj |, where Aj = j¢ — j;. For Ar-CO; and He-COx, the cross
sections decrease as |Aj | increases. However, the He-CO; cross sections decrease faster
than those for Ar-CO». The results presented in Figure 7.4 demonstrate the effect of the
angular momentum gap on the behavior of the collision cross section for both collision
systems. This effect is more pronounced for He-CO»> than it is for Ar-CO,. There is some
asymmetry for up versus down collisions for a given |Aj |, but it is not significant on the
semi-log plot.

Figure 7.5a and b show the inelastic cross section for Aj = —2 and Aj = —4
transitions as a function of initial state j;. Cross sections for both Ar-CO> and He-CO:
initially increase as j; increases. Ar-CO: cross sections rise to a maximum around j; =
10, followed by a decrease at larger j;. Cross sections for He-CO; quickly level off at j; =
6 and are approximately independent of j; at larger j;.

The total inelastic scattering cross section can be calculated by summing the state-
to-state cross sections over all j; given a particular j;:

9j; = Z Oji—j - (7.61)

Jf#Ji
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Figure 7.4 Inelastic cross sections gj,, j,+|aj| for Ar-CO and He-CO; as a function of |4j | for j; = 0 (a),

30 (b), 50 (c), 70 (d).

Figure 7.5c shows the total inelastic cross section for Ar-CO; and He-CO; as a function of
J;. Inelastic cross sections for Ar-CO; are much larger than those for He-CO,. Total
inelastic cross sections for Ar-CO; decrease by a factor of 2 as j; goes from 0 to 72. In

contrast, the total inelastic cross sections for He-CO, are approximately constant with

172

20 40 60




IAE |, cm’ AE| cm’

14.8 46.0 77.2 108.4 26.5 88.9 151.3 213.7
T T T T T T T T T T T T T T T T
5] [ a Ap — | o~ | b = _ ]
<15 )‘A ‘AA Aj 2 15 ) Aj=-4
£ A Ar-CO, c
= A, o
§10 = w *8’10 = Al AI"—C02 —
0 A WA— ‘3 i “AAsassasssasnssiinana
“u5- = He-CO, 1 @5 e —
o & S " He-CO,
o I 1 | 1 | | | 1 O 1 u | | | 1 l 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Initial j Initial j
‘< 140 1
S 0o L3
A
7 120 Ar-CO,
c(})) A
100 = U
A
7] A
o Aa
O 80 -
RS
2 He-CO,
o
— 40 = -
© CTTTLLT DT LT DT DT LT[ [T e —
ﬁ20\||l|||‘llll\\\\lllll\l\llll\\lllll\\\l
0 10 20 30 40 50 60 70
Initial J
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He-CO: cross sections for Aj = —4 transitions. ¢) The total inelastic cross sections for Ar-CO, and He-CO,

as a function of j;. The inset zooms in on the behavior of the He-CO, inelastic cross sections.

respect to j;. The inset in Figure 7.5¢ shows that He-CO> cross sections display some
dependence on j;, but cross sections remain between 32 A2 and 34 AZ for all states between
Jj; =4 and 72.

For a rigid rotor molecule, the energy gaps between states j; and jr, AE = Ef — E,
are linearly proportional to j;. For example, for a Aj = —2 transition, AE = —B(4j; — 2),
where B is the rotational constant. The upper x-axis in Figure 7.5a and b is converted to

|AE| and the plots show that the cross sections are approximately independent of |AE| at
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large j;. In conclusion, the fact that the He-CO» cross sections are largely independent of
Ji 1s evidence that the angular momentum gap Aj, rather than the energy gap AE, has a
larger effect on the behavior of the inelastic collision cross sections. In contrast, the
dependence of the Ar-CO:> cross sections shows that both Aj and AE have a significant

effect.

Close-coupled calculations were also completed for Ar-CO; and He-CO: at
collision energies of 150, 310, 525, and 1000 cm™'. The plots showing the complete set of
state-to-state cross sections for each collision system are shown in Figure A.1 through
Figure A.4 in the Appendix. In general, the same trends observed in Figure 7.4 and Figure
7.5 were also seen at the other collision energies. However, as collision energy increases,
the number of energetically allowed transitions increases, thereby spreading the
distribution of cross sections across more states. Figure 7.6 shows the total inelastic cross
sections at given j; values for Ar-CO; and He-CO; as a function of collision energy. For

both systems, the total inelastic cross section is largest at low collision energies. This result
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Figure 7.6 Total inelastic cross section as a function of collision energy for Ar-CO; (a) and He-CO; (b).
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Figure 7.7 The state-to-state cross sections from j; = 50 to j; = 48 for Ar-CO, and He-CO:; as a function of
collision energy.

is consistent with the experiments described in Chapter 3, which revealed subthermal
Doppler profiles for CO2 j = 0 and 36, indicating that slow moving molecules are most
likely to be scattered from these states.

As an example of the effect that collision energy has on the cross section for a single
transition, Figure 7.7 shows the cross sections for transitions from j; = 50 to jr =48 asa
function of collision energy. For Ar-CO, and He-COa, as the collision energy is increased,
the cross section for this transition decreases, in agreement with the trend observed for the
total inelastic cross section. Individual state-to-state cross sections like the one shown in
Figure 7.7 are averaged over a Boltzmann energy distribution to give the state-to-state rate

constants.

7.4.2 State-to-State Rates

A set of 300 K state-to-state rate constants were calculated for Ar-CO; and He-CO»
using the cross section results from the close-coupled calculations. Half of the rate

constants were calculated from the cross section for transitions where Aj < 0. The other
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Figure 7.8 Contour plots showing the state-to-state rate constants for Ar-CO; (a) and He-CO; (b). The height
of the contour represents the magnitude of the of the rate. The line j; = j; is shown as black line in each
plot. The elastic rates were not included in these plots.

half (with Aj > 0) of the rate constants were determined by the condition of detailed
balance given in equation 7.44. Conservation of particles determines the elastic rate (Aj =
0) from equation 7.48. The result is a matrix of rate constants for all transitions from j =
0 to 72. Figure 7.8 shows contour plots of the state-to-state rate constants for Ar-CO> and
He-COas. For Ar-CO; and He-COa», the largest rates occur for small changes in j. Rates for
Ar-CO; are somewhat broadly distributed about the line j; = j;. In contrast, the largest
He-CO; rates are more narrowly concentrated near the line j; = j;.

Figure 7.9 shows the Ar-COz and He-CO; rate constants for j; = 50. The plot
illustrates that He-CO» rates are larger than Ar-CO; rates for transitions with small Aj.

Plotting the rate constants another way, Figure 7.10 shows the Ar-CO, and He-CO; rates
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Figure 7.9 Ar-CO, and He-CO; rate constants for j; = 50 as a function of Aj.

constants as a function of j; for 5 values of Aj. At large j;, the rates for He-CO, are about
2 times greater than those for Ar-COa.

The rate constant is a product of the relative velocity and the collision cross section:
k = (vy¢0). Since the Ar-CO; cross sections are larger than the He-CO; cross sections,
the larger He-CO» rates illustrate the importance of the larger relative velocity of He-CO,.
He-COx: has relative velocity that is a factor of 2.4 larger than that for Ar-CO,. As per the
discussion in Section 6.3.3, He-CO», having a larger relative velocity, is less adiabatic than
Ar-COs. The increased rates for He-CO» indicate the importance of rotational adiabaticity

in CO; rotational relaxation.

7.4.3 Modeling Relaxation from High Rotational States

A master equation was used to investigate the effect of collision partner on the

rotational relaxation dynamics of CO2 and to compare with dynamics detected in optical
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Figure 7.10 Rate constants for Ar-CO; (a) and He-CO» (b) as a function of j; for transitions with Aj = —2,
—4, -6, —8, and —10. To extrapolate the rates to higher states, the Ar-CO; rates are fit to a linear model at
high j; and the He-CO; rates are fit to an exponential rise to maximum. The fits used to extrapolate the rates
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centrifuge experiments. The time evolution of the population in individual rotational states
of CO; was determined by solving the set of differential equations defined by the rate
constants for Ar-CO> and He-CO,. Comparisons are made with the optical centrifuge
buffer gas experiments presented in Chapter 6.

Rates for Ar-CO; and He-CO: were calculated for all transitions involving states
Jj =0to 72. In optical centrifuge experiments, a much larger number of states is involved
in rotational dynamics because the optical centrifuge excites CO2 molecules to super rotor
states near j = 220. Close-coupled calculations beyond j = 72 were prohibitive. To more
closely resemble the number of states involved in experimental super rotor relaxation, the
rate constants were extrapolated beyond the calculated values to include states up to j =
110. The value of j = 110 was chosen as a balance between extending the rates to the
highest possible state while remaining in a region where the observed trends continue.

The rates for Ar-CO> and He-CO, were extrapolated using a purely descriptive
model of the behavior of the rates at large j;. As seen in Figure 7.10a, the Ar-CO; rates for

specific Aj transitions appear linear in j; at large j;. The corresponding linear fits for Ar-
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CO» are shown in red in Figure 7.10a. The He-CO; rates for specific Aj transitions
approach a maximum value at large j; and so are fit to a model of the form:

y =a(l—e™"), (7.62)
where a and b are adjustable parameters. The corresponding fits for He-CO» are shown in
red in Figure 7.10b. Ar-CO> and He-CO»> rate constants were extrapolated for values of
Aj = —2 to —40. Rates of transitions with |Aj| > 40 are assumed to have a negligible
contribution to the relaxation dynamics in states j = 72 to 110. The rates for transitions
with Aj > 0 were determined by detailed balance.

Using the full rate matrix with both the calculated and extrapolated rates for each
collision system, the master equation (equation 7.49) was solved as described in Section
7.2.6. To investigate the population dynamics in the two collision systems in a
nonequilibrium environment that resembles the one produced by the optical centrifuge, a
fraction of the 300 K population was removed from a Gaussian distribution (Ajpywpm = 6)
of states centered around j = 16 and placed in a narrower distribution (Ajpwum = 2)
around j = 100. Experiments in Chapters 3 and 4 estimate the fraction of molecules
excited by the optical centrifuge to be between 1% and 40%. For these calculations, 10%
of the population was placed in the high rotational states and the pressure of the collision
partner was set to 5 Torr. The same initial distribution of rotational states was used in the
Ar-COz and He-CO; calculations and is shown in Figure 7.11a and Figure 7.11e. The rest

of the panels in Figure 7.11 show the time evolution of the distribution of populations for
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Ar-CO» and He-CO» up to time t = 100 ns. Overall, rotational relaxation of CO super
rotors in He-CO; collisions occurs faster than it does for Ar-CO,. Figure 7.12a shows the
time evolution of the population in the j = 76 state for Ar-CO, and He-CO; from the master
equation calculations. The master equation calculations show a significant difference
between the kinetics for Ar-CO; relaxation and those for He-COs.

Comparisons are made to optical centrifuge experiments, which probed the
dynamics of CO2 j = 76 in a gas mixture with either Ar or He. Figure 7.12b shows the
experimentally measured time evolution of the population in the CO2 j = 76 state after
optical centrifuge excitation. For these measurements, 5 Torr of CO; was used with 10
Torr of either Ar or He. Excellent qualitative agreement is observed when comparing the
results of the master equation calculations in Figure 7.12a and the optical centrifuge
experiments in Figure 7.12b. Calculations and experiments show that population enters
the CO; j = 76 state more quickly with He-CO: collisions than it does with Ar-CO:
collisions. Population also decays back toward equilibrium more quickly for the He-CO>
conditions. This behavior is understood from the physical picture described by the rate
constants shown in Figure 7.8. He-CO: undergoes more frequent changes in j than does
Ar-COg, leading to a rapid increase and rapid decay of population in high rotational states.
The experimentally observed dynamics provides evidence of the character of the rate
constants shown in Figure 7.8.

The agreement between theory and experiment is encouraging. The key features
of the transient population in an excited CO; state have been successfully simulated. Of

course, there are several important differences between the conditions used in the
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Figure 7.12 a) Master equation calculations showing the evolution of population in the j = 76 state for Ar-
CO; and He-CO,. For the results shown here, initially 10% of the population was placed in a distribution
centered at j = 100 state and the pressure of the collision partner was set to 5 Torr. b) Experimental
measurements of the CO, j = 76 state after a mixture of either CO, and Ar or CO, and He was excited by
the optical centrifuge, presumably to a state near j = 220. The pressure of CO, was 5 Torr and the pressure
of the rare gas was 10 Torr.

calculations and the conditions present in the experiments. The optical centrifuge excites
molecules to much higher states than those used in the master equation calculations. There
is also uncertainty in the fraction and distribution of the population excited by the optical
centrifuge. Experiments measure translational temperatures that are far above 300 K for
molecules in several rotational states. The rates calculation and subsequent master
equation calculation were performed using a temperature of 300 K. In addition, the
quantum scattering calculations only consider interactions between CO: and the rare gas
collision partner. In the experiments, CO2-CO; interactions also contribute to the measured
dynamics. Such differences between the quantum scattering calculations and the
experiments contribute to the observed differences between the timescales of the
calculations and experiments. Future work in theory and experiments can improve upon

the agreement by investigating the effect each difference has on the relaxation dynamics.
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7.5 Conclusion

Close-coupled calculations were performed for Ar-CO; and He-CO; and state-to-
state inelastic scattering cross sections were calculated at five collision energies for each
collision system. For Ar-COa, both the angular momentum gap and the energy gap
between states have a significant effect on the inelastic cross section. For He-CO, the
angular momentum gap has a larger effect on the cross section. The 300 K state-to-state
rate constants were calculated for each system and extrapolated up to j = 110. A master
equation was solved to compare the time evolution of population in each state for Ar-CO»
and He-CO,. The smaller mass of He-CO> combined with the angular momentum gap
dependence on the cross section yields larger rates for He-CO; than for Ar-CO». Excellent
qualitative agreement was seen between the dynamics observed from the master equation
calculations and the dynamics measured in optical centrifuge experiments. The result is
that both theory and experiment reveal that rotational relaxation occurs faster for He-COx.
This effect is attributed, in part, to the high relative velocity in He-CO> collisions.

This work provides additional insights into the relaxation of super rotor molecules.
Future work could extend quantum scattering calculations to higher j states by
implementing the coupled-states approximation. In addition, options should be explored
for running similar calculations on CO>-COx(j) collisions. Further comparisons between
quantum scattering calculations and optical centrifuge experiments paves the way for

quantum-based models of rotational relaxation from super rotor states.
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Chapter 8: Conclusions and Future Work

The optical centrifuge provides the opportunity to study a highly oriented ensemble
of molecules in a far-from-equilibrium regime. High resolution transient IR absorption
spectroscopy was used to investigate the collision dynamics of super rotor molecules
prepared with oriented angular momentum by the optical centrifuge. The results provide
new information about rotational relaxation and energy transfer from high rotational states.

In the investigations described in Chapters 3 and 4, Doppler-broadened line profiles
show that molecular super rotors relax via a collisional cascade, whereby large amounts of
translational energy are imparted to the molecules via impulsive collisions. The large
translational temperatures indicate a propensity for small changes in rotational quantum
number J. This finding is supported by quantum scattering calculations for Ar-CO:
collisions. Sub-thermal Doppler profiles were measured for molecules leaving the CO2 J
= 0 and 36 states, indicating that the slow moving molecules are most likely to be scattered
from these states. A polarization-dependent study of CO super rotors found anisotropic
energy gains and more population in the initial plane of rotation.

Modifications made to the instrument and experimental procedures improved
signal-to-noise levels and increased reproducibility, as described in Chapter 5.
Polarization-sensitive measurements identified the conditions under which the dynamics
of super rotors could be studied in a regime with fewer collisions. A new multipass IR

detection scheme was implemented that increased signal-to-noise levels by a factor of 10.
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The new experimental configuration permitted the study of CO, super rotors in the single
collision regime. Polarization-dependent measurements show that molecules
perpendicular to the plane of rotation initially have greater translational energy than do
those parallel to the plane to rotation, demonstrating the orientational dependence of
rotation-to-translational energy transfer processes.

Throughout this work, polarization-dependent populations indicate how the
orientational anisotropy of the rotors evolves with time, J state, and molecular identity.
The experiments reveal that the magnitude of the anisotropy is larger and the duration
longer for molecules with large amounts of angular momentum. In this high-energy, high-
J regime the oriented super rotor molecules behave as classical gyroscopes.

Further studies described in Chapter 6 used a pair of buffer gases to investigate the
rotational dynamics of CO> super rotors with other collision partners. The results show
that He-CO; collisions rotationally relax the excited CO» super rotors faster than do Ar-
CO2 collisions, demonstrating the importance of rotational adiabaticity in super rotor
dynamics. Polarization-dependent measurements show that Ar-CO> collisions are more
effective at randomizing the angular momentum of the CO> rotor, providing further
correspondence to the classical gyroscope. In Chapter 7, quantum scattering calculations
of the Ar-CO» and He-CO» collision systems were used to model the rotational relaxation
in the presence of rare gas atoms. Excellent qualitative agreement was found between the
computational and experimental work, indicating that further work on both theoretical and

experimental fronts can provide additional insights into super rotor dynamics.
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The results presented here indicate several avenues of future work with the optical
centrifuge. The improvements made to the detection scheme permit the study of rotational
states closer to the initially prepared states by the optical centrifuge. Measurements of
higher states would test the gyroscopic behavior seen for the states measured in this thesis.
At the same time, control of the initial states to which the optical centrifuge excites the
molecules could be achieved by controlling the total bandwidth of the oppositely chirped
pulses. Such measurements could probe the initial distribution of states generated in the
optical centrifuge and provide a more precise determination of the fraction of molecules
excited. The efficiency of the optical centrifuge trap might be improved by pre-aligning
the molecules with a pulse of linearly polarized light prior to optical centrifuge excitation.
Improved trapping would result in greater super rotor number densities and lead to even
larger signal-to-noise levels.

The anisotropic kinetic energy release is an interesting result of the oriented nature
of the molecules and suggests that future work could determine what types of collisions
are most effective at transferring energy. Such anisotropic energy gains have been
predicted to induce macroscopic gas vortices®*. Measurements of Doppler-broadened line
profiles that probe molecules at distinct locations from the center of the optical centrifuge
pulse could test this prediction.

Concurrent experimental and computational work could test the effectiveness of
theoretical rotational energy transfer models in the high J regime. Future computational
work could also test different collision partners and compare with experimental results. In

addition, computations could investigate the observed retention of angular momentum
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orientation by looking at the evolution of the angular momentum projection number. The
study of collisions with a highly energetic, highly oriented set of molecules provides

insights into spatially dependent energy transfer in reactive and non-reactive collisions.
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Appendix: State-to-State Cross Sections for Ar-CO2 and He-
CO2

Additional plots of the state-to-state inelastic scattering cross sections calculated
for Ar-CO2 and He-CO; are displayed here. In Chapter 6 the calculations performed at a
collision energy of 200 cm-1 are given. Here, the cross sections at 150, 310, 525, and 1000

cm! are given.
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Figure A.l State-to-state integral cross sections of the Ar-CO> (a) and He-CO- (b) collision systems at a
collision energy of 150 cm™'.
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Figure A.2 State-to-state integral cross sections of the Ar-CO> (a) and He-CO- (b) collision systems at a
collision energy of 310 cm™'.
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Figure A.3 State-to-state integral cross sections of the Ar-CO» (a) and He-CO; (b) collision systems at a
collision energy of 525 cm™.
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Figure A.4 State-to-state integral cross sections of the Ar-CO» (a) and He-CO; (b) collision systems at a
collision energy of 1000 cm™.
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